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Abstract

In the context of a complex and volatile domestic and global environment, Chinese enter-
prises face frequent risks of supply chain disruption that seriously hinder their operations.
The rise of the digital economy offers new opportunities to strengthen supply chain re-
silience. Building on supply chain collaboration and value co-creation theories, this study
conceptualizes supply chain collaboration through three dimensions, namely information
collaboration, governance collaboration, and innovation collaboration, and explores their
role in enhancing resilience. Using panel data of Chinese A-share listed firms from 2011
to 2023, this study investigates the impact of focal firm digitalization on supply chain
resilience and its underlying mechanisms. The results indicate that focal firm digitalization
generates significant backward spillover effects, enhancing the resilience of its upstream
suppliers. Although its positive influence on supply chain stability (measured by sup-
ply chain demand and supply fluctuations) is not statistically significant, it substantially
enhances recovery (measured by supply chain efficiency) and adaptability (measured by
supplier innovation). Mechanism analysis further reveals that digitalization strengthens
supply chain collaboration through information, governance, and innovation channels,
thereby reinforcing resilience. Moreover, the positive effects are heterogeneous, varying
with industry competition intensity, the closeness of upstream—downstream relationships,
and suppliers’ regional resource endowments. These findings highlight the need to design
digitalization strategies centered on focal firm leadership and upstream—downstream col-
laboration, thereby advancing both resilience improvement and collaborative mechanism
development through differentiated and targeted approaches.

Keywords: focal firm digitalization; supply chain resilience; supply chain collaboration;
backward spillover effects

1. Introduction

Since the Fifth Meeting of the Central Financial and Economic Affairs Commission
in 2019, the strategic call to “strengthen the resilience of industrial and supply chains
and advance their modernization” has been repeatedly emphasized in China’s national
security strategy and reaffirmed in the Report to the 20th National Congress of the Com-
munist Party of China. Enhancing industrial and supply chain resilience is not only a
core driving force for China’s modernization and high-quality development but also a
key foundation for ensuring economic stability in an increasingly complex domestic and
international environment [1]. Although China has built a diversified and international-
ized industrial and supply chain network, it still faces multiple challenges under current

Sustainability 2025, 17, 9505

https:/ /doi.org/10.3390/su17219505


https://doi.org/10.3390/su17219505
https://doi.org/10.3390/su17219505
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0004-7445-4782
https://doi.org/10.3390/su17219505
https://www.mdpi.com/article/10.3390/su17219505?type=check_update&version=2

Sustainability 2025, 17, 9505

2 of 38

turbulence. Geopolitical tensions, technological bottlenecks, and the risk of being locked
into low-value segments frequently expose Chinese enterprises to supply chain disruptions
and shortages [2]. Against this backdrop, the rapid development of the digital economy
provides a breakthrough for strengthening supply chain resilience. Digital technologies
represented by big data, cloud computing, and artificial intelligence, characterized by
pervasiveness, connectivity, and externalities, are reshaping the organizational models
and operating logic of supply chains. Enterprise digitalization not only improves internal
efficiency but also breaks down information barriers and reconfigures collaboration rules,
thereby driving supply chains toward greater resilience and efficiency [3].

Within supply chain networks, focal firms typically occupy central positions with
strong resource integration and network control capabilities (for example, core manufac-
turers like Huawei or leading retailers like Alibaba). As coordinative hubs, focal firms
influence upstream and downstream decisions and collaboration modes by setting collabo-
rative rules, allocating resources, and directing information flows [4]. Focusing on focal
firm digitalization is therefore particularly meaningful. On the one hand, their hub position
enables focal firms to generate backward spillover effects, encouraging upstream suppliers
to adopt digital technologies, adjust production processes, and enhance capabilities [5]. On
the other hand, as key orchestrators of resilience building, their digitalization practices
exert direct and far-reaching impacts on the overall risk resistance, recovery efficiency, and
adaptive potential of supply chains [6]. However, existing research has largely overlooked
how digital transformation at the focal firm level affects the resilience of its upstream
partners through such spillover channels. Empirical studies that quantify this relationship
using firm-level panel data remain scarce. To fill this gap, the present study centers on a
core research question: to examine in depth the impact of focal firm digitalization on supply
chain resilience and to uncover the underlying mechanisms driving this relationship, with
the aim of providing theoretical foundations and practical guidance for enhancing supply
chain resilience in the context of the digital economy.

To address this gap, this study is theoretically grounded in supply chain collaboration
theory and value co-creation theory. Supply chain collaboration theory emphasizes that
firms achieve resource integration and risk sharing through multi-dimensional coordi-
nation mechanisms, thereby providing a theoretical foundation for understanding how
digitalization fosters inter-organizational collaboration within supply networks. Value
co-creation theory, on the other hand, focuses on how multiple actors jointly create value
through interaction and knowledge sharing within open networks, offering theoretical
support for analyzing the cross-organizational transmission mechanisms through which
digitalization enhances supply chain resilience.

On this basis, this study conceptualizes supply chain collaboration as comprising
three interrelated and progressive dimensions—information collaboration, governance
collaboration, and innovation collaboration. Then, using supply chain data disclosed
by Chinese A-share listed firms from 2011 to 2023, the study empirically investigates the
impact of focal firm digitalization on supply chain resilience and its underlying mechanisms
from the perspective of backward spillover empowerment effects within the framework of
supply chain collaboration. The findings show that focal firm digitalization significantly
enhances supply chain resilience, particularly by improving recovery and adaptability.
Mechanism tests further reveal that focal firm digitalization strengthens supply chain
resilience by reinforcing supply chain collaboration across information, governance, and
innovation dimensions, thereby generating backward spillover effects. Heterogeneity
analysis indicates that these effects are more pronounced under conditions of low industry
competition intensity, high closeness of upstream—downstream relationships, and weaker
suppliers’ regional resource endowments.
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Compared with existing research, the contributions of this paper are threefold.

First, this study expands the analytical boundary beyond the firm level. Existing liter-
ature mainly focuses on the internal effects of enterprise digitalization [7-9], emphasizing
its role in enhancing operational efficiency [7], governance quality [8], and innovation
capability [9]. However, the inherent permeability, interconnectivity, and externality of
digital technologies suggest that their impacts are not confined within organizational
boundaries. Instead, digitalization can transmit across vertical supply chain linkages, influ-
encing upstream and downstream operations. Nevertheless, there is a lack of empirical
studies that quantitatively examine the relationship between focal firm digitalization and
supply chain resilience using firm-level panel data. By incorporating a backward spillover
perspective, this study constructs a “digitalization-resilience” analytical framework and
provides the first firm-level empirical test of how focal firm digitalization enhances supply
chain resilience, thereby broadening the theoretical understanding of cross-organizational
digital transformation effects.

Second, this study deepens the theoretical understanding of collaborative mech-
anisms. Previous studies have primarily examined the antecedents of supply chain
resilience [10-13]. Yet, how digitalization functions through inter-firm collaboration mech-
anisms remains insufficiently explained. In fact, digital technologies inherently possess col-
laborative attributes, enabling digitalization to strengthen supply chain resilience through
multi-dimensional dynamic linkages such as information sharing, process coordination,
and joint risk management. However, existing literature still lacks a systematic analytical
framework that captures these multi-level collaborative processes. To address this gap, this
study conceptualizes supply chain collaboration as comprising three progressively interre-
lated dimensions—information collaboration, governance collaboration, and innovation
collaboration—and empirically demonstrates how digitalization enhances resilience by
reinforcing these dimensions. This approach enriches the theoretical explanation of digital
empowerment mechanisms and provides a structured framework for understanding the
collaborative pathways through which digitalization fosters supply chain resilience.

Third, this study extends the analysis of contextual heterogeneity. Few studies have
examined whether the effects of focal firm digitalization on supply chain resilience vary
across different contexts. By systematically testing heterogeneity across industry competi-
tion intensity, the closeness of upstream—downstream relationships, and suppliers’ regional
resource endowments, this study provides novel evidence on the boundary conditions of
digital empowerment effects. The results highlight the specific scenarios in which these
effects are most significant, offering new theoretical and practical insights for tailoring
digitalization strategies at both firm and policy levels.

The remainder of this paper is structured as follows. Section 2 provides a literature
review on firm digitalization and supply chain resilience. Section 3 presents the theoretical
framework and research hypotheses. Section 4 introduces the research methodology,
including the variables, data sources, and construction of the empirical regression models.
Section 5 reports and discusses the empirical results. Finally, Section 6 concludes the study
and offers managerial and policy implications.

2. Literature Review
2.1. Firm Digitalization

Existing studies widely acknowledge that firm digitalization not only reshapes firms’
internal operating logic but also exerts significant external influences through inter-firm

and regional networks. Overall, these impacts can be categorized into internal and
external effects.
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At the internal level, prior research primarily examines how digital transformation en-
hances operational efficiency, governance effectiveness, and innovation capability. Digital
technologies enable systemic restructuring that improves operational efficiency and cash
flow management, optimizes resource allocation, and increases capital returns, thereby
boosting firm performance across multiple dimensions [7]. Moreover, digitalization miti-
gates information asymmetry, reduces transaction costs, and enhances transparency, which
helps optimize corporate governance structures, ease financing constraints, and strengthen
productivity and innovation performance [8]. Furthermore, by transcending temporal and
organizational boundaries, digital technologies enable firms to shift from supply-driven
models toward demand-oriented, customer-centric value creation [9]. Collectively, these
studies establish a robust theoretical foundation for understanding the internal benefits
of digitalization.

In contrast, the external impacts of enterprise digitalization remain relatively underex-
plored. Limited evidence suggests that digital transformation generates spillover effects
across supply chains, industrial ecosystems, and regional economies. At the supply chain
level, digitalization enhances information coordination, resource sharing, and dynamic
resource reconfiguration among upstream and downstream partners, improving environ-
mental transparency and governance [14]. At the industrial level, digitalization reshapes
competitive structures as data and algorithms replace traditional production factors, driv-
ing firms toward platform-based and ecosystem-oriented collaboration [15]. At the regional
level, the agglomeration of digitalized firms facilitates regional innovation ecosystems and
digital infrastructure development, fostering high-quality, digitally integrated growth [2].

In summary, although prior studies have provided extensive evidence on the internal
efficiency gains from digitalization, the mechanisms through which digitalization generates
external spillover effects across supply chain networks remain underexplored.

2.2. Supply Chain Resilience

Research on supply chain resilience has generally focused on two key dimensions,
internal firm capabilities and external environmental factors.

From the internal perspective, firm-specific resources and capabilities constitute the
foundation for building resilience. Dynamic resource coordination, flexible allocation, and
efficient intra-chain collaboration enable firms to mitigate disruptions and recover from
crises [10]. In the digital economy context, the quality of information sharing is recognized
as a key endogenous driver of supply chain performance and risk mitigation. Enhanced
information exchange improves coordination and responsiveness, thereby strengthening
the system’s adaptive capacity [11].

From the external perspective, resilience is strongly shaped by systemic risks in the
broader environment, such as geopolitical tensions and global value chain restructuring.
Institutional heterogeneity increases the risk of supply disruptions [16], cross-cultural
barriers cause relational frictions [17], and macroeconomic volatility forces supply chains
to maintain dynamic adaptability [12].

Overall, supply chain resilience emerges from the interaction between internal capabil-
ities and external pressures, emphasizing both the capacity to absorb shocks and the agility
to recover and adapt.

2.3. Firm Digitalization and Supply Chain Resilience

Recent research has increasingly examined the relationship between enterprise dig-
italization and supply chain resilience; however, the mechanisms linking the two re-
main conceptually fragmented and empirically underexplored. Existing studies can
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generally be divided into two main perspectives, namely efficiency enhancement and
spillover transmission.

From the perspective of efficiency enhancement, digital technologies such as big
data analytics, cloud computing, and the Internet of Things have been shown to improve
supply chain transparency, optimize resource allocation, and reduce transaction costs,
thereby enhancing operational stability and responsiveness [18,19]. Nevertheless, most of
these studies treat efficiency and resilience as independent outcomes. The theoretical and
empirical pathways through which improvements in operational efficiency translate into
greater supply chain resilience have not been sufficiently clarified.

From the perspective of spillover transmission, a small but growing body of research
highlights the network externalities of digitalization. The digital transformation of focal
firms can stimulate innovation among upstream and downstream partners through shared
platforms, open data interfaces, and cross-organizational information collaboration [20,21].
However, few studies have extended these insights to the domain of supply chain resilience,
particularly regarding backward spillover effects in which the digital capabilities of focal
firms diffuse upstream to suppliers. How such spillover mechanisms enable suppliers to
strengthen their adaptive capacity and recovery performance remains an open question.

Therefore, the relationship between focal firm digitalization and supply chain re-
silience, particularly in relation to cross-organizational spillover mechanisms, has not yet
been systematically quantified or empirically validated.

2.4. Literature Synthesis and Research Gaps

Although prior studies have offered valuable insights into enterprise digitalization
and supply chain resilience, several critical research gaps remain to be addressed.

First, existing research primarily focuses on the internal impacts of digital transfor-
mation while overlooking the vertical spillover effects transmitted through supply chain
linkages. In particular, the backward spillovers from focal firms to upstream suppliers
have received limited attention. To date, there has been no firm-level panel study that
systematically quantifies the relationship between focal firm digitalization and supply
chain resilience.

Second, although prior work has identified a range of antecedents of resilience, few
studies have examined how focal firm digitalization enhances resilience through specific
collaborative mechanisms. Mechanisms such as information collaboration, governance col-
laboration, and innovation collaboration have not been fully incorporated into an integrated
analytical framework. Consequently, the transmission pathways remain conceptually am-
biguous and empirically underexplored.

Third, the literature has paid insufficient attention to contextual heterogeneity, par-
ticularly regarding whether and how the digital empowerment effect varies across dif-
ferent environmental and relational conditions. Factors such as industry competition
intensity, the closeness of supply chain relationships, and the regional resource endow-
ment of suppliers may influence the strength of this effect, yet these contingencies remain
largely unexamined.

To address these gaps, the present study adopts a backward spillover empowerment
perspective, grounded in the theoretical foundations of supply chain collaboration and
value co-creation. This perspective provides an integrated analytical framework for system-
atically examining the cross-organizational mechanisms and boundary conditions through
which focal firm digitalization enhances supply chain resilience. By doing so, the study ex-
tends the theoretical understanding of digital transformation from the intra-organizational
to the inter-organizational level and offers empirical evidence and practical insights for
enhancing supply chain resilience in the digital economy era.
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3. Theoretical Framework and Hypotheses Development
3.1. Theoretical Framework

The supply chain collaboration theory provides a foundational framework for un-
derstanding the operating logic of supply chains [15]. It posits that the supply chain, as
a value-creation network, achieves efficiency through systemic collaboration that miti-
gates node discreteness and generates “collaborative effects.” The essence of such effects
lies in interactive linkages among stakeholders, and promoting upstream—downstream
collaboration is the core pathway to strengthen these effects [22].

The value co-creation theory further enriches this framework. Grounded in service-
dominant logic, it emphasizes that in the diverse value co-creation networks built around
customer demand by downstream firms, a shared value proposition provides the basis
for mutual reliance and interaction. However, the existence of conflicting individual
interests necessitates the establishment of collaborative mechanisms. Value creation, in
this sense, is a process of collaborative co-creation through information exchange, service
provision, and resource integration, wherein all participants share responsibilities for
resource orchestration and service exchange [23]. This perspective closely echoes the
central proposition of supply chain collaboration theory, namely that “collaboration creates
additional value.”

Empowerment theory further elucidates how digitalization fosters collaborative mech-
anisms within supply chains. Structural empowerment, achieved through optimized
organizational design, resource allocation, and process management, strengthens informa-
tion transparency and communication efficiency, builds trust and coordination mechanisms,
and promotes joint learning and innovation among partners [24]. These processes cor-
respond to the development of information, governance, and innovation collaboration,
thereby reinforcing inter-firm linkages and ultimately enhancing the cohesion, stability,
and competitiveness of supply chains.

Building on these theoretical foundations, this study defines supply chain collabo-
ration as a process in which all actors within the network, guided by the common value
proposition of maximizing overall supply chain benefits and satisfying end-customer needs,
share and integrate information, knowledge, and experience to sustain, consolidate, and
strengthen interactive linkage effects among stakeholders [25]. The essence of this concept
lies in the dynamic reinforcement of these linkages, which can be decomposed into three
progressive dimensions.

First, information collaboration forms the foundation of supply chain collaboration.
Its essence lies in promoting information transparency, sharing, and efficient transmission,
which together reduce information asymmetry between upstream and downstream firms
and create the preconditions for building trust and maintaining stable cooperative rela-
tionships. According to signaling theory and social capital theory, the authenticity and
symmetry of information are key determinants of inter-firm trust. Only when information
flows smoothly, transparently, and credibly can governance mechanisms among supply
chain members operate effectively [26].

Second, governance collaboration develops on the basis of stable information sharing
and represents an institutionalized form of cooperation. Through trust building, joint
decision-making, risk sharing, and benefit alignment, supply chain members can achieve
coordination and constraint balance even in the presence of incomplete contracts [27]. From
the perspective of transaction cost theory, effective governance mechanisms depend on
adequate information support and communication. In turn, governance collaboration
enhances resource allocation efficiency and cooperative stability, thereby creating a sound
institutional environment for sustained innovative collaboration.
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Third, innovation collaboration constitutes the advanced and dynamic stage of supply
chain collaboration. The trust and institutional foundations established through governance
collaboration enable firms within the supply chain to engage in knowledge sharing, techno-
logical cooperation, and joint research and development while mitigating opportunism and
coordination costs [28]. Drawing on the knowledge-based view and dynamic capability
theory, innovation collaboration relies not only on information sharing and governance-
based trust mechanisms but also on continuous learning and knowledge integration, which
collectively drive the self-evolution and resilience enhancement of the supply chain [29].

3.2. Hypotheses Development
3.2.1. Focal Firm Digitalization and Supply Chain Resilience

Supply chain resilience refers to the comprehensive capability of a supply chain system
to withstand external shocks, rapidly restore stability, and achieve structural optimization
through resource integration, information sharing, and collaborative coordination among
upstream and downstream firms in a complex and dynamic environment [2]. Its core
connotations can be divided into three dimensions: stability, recovery, and adaptability,
which together capture the staged characteristics of resilience capacity. Stability represents
the foundational ability of the supply chain to maintain its structure and operational
rhythm under normal conditions and initial shocks, thereby defining the system’s “risk
tolerance threshold” [19]. Recovery denotes the critical ability to swiftly adjust and return
to a stable state after disruptions, reflecting the “dynamic response efficiency” of the
system [30]. Adaptability (evolutionary capacity) emphasizes the ability to overcome
path dependence and upgrade structural configurations during long-term adaptation,
determining the “sustainable improvement potential” of resilience. Together, these three
dimensions form a complete resilience chain that progresses from passive defense to
proactive optimization [26].

Specifically, focal firm digitalization generates backward spillover effects on supply
chain resilience through three pathways.

Stability dimension. Focal firms empower upstream suppliers to enhance operational
stability by building real-time information-sharing and joint risk-sensing mechanisms
through digital platforms. By opening access to critical data interfaces and early-warning
tools, they reduce operational fluctuations caused by information asymmetry and improve
suppliers’ precision in risk identification and response [20]. Furthermore, digitalization
expands supplier selection, reduces transaction switching costs, and facilitates the con-
struction of more resilient network structures, thereby mitigating the impact of single-node
failures and strengthening the overall system’s disturbance resistance [31]. However, this
process may also be constrained by factors such as high technological investment costs,
information security risks, and increased system dependence, which could partially weaken
the positive impact of digitalization on supply chain stability [32].

Recovery dimension. Through organizational restructuring and real-time data-sharing
mechanisms, focal firms improve supply chain resource integration efficiency and syn-
chronize demand fluctuations and inventory dynamics with upstream suppliers. This
breaks information silos, alleviates the bullwhip effect, and enhances supply—demand
coordination accuracy [33]. At the same time, focal firms employ technologies such as
digital twins and intelligent decision-making to improve their adaptive capacity, while dif-
fusing these digital tools upstream. By co-developing blockchain-enabled risk tracing and
recovery coordination mechanisms, they accelerate production adjustments and resource
reallocation after disruptions, thus shortening the restoration cycle of the entire supply
chain [4].
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Evolutionary dimension. Focal firm digitalization disrupts path dependence in tradi-
tional linear collaboration and drives supplier development through knowledge spillovers
and technological feedback [34]. By simultaneously exerting reverse pressure (e.g., raising
collaboration standards) and providing positive resource-sharing (e.g., data and technical
support) [13], focal firms enable suppliers to overcome technological and managerial iner-
tia, cultivate continuous innovation capabilities, and achieve the transition from passive
adaptation to proactive evolution.

These three dimensions jointly reinforce one another and contribute to the overall
enhancement of supply chain resilience. Based on this reasoning, this study proposes the
following hypothesis.

H1: Focal firm digitalization generates backward spillover effects that empower upstream suppliers
to enhance their operational performance, thereby improving overall supply chain resilience.

H1la: The backward spillover effects generated by focal firm digitalization enhance the stability
dimension of supply chain resilience.

H1b: Focal firm digitalization, through backward spillover effects, significantly strengthens the
recovery dimension of supply chain resilience.

Hic: Under the backward spillover effects of focal firm digitalization, the adaptability (evolutionary
capacity) dimension of supply chain resilience is effectively improved.

3.2.2. Focal Firm Digitalization, Supply Chain Collaboration, and Supply Chain Resilience

1. Information Collaboration

According to information asymmetry theory, the efficiency of market transactions
depends on transparent transmission and symmetric distribution of information [35]. Focal
firm digitalization serves as a core driving force in breaking information barriers within
supply chains and promoting information collaboration. By restructuring the logic of
information flows through technological empowerment, it fundamentally alleviates the
problem of information asymmetry in traditional supply chain linkages [26].

From the perspective of the information effect, focal firm digitalization enhances sup-
ply chain information collaboration in several ways. First, relying on digital technologies
such as big data and cloud computing, focal firms can accurately capture market demand
and consumer preferences, and share this information with upstream and downstream
firms in real time via open platforms. This reduces risks of distortion in information trans-
mission and lowers supply—demand matching costs, while opening inter-organizational
information channels and transforming information flows from “delayed and fragmented”
to “real-time and symmetric” [36]. Second, real-time interactions of supply—demand infor-
mation mitigate the bullwhip effect, breaking the inefficient cycle of “forecast deviations—
capacity redundancy-resource waste,” thereby establishing an efficiency foundation for
information collaboration [37]. Third, the digital integration and synchronization of end-
consumer data enable upstream suppliers to respond precisely to demand based on clear
standards, reducing resource misallocation caused by ambiguous information [38].

From the perspective of the reverse pressure effect, focal firms leverage technolo-
gies such as blockchain and the industrial internet to improve the traceability and mon-
itoring of information along the supply chain. This not only solves tracking difficulties
arising from chain complexity but also provides an effective supervisory channel for all
stakeholders [21]. Moreover, technology-enabled supervisory mechanisms compel up-
stream suppliers to disclose critical information, including production processes, quality
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control, and environmental compliance. This drives the transition of supply chain infor-
mation from “closed and fragmented” to “transparent and shared,” thereby fostering a
governance pattern based on information symmetry [39]. In addition, digital technologies
foster industrial integration and cross-sectoral collaboration, requiring upstream suppliers
to participate in multidimensional assessments grounded in information sharing. This
further incentivizes transparency and strengthens collaboration willingness, promoting
supply chain information collaboration [40].

Focal firm digitalization promotes supply chain information collaboration, which
contributes to resilience in multiple ways. On the one hand, by alleviating information
asymmetry, it reduces operational fluctuations caused by supply—demand mismatches and
decision delays. Upstream suppliers, empowered by real-time information sharing, can
optimize procurement, production, and inventory management, thereby lowering the risk
of cascading failures and providing a stable foundation for supply chain operations [41].
On the other hand, when disruptions occur, the transparent and shared information net-
works established through collaboration become a core mechanism for rapid response.
Firms can quickly locate risk sources, identify alternative resources, and, by leveraging
digital twins and intelligent decision-making, accelerate resource reallocation and process
adjustments. This significantly shortens the recovery cycle and improves post-disruption
recovery efficiency [42]. From a long-term perspective, information collaboration facilitates
the transition of supply chains from passive responses to proactive evolution. By sharing
technological knowledge and market insights, firms form collaborative innovation net-
works that support suppliers in focusing on R&D and green transformation. At the same
time, information transparency strengthens the trust foundation, promotes positive ecosys-
tem interactions, enhances resource integration efficiency, and improves the capacity to
jointly cope with long-term challenges. This drives continuous optimization and functional
upgrading of supply chain structures, ultimately improving supply chain resilience [43].

Based on the above, this study proposes the following hypothesis.

H2: Focal firm digitalization enhances supply chain resilience by promoting upstream—downstream
information collaboration and strengthening collaborative effects within supply chains, ultimately
improving overall supply chain resilience.

2. Governance Collaboration

According to social reproduction theory, improving the effectiveness of supply chain
collaborative governance is a core prerequisite for ensuring the smooth functioning of
social reproduction processes [44]. Focal firm digitalization promotes this process through
technological empowerment and mechanism reconstruction across three dimensions: net-
work connections, information interactions, and structural forms. Its underlying logic lies
in overcoming traditional barriers to collaboration with digital means, thereby reshaping
the foundational operating logic and efficiency base of supply chain collaboration [45].

From the perspective of network connections, focal firm digitalization significantly
lowers the technical and economic barriers for firms to access industrial internet plat-
forms. Through the positive feedback mechanism implied by Metcalfe’s Law, the scale
of participating firms continuously expands. By sharing data resources, standardized
interfaces, and collaborative tools, individual firms can reduce redundant investments,
achieve economies of scale, and realize value co-creation, thus strengthening cohesion and
transforming upstream-downstream enterprises from fragmented cooperation into tightly
connected network communities [46].

From the perspective of information interactions, digital technologies establish efficient
communication channels and digital-twin-based mechanisms for information transparency.
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These not only break down information silos among firms but also reduce technical barriers
to knowledge integration. As a result, supply chain nodes can capture environmental
signals in real time and coordinate responses accordingly, significantly improving the
timeliness and accuracy of information sharing and providing a solid data foundation for
cross-organizational collaborative decision-making [44].

From the perspective of structural forms, digitalization drives the transformation of
traditional linear supply chains into platform-based ecosystems. Open architectures not
only broaden firms’ strategic options and enhance risk diversification, but also, through
the mediation of data flows and the establishment of standardized protocols, construct
nonlinear collaborative networks. Such networks improve cross-organizational resource
allocation efficiency and enable the shift from loosely coupled, linearly connected collab-
orations to deeply integrated, network-based governance structures, thereby enhancing
governance collaboration among upstream and downstream firms [47].

Focal firm digitalization promotes governance collaboration within supply chains,
which in turn strengthens resilience through two mechanisms: business process coordi-
nation and risk governance coordination. On the one hand, supported by digital plat-
forms, tighter network connections and resource integration mechanisms accelerate factor
flows, deepen trust and resource sharing, and foster a shift toward open collaboration
and community-based value creation. This also optimizes network configurations and
resource allocations, strengthens structural empowerment, and reduces efficiency losses
and risk exposure associated with fragmented operations, thereby stabilizing supply chain
operations [44]. On the other hand, governance collaboration improves resilience by con-
structing mechanisms for risk-sharing and joint response. With digital technologies, risks
can be monitored in real time, accurately identified, and effectively shared across the supply
chain. This provides upstream suppliers with early-warning signals to formulate contin-
gency plans and facilitates collaborative prevention mechanisms that mitigate fragmented
responses caused by information asymmetry. Ultimately, this reduces the risk of supply
disruptions and enhances the supply chain’s elasticity and recovery capacity when facing
unexpected shocks [48].

Based on the above analysis, this study proposes the following hypothesis.

H3: Focal firm digitalization enhances supply chain resilience by promoting upstream—downstream
governance collaboration and strengthening collaborative effects within supply chains, ultimately
improving overall supply chain resilience.

3. Innovation Collaboration

According to technological innovation theory, technological progress is not only a
key engine of economic growth but also a fundamental driver of supply chain structural
optimization and functional upgrading [49]. Focal firm digitalization, by integrating in-
dustrial technologies with digital capabilities, reconstructs the logic of innovation resource
allocation and becomes a critical force for activating the overall innovation potential of
supply chains.

From the perspective of innovation collaboration effects, focal firm digitalization
empowers supply chain innovation in several ways. First, through digital technologies
such as data collection and algorithmic modeling, focal firms transform implicit, unstruc-
tured production data and experiential knowledge into quantifiable and standardized
process norms [50]. By leveraging digital platforms to break organizational boundaries,
they integrate heterogeneous technological capabilities across supply chain stages, thereby
enhancing knowledge spillovers and collaborative innovation capacity [51]. Second, focal
firms consolidate dispersed technological resources, talent, and data assets via digital plat-
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forms to provide an efficient space for collaboration. This facilitates joint problem-solving
around key technologies and drives R&D from closed, firm-centered initiatives toward
open, multi-party participation, ultimately forming an innovation ecosystem encompassing
upstream and downstream firms [41]. Third, focal firm digitalization stimulates demand
for highly skilled labor, leading to an upgrading of the human capital structure. The
knowledge and applied technological capabilities embedded in this shift provide crucial
support for knowledge and technology diffusion and integration within the supply chain,
improving core R&D efficiency and enabling the supply chain to move toward higher
value-added activities [46].

Supply chain innovation collaboration driven by focal firm digitalization further en-
hances resilience through innovation spillover effects and open innovation modes. On the
one hand, innovation collaboration constructs efficient networks for the flow of knowledge,
information, and technological elements. These networks provide critical knowledge sup-
port for upstream suppliers’ technological and product innovation, improve transparency
and timeliness of knowledge sharing, clarify suppliers” innovation orientation, and opti-
mize resource allocation efficiency, thereby reinforcing suppliers” innovation willingness
and capabilities. Such innovation outcomes directly contribute to improved supply quality
and lay the foundation for supply chain resilience [52]. On the other hand, open innovation
modes promote the establishment of technological strategic alliances between upstream
and downstream firms. Under governance frameworks of shared resources, knowledge,
and risk costs, upstream suppliers become deeply embedded in collaborative innovation
processes and enhance supply-demand alignment quality through diverse joint innovation
activities. Moreover, this open mode of innovation sustains continuous interactions and
value co-creation between upstream and downstream firms, significantly enhancing the
supply chain’s dynamic adaptability to technological iterations and market fluctuations,
and accelerating the construction of highly resilient supply chains [17].

Based on this reasoning, this study proposes the following hypothesis.

H4: Focal firm digitalization enhances supply chain resilience by promoting upstream—downstream
innovation collaboration and strengthening collaborative effects within supply chains, ultimately
improving overall supply chain resilience.

To more clearly illustrate the relationship between focal firm digitalization and supply
chain resilience as well as the underlying mechanisms, this study presents a conceptual
model in Figure 1.

Supply Chain Collaboration

H2. H3. H4

Supply Chain Resilience

Hla »l

Focal Firm Digitalization Hib

Hic o

Figure 1. Conceptual Model.
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4. Research Methodology
4.1. Sample Selection and Data Sources

In 2011, the 12th Five-Year Plan for the Development of National Strategic Emerging
Industries incorporated enterprise digitalization into the national strategy, marking the be-
ginning of Chinese firms’ increasing emphasis on digital transformation. Combined with the
commercialization of technologies such as the Internet of Things and big data, as well as the
restructuring of corporate supply chains in the aftermath of the global financial crisis, and
considering data availability and policy characteristics, this study selects Chinese A-share
listed firms from 2011 to 2023 as the initial sample pool and uses Stata 18.0 for analysis.

To ensure data quality, several screening steps are applied. First, this study focuses
on traditional real-sector enterprises and excludes those belonging to the digital indus-
try. Second, this study removes firms with abnormal financial conditions such as those
labeled ST (Special Treatment, indicating companies with abnormal financial status or other
operational risks), *ST (Particular Special Treatment, referring to firms facing delisting
risk due to severe financial distress), or PT (Pending Treatment, denoting firms under
special supervision for financial irregularities or potential insolvency), and drop firms in
the financial and insurance industries. Third, for cases in which the top five suppliers are
unlisted firms but have listed affiliated entities, including associates, joint ventures, or
subsidiaries of listed companies, this study adopts the following substitution procedure.
Publicly available information from the listed affiliates is first used as the alternative data
source. When multiple affiliated listed entities exist, the substitution follows the principle
of decision-making participation priority, in accordance with the Accounting Standard
for Business Enterprises No. 36—Related Party Disclosures. Accordingly, the listed com-
pany that exercises substantive control or holds dominant decision-making power over
the supplier enterprise is manually identified and selected as the representative sample.
Although affiliated listed firms may differ from their unlisted counterparts in terms of firm
size and financial stability, these affiliated relationships typically reflect substantive control
and shared operational decision-making structures. Therefore, this substitution approach
does not materially bias the estimation results but rather ensures consistency and data
completeness in capturing supply chain linkages.

After this screening process, this study obtains 4387 valid unbalanced panel observa-
tions in the form of “Ci (focal firm) — Sik (supplier) — Y (year).” To minimize the potential
influence of extreme values on the results, all continuous variables are winsorized at the
1% and 99% levels.

4.2. Variable Definition and Measurement
4.2.1. Supply Chain Resilience

Based on the preceding discussion and drawing from the prior study [19], this study
conceptualizes supply chain resilience in terms of three dimensions: stability, recovery,
and evolutionary capacity, and employs the entropy weight method to construct a multi-
dimensional indicator system for systematic measurement. First, supply chain stability
emphasizes demand-supply matching, relationship continuity, and process smoothness
under normal operating conditions. Accordingly, two dimensions are adopted to measure
stability: risk bearing and demand-supply fluctuations. From the perspective of risk bear-
ing, a firm’s ability to assume risk constitutes a critical antecedent, as it strengthens trust and
resource commitment, thereby enhancing the durability of supply chain relationships—the
stronger the risk-bearing capacity, the more stable the supply chain relationship. Following
on relevant literature [53], this study measures this dimension by the annualized standard
deviation of daily stock returns of upstream suppliers. This indicator exhibits strong exo-
geneity and objectively reflects the suppliers’ risk exposure under the influence of supply
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chain relationships. Moreover, higher volatility, within the context of stable supply chain
partnerships, signifies the strengthening of joint risk-sharing mechanisms and is therefore
regarded as an indicator of supply chain relationship stability. From the perspective of
demand-supply fluctuations, the stability of supply chain relationships can be reflected in
the inventory reserves of upstream suppliers. Excessive inventory increases costs and risks,
whereas firms must optimize inventory structures to balance scale and improve turnover
efficiency. Within the context of supply chain collaboration, if upstream suppliers are able to
meet demand with relatively low inventory (i.e., small inventory adjustment amplitudes), this
often signals stable cooperative relationships, reduces transaction uncertainty, and enhances
resilience. Therefore, following the prior study [2], this study quantifies inventory adjustment
amplitude as the absolute value of the natural logarithm of consecutive inventory changes
(InvAdM,; ;), which reflects suppliers’ inventory optimization and response efficiency. From
a theoretical perspective, fluctuations in suppliers’ inventories are primarily influenced by
their own operational decisions and external environmental shocks. The core explanatory
variable in this study, the digitalization level of the focal firm, is not directly causally related
to suppliers’ inventory adjustments, as the focal firm’s digitalization does not directly deter-
mine such decisions. Therefore, the risk of endogeneity between this variable and the core
explanatory variable is relatively low. The measurement formula is as follows.

InvAdM;; = In[abs(Inv;; — Inv; ;_q))] (1)

Here, Inv;; denotes the net inventory value of firm i at the end of year ¢, and abs(-)
represents the absolute value of the variable.

Second, supply chain recovery reflects the ability of a supply chain to return to
its original operational trajectory after external shocks, and the degree of deviation or
fluctuation serves as an effective measure of this characteristic. From the perspective
of demand-supply relationships, when external shocks disrupt the dynamic balance of
the supply chain, information exchange and transaction frequency among upstream and
downstream firms are weakened, thereby reducing the efficiency of product and service
flows [42]. Accordingly, and following on relevant literature [50], this study employs
supply chain efficiency as a proxy indicator of recovery. Specifically, this study uses the
inventory turnover days of upstream supplier firms as the measurement indicator of
supply chain efficiency. This measure not only captures the frequency of information
exchange and the intensity of transaction collaboration among supply chain nodes, but
also reflects the supply chain system’s flexible adjustment capacity and responsiveness
to external shocks through changes in inventory liquidity. Moreover, the design of this
indicator aligns with the practical need for supply chain efficiency optimization under the
current context of industrial overcapacity. In addition, from the perspective of variable
correlation, this indicator is primarily influenced by suppliers’ own operational decisions,
such as inventory management strategies and production planning—as well as external
environmental shocks, including market demand fluctuations and the stability of raw
material supply. Its direct association with the core explanatory variable in this study is
relatively weak, indicating a low potential risk of endogeneity. The calculation formula for
supply chain efficiency is as follows.

SupR;; = In(365/ InTR;,) )

Here, SupR; ; denotes supply chain efficiency, where a smaller value indicates better
inventory liquidity, stronger collaborative efficiency in logistics, information flow, and
capital flow among supply chain nodes, as well as greater recovery capacity of the supply
chain; InvTR;; represents the inventory turnover ratio.
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From the perspective of economic dynamic adjustment, when supply chains encounter
external shocks, firm performance deviates from the benchmark trajectory and subsequently
reconstructs a steady state through dynamic adjustment mechanisms [52]. Accordingly,
this study adopts a “deviation share” analytical framework, in which the magnitude of
performance deviation of supplier firms is used as a measurement indicator of supply
chain recovery, thereby capturing the causal relationship between performance deviation
and system resilience. Following the methodological approach of the prior study [42], this
study constructs the econometric model (3) below. Within this model, the residuals between
observed values and estimated values serve as the core measurement tool to quantify the
dynamic adjustment trajectory of supplier firms” economic performance over time. A larger
absolute residual value indicates stronger recovery capacity of the supply chain under
external shocks, whereas a smaller residual implies weaker recovery ability.

Perform;; = a + B1Size;; + BoLev;; + BaGrowth; ; + BsAge;

3
+BsBoard; + Y Firm + ) Year +¢;; ®)

Here, Per form, , denotes firm economic performance, measured by the ratio of earn-
ings before interest and taxes to the number of employees. The model also incorporates a
set of control variables that may affect firm performance, including firm size (Size), leverage
(Lev), revenue growth rate (Growth), firm age (Age), and board size (Board).

Finally, supply chain evolutionary capacity emphasizes the ability of supply chains
to achieve a capability leap from “passive response” to “proactive evolution” through
long-term interactions such as knowledge sharing, technological innovation, resource
integration, and optimization of resource allocation. Accordingly, this study measures
and empirically analyzes supply chain evolutionary capacity along two key dimensions:
suppliers’ technological innovation capability and resource allocation efficiency. First, tech-
nological innovation capability significantly enhances operational efficiency and systemic
resilience by promoting the deep application of emerging technological tools in supply
chain management. To capture this, this study employs the ratio of R&D expenditure to
operating revenue as a proxy variable, which effectively reflects the intensity of a firm'’s
resource commitment to technology development and its potential for innovation output.
Second, higher resource allocation efficiency within supply chains strengthens the ability
of firms to cope with risks and challenges [46]. Therefore, this study measures supply
chain resource allocation efficiency from the perspective of upstream suppliers’ total factor
productivity, where higher TFP indicates greater efficiency in resource allocation across
supply chain partners (Table 1).

Table 1. Supply chain resilience measurement index system.

Primary Dimension

Secondary Dimension Specific Indicator

Measured by the annual standard deviation of daily stock returns to

Risk Bearing capture firms’ risk-bearing capacity (+)

Stability Stabi . Measured by the inventory adjustment amplitude of upstream firms to
Demand-Supply Fluctuations .
reflect supply management efficiency (—)
Supply Efficiency Measured by inventory turnovelj day§, serving as a proxy indicator of
supply chain efficiency (—)
Recovery Resto h ;
. Measured by the residuals of the econometric model to capture
Performance Fluctuations .. . , . .
variations and responses in firms’ economic performance over time (+)
Technological Innovation Measured by tl.le ratio gf R&,ID exper}dlture to operating revenue,
. indicating firms’ innovation capability (+)
Evolutionary ~ Evolu

Measured by total factor productivity (TFP) of firms to reflect supply

R Allocati . . e
esource Allocation chain resource allocation efficiency (+)
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4.2.2. Focal Firm Digitalization

Here, the text analysis method is employed to construct a quantitative measurement
system for firm digitalization based on word frequency statistics of digitalization-related
terms disclosed in listed firms’ annual reports. Its underlying logic derives from the “pro-
cess perspective,” which conceptualizes firm digitalization as a long-term, holistic, and sys-
tematic strategic transformation process. The frequent occurrence of digitalization-related
keywords in annual reports can effectively capture the degree of commitment to and depth
of implementation of digital transformation strategies. Meanwhile, by leveraging standard-
ized data collection procedures and multidimensional classifications (e.g., digital technol-
ogy applications, Internet-based business models), the text analysis method provides an
operational approach for dynamically measuring the level of enterprise digitalization [8].

To mitigate subjective bias and enhance measurement objectivity, this study constructs
a proxy variable for focal firm digitalization (c_DIG) using the text analysis method,
following the approaches of relevant literature [1,51]. The specific steps are as follows:
first, this study counts and aggregates the frequency of 94 digitalization-related keywords
appearing in the “Management Discussion and Analysis” (MD&A) section of focal firms’
annual reports. Second, to address extreme values, this study adds one to the raw frequency
counts and take the natural logarithm, and then divide the results by 100 to eliminate scale
differences. Finally, considering the potential lagged transmission effect of focal firm
digitalization on supply chain resilience, this study adjusts the processed digitalization
indicator by one period lag. The resulting variable serves as the proxy measure of focal
firm digitalization for the empirical analysis.

The digitalization keyword dictionary constructed in this study consists of two compo-
nents: the underlying technologies and practical applications of four core digital technolo-
gies, namely ABCD—Artificial Intelligence (AI), Blockchain, Cloud Computing, and Big
Data. The MD&A section of annual reports is selected as the object of text analysis for the
following reason: under statutory disclosure requirements, this section obliges listed firms
to systematically disclose the substantive impact of business strategies on operational activ-
ities. As enterprise digitalization represents a central dimension of strategic transformation,
its effects on production processes and resource allocation are ultimately transmitted to
financial performance. In line with the principles of compliance and materiality, firms
are required to provide sufficient disclosure of the progress and potential risks of digital
transformation in the MD&A section [1]. This requirement offers an authoritative and
comprehensive information basis for text analysis.

4.2.3. Control Variables

Following the prior studies [12,44], this study selects a set of indicators that may affect
the main effects as control variables. Detailed variable definitions are presented in Table 2.

Table 2. Definition of main variables.

Variable Name

Symbol Definition

Dependent
Variable

Supply Chain
Resilience

Annual standard deviation of daily stock returns of upstream
Stabi firms
Inventory adjustment amplitude of upstream firms

Supply chain efficiency of upstream firms (measured by inventory
SCResilience Resto turnover days)
Economic performance fluctuations of upstream firms (measured

by model residuals)

Ratio of R&D expenditure to operating revenue of upstream firms

Evol Ratio of R&D expenditure to operating revenue of upstream firms
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Table 2. Cont.

Variable Name Symbol Definition
Independent Focal Firm ¢ DIG Natural logarithm of the frequency of digitalization-related keywords in
Variable Digitalization - the MD&A section of focal firms” annual reports
Supplier Firm s DIG Natural logarithm of the frequency of digitalization-related keywords in
Digitalization - the MD&A section of supplier firms” annual reports
Firm Size Size Natural logarithm of total assets at year-end
Return on Assets Roa Net profit/total assets
Return on Equity Roe Net profit + net equity
Cash Flow Cflow Net cash flow from operating activities/total assets
Growth Rate Growth Annual revenue growth rate
Control Leverage Lev Total liabilities/total assets
Variables Current Ratio Liquid Current assets/current liabilities
Asset Growth Taor (Total assets at year-end — total assets at beginning of year)/total assets at
Rate 3 beginning of year
Tobin Q Tobin Market value of the firm/replacement cost of assets
Ownership Sh . .
Concentration rer Sum of shareholding ratios of the top 10 tradable shareholders
Board Size Board Natural logarithm of the number of board members
Independent uQr Number of independent directors/total number of board members

Director Ratio

Specifically, this study includes firm-level characteristics such as firm size (Size), return
on total assets (Roa), return on equity (Roe), cash flow (Cflow), growth rate (Growth),
leverage (Lev), current ratio (Liquid), total asset growth rate (Tagr), and Tobin’s Q (Tobin).
In addition, this study incorporates governance-related indicators such as ownership
concentration (Shrcr), board size (Board), and the proportion of independent directors
(UQP) to reflect corporate governance structure. To further ensure that the degree of
digitalization of upstream firms does not bias the results, this study also includes the
digitalization level of supplier firms (s_DIG) as a control variable.

4.3. Baseline Regression Model

To test Hypothesis H1 and examine the impact of enterprise digitalization on supply
chain resilience—namely, the vertical spillover effects of focal firm digitalization on the
operational performance of upstream supplier firms—this study follows the approach of
relevant literature [54] and constructs the following econometric model:

SCResilience;j; = a + pc_DIG; ;1) + yControls; + 6; + ps + € 4)

Here, SCResiliencey; is the dependent variable, representing the interactive supply
chain resilience between focal firm i and its supplier k in year ¢{. The core explanatory
variable is focal firm digitalization, denoted as c_DIG; (;_1), which is lagged by one period
to reduce potential endogeneity concerns and to capture the delayed effect of digital
transformation initiatives on supply chain resilience, as the impact of digital investments
typically materializes over time. Controls;; also includes a set of control variables, while J;
and it represent firm and year fixed effects, respectively, and ¢; ; denotes the random error
term. The focal firm digitalization variable c_DIG; (;_y) is the primary focus of this study. If
the estimated coefficient f3 is significantly positive, it indicates that focal firm digitalization
contributes to improving supply chain resilience, thereby providing empirical support for
Hypothesis H1.
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5. Results and Discussion

5.1. Descriptive Statistics and VIF Tests
5.1.1. Descriptive Statistics

Table 3 reports the descriptive statistics of the main variables. The supply chain re-
silience (SCResilience) indicator has a mean of 0.3011, a standard deviation of 0.0763, a
maximum of 0.6654, and a minimum of 0.1235. Overall, the values fall within a reasonable
range and are consistent with the findings of prior studies [53], which validates the rational-
ity of the measurement. Regarding the sub-dimensions of supply chain resilience: stability
(Stabi) is based on 4190 observations, with a mean of 0.2951, a standard deviation of 0.1948,
a minimum of 0.0000, and a maximum of 0.9314; recovery (Resto) includes 4160 observa-
tions, with a mean of 0.4276, a standard deviation of 0.0651, a minimum of 0.0528, and a
maximum of 0.8079; and evolutionary capacity (Evolu) is based on 3189 observations, with
a mean of 0.1984, a standard deviation of 0.0867, a minimum of 0.0337, and a maximum of
0.9046. These results suggest that in the supply chain management practices of Chinese
listed firms, greater emphasis is placed on supply chain stability, while relatively less
attention is given to evolutionary capacity. In addition, the focal firm digitalization index
(c_DIG) has a mean of 1.2629, a standard deviation of 1.3386, a minimum of 0.0000, and a
maximum of 4.9904. The distributional characteristics and parameter values are largely
consistent with those reported by relevant literature [55], further demonstrating the robust-
ness and reliability of the digitalization measurement employed in this study. In addition,
a cumulative probability plot was used to examine the normality of the residuals for the
core variables, and the results indicate that they generally conform to the assumption of
normal distribution.

Table 3. Descriptive statistics.

Varname Obs Mean SD Min Max
SCResilience 3185 0.3011 0.0763 0.1235 0.6654
Stabi 4190 0.2951 0.1948 0.0000 0.9314
Resto 4160 0.4276 0.0651 0.0528 0.8079
Evolu 3189 0.1984 0.0867 0.0337 0.9046
c_DIG 3809 1.2629 1.3386 0.0000 4.9904
Size 4380 22.1018 1.4441 18.8678 26.7881
Roa 4387 0.0344 0.0676 —0.3386 0.2738
Roe 4387 0.0461 0.1918 —1.4952 0.4750
Cflow 4380 0.0456 0.0706 —0.1994 0.2646
Growth 4170 0.4243 1.1662 —0.8497 8.4446
Lev 4387 0.4468 0.2089 0.0260 1.0361
Liquid 4387 2.2480 2.2665 0.0000 15.1836
Tagr 4385 0.1757 0.3411 —0.3913 2.1716
Tobin 4004 1.8766 1.2484 0.8577 8.4650
Shrcr 4117 58.2955 14.9796 22.4277 90.8900
Board 4117 2.2524 0.1749 1.7918 2.7726

uQpr 4117 0.3692 0.0494 0.1818 0.5714
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5.1.2. VIF Tests

To test for potential multicollinearity, this study calculated the variance inflation factors
(VIF) for all explanatory variables. The results, reported in Table 4, show that the mean VIF
is 1.85 (with a maximum value of 4.22), both well below the conventional threshold of 5,
indicating that multicollinearity is not a serious concern in the model.

Table 4. VIF test results.

VarName VIF 1/VIF
c_DIG 1.5497 0.6453
s_DIG 1.5485 0.6458

Size 1.9700 0.5076
Roa 42194 0.2370
Roe 3.8835 0.2575
Cflow 1.2048 0.8300
Growth 1.0516 0.9509
Lev 2.2962 0.4355
Liquid 1.7030 0.5872
Tagr 1.1188 0.8938
Tobin 1.3604 0.7351
Shrcr 1.1034 0.9063
Board 1.5295 0.6538
uQr 1.4235 0.7025

5.2. Baseline Regression
5.2.1. Focal Firm Digitalization and Supply Chain Resilience

Based on the baseline regression model (4) constructed earlier, this study examines the
impact of focal firm digitalization on supply chain resilience. Table 5 reports the baseline
regression results for the direct effects of focal firm digitalization on supply chain resilience.
Column (1) includes only the core explanatory variable without any controls; Column
(2) adds firm-level characteristics of focal firms to control for the potential influence of
upstream suppliers’ digitalization; Column (3) further includes the digitalization indica-
tor of upstream suppliers; and Column (4) additionally incorporates governance-related
indicators of focal firms as control variables.

Table 5. Benchmark regression results.

VarN (§)) ) (3) @)
arName SCResilience SCResilience SCResilience SCResilience
pIC 0.0035 ** 0.0026 * 0.0031 ** 0.0031 **
= (0.0014) (0.0014) (0.0014) (0.0014)
s 0.0139 *** 0.0130 *** 0.0109 ***
tze (0.0015) (0.0015) (0.0014)
R —0.0045 —0.0046 —0.0068
oa (0.0402) (0.0408) (0.0407)
R —0.0088 —0.0091 —0.0086
oe (0.0135) (0.0137) (0.0136)
C flow 0.0021 —0.0009 —0.0010
(0.0149) (0.0148) (0.0148)
—0.0000 0.0000 0.0000
Growth

(0.0007) (0.0007) (0.0007)
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Table 5. Cont.
VarN 1) ) ®3) @)
arName SCResilience SCResilience SCResilience SCResilience
L 0.0130 *** 0.0137 *** 0.0101 **
v (0.0049) (0.0047) (0.0047)
Linuid 0.0018 * 0.0018 * 0.0017 *
q (0.0010) (0.0010) (0.0010)
Tor 0.0004 0.0002 0.0005
8 (0.0049) (0.0049) (0.0050)
Tobi 0.0015 0.0012 0.0013
oom (0.0012) (0.0012) (0.0012)
—0.0027 * —0.0027 *
s_DIG (0.0014) (0.0014)
0.0370 ***
Shrer (0.0069)
0.0006 ***
Board (0.0002)
—0.0013
uQp (0.0017)
Constant 0.2874 *** 0.1774 * 0.1881 ** 0.2119 **
onstan (0.0018) (0.0945) (0.0945) (0.1034)
" YES YES YES YES
5 YES YES YES YES
N 1806 1737 1728 1728
adj. R? 0.880 0.879 0.881 0.881

Note: *, **, and *** denote significance levels at the 10%, 5%, and 1% levels, respectively, based on two-tailed tests.
Robust standard errors clustered at the firm level are reported in parentheses. The same applies hereafter.

The regression results are presented in Table 5. Column (1) reports the baseline re-
sults, where the coefficient of focal firm digitalization (c_DIG) is 0.0035 and statistically
significant at the 5% level, indicating that digitalization positively contributes to supply
chain resilience. In column (2), after including firm-level control variables such as size,
profitability, and capital structure, the coefficient decreases to 0.0026 and becomes signif-
icant at the 10% level. This suggests that part of the positive effect of digitalization may
be mediated through firm resources and operational performance, implying that some
digitalization benefits are indirectly captured by these firm attributes. In column (3), when
supplier digitalization is further controlled for, the coefficient of focal firm digitalization
rises again to 0.0031 and regains 5% significance, indicating a complementary relationship
between focal firm and supplier digitalization. Supplier digitalization facilitates data in-
teroperability and enhances joint information-sharing efficiency, thereby amplifying the
resilience-enhancing effect of focal firm digitalization. Finally, in column (4), after control-
ling for corporate governance variables, the coefficient remains stable (0.0031, significant at
the 5% level), confirming the robustness of the positive effect of digitalization on supply
chain resilience. These findings indicate that focal firm digitalization significantly en-
hances supply chain resilience through backward spillover empowerment effects, thereby
validating Hypothesis H1.

In addition, in Columns (3) and (4), the regression coefficient of the upstream suppliers’
digitalization indicator (s_DIG) is —0.0027, significant at the 10% level. This suggests a
significant negative relationship between upstream suppliers’ digitalization and supply
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chain resilience. Two possible explanations can be offered: a reverse causality effect—
when upstream suppliers exhibit weaker supply chain resilience, they tend to compensate
passively by investing in digitalization (e.g., introducing risk early-warning systems),
leading to an observed negative association between resilience and digitalization [8]; and
short-term transformation costs—during the initial phase of digitalization, upstream sup-
pliers face sunk costs related to technology upgrading and organizational restructuring.
These short-term burdens may crowd out resources otherwise allocated to resilience build-
ing (e.g., emergency inventories), thereby exerting a suppressing effect on supply chain
resilience [41].

5.2.2. Focal Firm Digitalization and Different Dimensions of Supply Chain Resilience

In the linear regression model (4), the dependent variable is replaced by supply
chain stability (Stabi), recovery (Resto), and evolution (Evolu) to examine the backward
spillover empowerment effects of focal firm digitalization on each dimension of supply
chain resilience. Table 6 reports the regression results. Column (1) shows that the coefficient
of focal firm digitalization (c_DIG) on supply chain stability (Stabi) is 0.0038, but not
statistically significant, indicating that the impact of focal firm digitalization on supply
chain stability is not evident at this stage. Column (2) shows that the coefficient of focal firm
digitalization (c_DIG) on supply chain recovery (Resto) is 0.0041 and statistically significant
at the 5% level, suggesting that the backward spillover empowerment effects of focal firm
digitalization enhance supply chain recovery. Column (3) shows that the coefficient of focal
firm digitalization (c_DIG) on supply chain evolution (Evolu) is 0.0031 and statistically
significant at the 5% level, indicating that focal firm digitalization also plays a positive
role in strengthening supply chain evolution. Taken together, the results suggest that focal
firm digitalization enhances supply chain recovery and cultivates supply chain evolution,
thereby improving overall resilience and providing empirical support for Hypotheses H1b
and Hlc. According to the results in Column (1), although there is a positive relationship
between focal firm digitalization and supply chain stability, the coefficient is not significant.
This may be due to two factors: on the one hand, the rapid improvement in digitalization
levels has outpaced the establishment of robust data sovereignty and security management
systems within supply chain networks, which hinders the development of trust between
upstream and downstream partners [13]; on the other hand, given the turbulent domestic
and international economic environment, many non-focal firms in the supply chain face
considerable operational pressure and lack stable business conditions, thereby limiting the
stabilizing effects of focal firm digitalization on upstream supplier operations [38].

Table 6. Empirical test results.

V. D (2) 3)
arname Stabi Resto Evolu
DIC 0.0038 0.0041 ** 0.0031 **
- (0.0029) (0.0020) (0.0015)
Controls YES YES YES
C 0.5707 ** 0.4620 *** 0.0589
onstant (0.2238) (0.1267) (0.0937)
Ut YES YES YES
5; YES YES YES
N 2285 2287 1730

adj. R? 0.883 0.664 0.912
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5.3. Endogeneity Tests

Existing studies suggest that the improvement of firm digitalization is influenced
by multiple factors, raising potential concerns of endogeneity such as reverse causality—
namely, focal firms embedded in highly resilient supply chain networks may find it easier
to advance their digitalization processes. To address this issue, this study employs the
instrumental variable approach.

Following the method of prior study [53], this study uses the average digitalization
(IV1) level of other firms (excluding the focal firm) within the same region-industry
classification in the same year as the instrumental variable for focal firm digitalization. The
rationale is that firms in the same region and industry face similar market and industrial
environments, thus exhibiting high correlation with the focal firm’s digitalization, but they
are not directly related to the resilience of the focal firm’s supply chain, thereby satisfying
both the relevance and exclusion restrictions.

Drawing on the idea of constructing valid internal instruments without relying on
external shocks, and following the industry—province stratification framework proposed by
relevant literature [56], this study constructs the cubic term of the difference between focal
firm digitalization and the mean digitalization level within the same industry (two-digit
code)-province classification as the instrumental variable (IV2), while excluding samples
in which upstream and downstream firms are located in the same province, in order to
avoid bias from regional economic linkages.

To further ensure robustness, this study narrows the sample scope and, following on
prior study [43], construct the cubic term of the difference between focal firm digitalization
and the mean digitalization level within the same industry (two-digit code)—city classifica-
tion as the instrumental variable (IV3), while excluding samples in which upstream and
downstream firms are located in the same city.

The regression results are reported in Table 7. Columns (1), (3), and (5) present the first-
stage regressions of focal firm digitalization on the instrumental variables IV1, IV2 and
IV3, respectively. The results show that the selected instruments are all significantly and
positively correlated with focal firm digitalization at the 1% level, satisfying the relevance
condition. Furthermore, in the under-identification tests, all p-values equal 0; in the weak-
instrument tests, the F-statistics are 1392.15, 93.7478, and 97.8722, respectively, all well
above the critical value of 16.38, thereby rejecting the null hypothesis of weak instruments.
These results confirm the validity of the chosen instrumental variables. Columns (2),
(4), and (6) report the second-stage regression results after controlling for endogeneity.
The coefficients of focal firm digitalization are 0.0168, 0.0148, and 0.0212, respectively, all
significantly positive at least at the 5% level. These findings are consistent with the baseline
regression results, indicating that the positive effect of focal firm digitalization on supply
chain resilience remains robust after addressing endogeneity concerns, thereby providing
further support for Hypothesis H1.

Table 7. Instrumental variables method test results.

V. (2 3 @ (5) (6)
arhame SCResilience c_DIG SCResilience c_DIG SCResilience
A%
- 0.4030
0.0446 ***
Iv2 (0.0046)
0.0373 ***
1v3

(0.0038)
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Table 7. Cont.
Varname 1) (2.) . 3) (4.) . (5) (Q '
c_DIG SCResilience c_DIG SCResilience c_DIG SCResilience
0.0168 *** 0.0148 ** 0.0212 ***
c_DIG (0.0023) (0.0070) (0.0069)
Controls YES YES YES YES YES YES
Constant —4.2339 ** 0.3107 *** 1.6010 ** 0.34 *** 0.5574 0.3268 ***
(2.0591) (0.0419) (0.7187) (0.4878) (0.9344) (0.0638)
Ut YES YES YES YES YES YES
6; YES YES YES YES YES YES
N 2046 2669 1976 1976 1221 1221
adj. R? 0.820 0.018 0.287 0.026 0.352 0.000
Partial R? 0.3441 0.0456 0.0751
F 1392.15 93.7478 97.8722

5.4. Robustness Tests

To further strengthen the reliability of the baseline regression results and the conclusion
of Hypothesis H1, this section conducts a series of robustness checks on the empirical
findings regarding firm digitalization and supply chain resilience, with the results reported
in Table 8.

Table 8. Robustness test results.

(ul)] () 3) @) (5)

Varname SCResilience  SCResilience  SCResilience ~ SCResilience ~ SCResilience
0.0027 * 0.0038 ** 0.0024 * 0.0038 **
¢.DIG (0.0016) (0.0017) (0.0014) (0.0016)
i
L_SCResi (’[)963%3‘;’
Controls YES YES YES YES YES
Ut YES YES YES YES YES
d; YES YES YES YES YES
Constant 0.1925 0.1640 0.1671 0.2079 ** —0.0066
(0.1245) (0.1296) (0.1074) (0.1032) (0.1693)
N 1249 1165 1524 1744 1036
adj. R? 0.880 0.8695 0.878 0.881 0.893

Controlling for potential confounding factors. The backward spillover effects of focal
firm digitalization may diffuse through nonlinear channels such as industry competition,
internal resource transmission, and geographical proximity [30]. To exclude such confound-
ing effects, following relevant literature [40], this study excludes samples with geographical
clustering, industry homogeneity, and related-party transactions from Model (4) for ro-
bustness testing. Columns (1)-(3) of Table 8 show that the coefficients of c_DIG are 0.0027,
0.0038, and 0.0024, respectively, all significantly positive at least at the 10% level. These
results are consistent with the baseline regression findings, suggesting that the positive
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impact of firm digitalization on supply chain resilience remains significant after accounting
for potential confounders.

Alternative measurement of the explanatory variable. Referring to prior study [1], this
study uses text analysis to count the frequencies of 99 digitalization-related keywords in
the MD&A section of downstream firms’ annual reports, take the natural logarithm after
adding one, and then lag the variable by one period to construct an alternative proxy for
focal firm digitalization (c_DIG_B). Column (4) of Table 8 shows that the coefficient of
c_DIG_B is 0.3335, significantly positive at the 5% level. This result is consistent with the
baseline regression, confirming that the positive effect remains robust under an alternative
measurement approach.

Controlling for lagged dependent variables. Since there may be bidirectional causality
between focal firm digitalization and supply chain resilience, this study further controls for
the lagged value of supply chain resilience (L_SCResi) as an additional covariate. Column
(5) of Table 8 shows that the coefficient of c_DIG is 0.0038, significantly positive at the
5% level and consistent with the baseline results, while the coefficient of L_SCResi is
insignificant. This indicates that the positive effect remains robust after controlling for
lagged effects, and there is no evidence of reverse causality between the two.

In addition, to address potential violations of the normality assumption and enhance
the robustness of statistical inference, this study re-estimated the main coefficients using
the bootstrap method. Specifically, based on 1000 repeated resampling iterations, the
bootstrap standard errors and bias-corrected confidence intervals for the core explanatory
variable c_DIG were calculated. As shown in Table 9, the bootstrap estimates are consistent
with the baseline regression results in terms of coefficient signs, significance levels, and
confidence interval ranges, indicating that the empirical conclusions are robust under
different distributional assumptions. This further suggests that the positive impact of
focal firm digitalization on supply chain resilience is not driven by sample distribution
characteristics or estimation methods, but is statistically reliable and robust.

Table 9. Baseline regression bootstrap test results.

. Bootstrap 95% Confidence
Varname Coeffcient Std. Error z-Value Interval
c_DIG 0.0031 0.0015 2.0000 [0.0001, 0.0059] 0.0450

5.5. Heterogeneity Tests

To further examine contextual heterogeneity, this study investigates whether the im-
pact of focal firm digitalization on supply chain resilience varies across different external
and relational conditions. Specifically, three contextual factors are considered: indus-
try competition intensity, upstream—downstream relationship closeness, and suppliers’
regional resource endowments.

The heterogeneity regression results are presented in Table 10. To facilitate intuitive
comparison, Table 11 summarizes the regression coefficients, significance levels, and the re-
sults of group difference tests. This summary table helps to clearly illustrate the magnitude
and direction of heterogeneity effects under varying conditions.
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Table 10. Heterogeneity analysis results.
(V)] (2) 3) 4) (5) (6)
Varname  Industry Competition Closeness of Upstream— Suppliers’ Regional
Intensity of Focal Firms  Downstream Relationships = Resource Endowments
High Low Low High High Low
DIG 0.0005 0.0043 * 0.0146 0.0034 ** 0.0026 0.0032 *
- (0.0018) (0.0024) (0.0216) (0.0014) (0.0027) (0.0017)
Controls YES YES YES YES YES YES
Constant 0.1392 0.3265 —6.0948 *** 0.1700 0.1674 0.2806 **
ONSLANt—0.1298) (0.2087) (1.5298) (0.1068) (0.2135) (0.1192)
Wt YES YES YES YES YES YES
5; YES YES YES YES YES YES
N 878 755 57 1614 371 1353
adj. R? 0.861 0.899 0.990 0.884 0.889 0.881
p 0.003 0.007 0.009
Table 11. Summary of heterogeneity test results.
Coefficient of Difference Test
Contextual Factor Group ¢ DIG (p-Value)
Industry Competition Intensity Low 0.0043 * 0.003
of Focal Firms High 0.0005 :
Closeness of Upstream-— Low 0.0146 0.007
Downstream Relationships High 0.0034 ** ’
Suppliers’ Regional Resource Low 0.0032 * 0.009
Endowments High 0.0026 :

5.5.1. Industry Competition Intensity of Focal Firms

When market competition is intense, firms often increase information disclosure to
mitigate information asymmetry. Conversely, when industry competition is weak, disad-
vantaged firms are more likely to be marginalized, and their limited business transparency
reduces their ability to effectively disclose operational information, thereby exacerbating
information asymmetry across the supply chain [57]. As the core coordinator in the supply
chain, a focal firm’s forecasting accuracy, order collaboration efficiency, and rational allo-
cation of upstream resources are all constrained by such information barriers. Therefore,
when the focal firm operates in a less competitive industry, it tends to proactively enhance
its digitalization level to overcome information blockages created by weaker upstream
firms. By leveraging digital technologies, focal firms not only mitigate information asymme-
try within the supply chain but also strengthen overall supply chain collaboration, ensuring
that real downstream market demand is accurately transmitted upstream to safeguard
operational efficiency.

To examine this heterogeneity, this study follows relevant literature [57] and adopts
the industry Lerner index to measure the market competition intensity of focal firms. Based
on Model (4), this study constructs a grouping variable according to the median value of
the Lerner index across all focal firms in the sample. If a focal firm’s Lerner index is greater
than the median, this indicates stronger pricing power, higher market monopoly, and lower
market competition, and the grouping variable is coded as 1; otherwise, it is coded as 0.
Using this setup, this study conducts sub-sample regressions to test whether the impact of
focal firm digitalization on supply chain resilience differs under varying levels of market
competition. The regression results are reported in Columns (1) and (2) of Table 10.
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According to the results reported in Columns (1) and (2) of Table 10, the regression
coefficient of c_DIG is 0.0005 in Column (1) and is not statistically significant, whereas
in Column (2) the coefficient is 0.0043 and significant at the 10% level. This comparison
suggests that, relative to focal firms operating in highly competitive industries, the positive
effect of digitalization on supply chain resilience is more pronounced when focal firms are in
less competitive markets. Furthermore, the bootstrap p-value (P) reported in Table 10 tests
whether the coefficients of digitalization are statistically equal across the two groups—that
is, whether the effect of focal firm digitalization on resilience differs significantly between
high- and low-competition contexts. The empirical p-value (P) is 0.003, which is less than
the 1% significance level, providing additional evidence of significant heterogeneity in
the effect.

5.5.2. The Closeness of Upstream—Downstream Relationships

In supply chains, close upstream—downstream relationships facilitate data flows and
information sharing among firms, enabling end-to-end traceability of information and
improving supply chain responsiveness. Such relationships are often accompanied by long-
term contracts and benefit-sharing mechanisms, which foster risk-sharing arrangements
and enhance the supply chain’s ability to withstand external shocks. In addition, close
collaboration encourages joint R&D in digital technologies, contributing to the establish-
ment of a technological ecosystem and promoting the modernization of supply chains [58].
Therefore, the empowering effect of focal firm digitalization on supply chain resilience is
expected to be more significant when upstream-downstream relationships are stronger.

To examine this heterogeneity, this study follows prior study [59] by identifying “stable
customers” as those appearing in both the current and previous year’s supplier customer
lists. The closeness of upstream—downstream relationships (i fs_Stable) is then measured
by the ratio of sales to stable customers to the total sales of the top five customers. Based
on Model (4), this study constructs a grouping variable according to the median value
of the closeness indicator across all samples: if the indicator of a given sample is above
the median, its i fs_Stable is considered closer (coded as 1); otherwise, the value is 0. This
allows us to test for heterogeneity in the backward spillover empowerment effect of focal
firm digitalization on supply chain resilience under different levels of relationship closeness.
The regression results are presented in Columns (3) and (4) of Table 10.

The results show that the regression coefficient of c_DIG in Column (3) is 0.0146
and not statistically significant, while the coefficient in Column (4) is 0.0034 and signifi-
cant at the 5% level. This indicates that compared with weaker upstream-downstream
relationships, focal firm digitalization has a more pronounced positive effect on supply
chain resilience when upstream—downstream relationships are stronger. Furthermore, the
group coefficient difference test (Bootstrap, 1000 replications) yields an empirical p-value
(P) is 0.007, which is less than the 1% significance level, further confirming the presence of
significant heterogeneity.

5.5.3. Suppliers’” Regional Resource Endowments

When firms are located in regions with weaker resource endowments, they often
face resource constraints that stimulate stronger innovation incentives [60]. Consequently,
upstream suppliers in such regions are more likely to actively adopt and cooperate with the
digital empowerment initiatives of focal firms. At the same time, focal firms can leverage
digital technologies to overcome spatial and temporal barriers, reduce frictions in knowl-
edge and information flows, address collaboration shortcomings, and generate innovation
spillover effects, thereby strengthening innovation collaboration along the supply chain
and enhancing resilience. Moreover, in regions with weaker resource endowments, local
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governments are more inclined to provide targeted subsidies or tax incentives (e.g., the
“Eastern Data, Western Computing” initiative) to encourage focal firms to invest in the
digitalization of upstream suppliers, further reinforcing the implementation of digital
empowerment. Therefore, the positive effect of focal firm digitalization on supply chain
resilience is expected to be more pronounced in regions with weaker resource endowments.

To examine this heterogeneity, this study follows relevant literature [61] and classifies
supplier regions based on the list of 262 resource-based cities, county-level cities, or districts
identified in the National Plan for the Sustainable Development of Resource-Based Cities
(2013-2020). Based on Model (4), this study constructs a grouping variable ifresource
for regional resource endowments: supplier cities are classified into four categories—
growing, mature, declining, and regenerative resource-based cities—alongside non-
resource-based cities. If an upstream supplier is located in one of the first four categories,
the city is considered to have higher resource endowments, and ifresource = 1; otherwise,
ifresource = 0. The regression results are reported in Columns (5) and (6) of Table 10.

The results show that the regression coefficient of focal firm digitalization (c_DIG)
is 0.0026 in Column (5) and not statistically significant, while in Column (6) it is 0.0032
and significant at the 10% level. This indicates that in regions with weaker supplier
resource endowments, the empowering effect of focal firm digitalization on supply chain
resilience is more pronounced. Furthermore, the empirical p-value (0.009) is less than 0.01,
indicating statistical significance at the 1% level and further confirming the presence of
significant heterogeneity.

5.6. Mechanism Analysis

Building on the previous analysis, the key to how focal firm digitalization enhances
supply chain resilience lies in strengthening supply chain collaboration. The connotation of
supply chain collaboration can be understood from three interrelated levels: information
collaboration, governance collaboration, and innovation collaboration. Accordingly, follow-
ing the mechanism testing approach of prior study [54], this study conducts mechanism
analysis from these three dimensions.

5.6.1. Information Collaboration

In traditional supply chains, conflicts of interest among members, long chain struc-
tures, and complex networks make it difficult to track, measure, and monitor informa-
tion flows. This poses significant challenges to improving information transparency and
symmetry [37]. The well-known bullwhip effect originates from these problems: on the
one hand, network complexity increases errors in information processing and transmission,
creating supply-demand mismatches; on the other hand, factors such as price fluctuations,
strategic interactions among firms, and demand volatility disrupt normal transactions,
resulting in efficiency losses along the chain [26]. Only when supply chain members form
an information community that enables real-time sharing and transparent, symmetric
information flows can the bullwhip effect be mitigated, resource allocation optimized, and
supply chain resilience enhanced. Therefore, this study adopts the bullwhip effect as a
proxy variable to measure the degree of information symmetry between upstream and
downstream firms, thereby capturing information collaboration.

The bullwhip effect (AR; (1) ;) of upstream—downstream firms is measured following
relevant studies [33,62], using supply—demand volatility to reflect the extent of the effect.
In this framework, a firm’s demand (Demand) is proxied by its main business cost, while
production is proxied by the change in annual net inventory combined with the firm’s main
business cost and revenue (Production).
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AR VAR(Production)l-,(k),t U(Production)i,(k),t 5
i(k)t — VAR(Demand)j,(k),t o U(Demﬂnd)i,(k)/t ( )

Here, the volatility of the annual production demand variable for focal firms and their
upstream suppliers is measured by the standard deviation of the variable (VAR(-); (k),0)-
Based on this calculation, a proxy variable for the bullwhip effect (AR; () ;) between focal
firms and their upstream suppliers in a given year can be obtained. A larger value indicates
lower transparency and symmetry of information between upstream and downstream in
the industrial supply chain.

The bullwhip effect of the supply chain structure (Bullwhip; ;). Relying solely on
the supply—demand deviation of upstream firms cannot fully capture the transparency of
information along the entire chain. Therefore, building on Equation (5) and following [33],
this study adopts the ratio of the production-demand deviation of upstream firms to that
of their corresponding downstream firms as a proxy variable for the bullwhip effect in the
supply chain structure.

Bullwhip; ., = i{ﬁéftt (6)

Here, AR;; denotes the supply—demand deviation of focal firm i in year ¢, and AR;;
denotes the supply—-demand deviation of its upstream supplier k in the same year t.
Based on these measures, the bullwhip effect at the structural level of the supply chain
(Bullwhip, ; ;) is constructed as a proxy variable reflecting the degree of deviation between
upstream and downstream firms. A larger value of Bullwhip, . , indicates a more pro-
nounced bullwhip effect within the supply chain structure, implying greater information
asymmetry between upstream and downstream firms.

The empirical results of the information collaboration mechanism are presented in
Table 12. In column (1), the coefficient of focal firm digitalization (c_DIG) is —0.1059 and is
significant at the 10% level, indicating that digitalization by focal firms can significantly
reduce their own production demand fluctuations. This effect may stem from firms ability
to leverage multi-source data integration and Al-driven demand forecasting models to
improve the accuracy of demand predictions, thereby mitigating fluctuations arising from
forecasting errors. Moreover, by employing digital inventory management tools, firms can
achieve dynamic supply—-demand alignment and optimize inventory turnover efficiency,
which helps to smooth large demand variations through more effective resource allocation.
Column (2) shows that the coefficient of c_DIG is —0.0614 and significant at the 10% level,
suggesting that focal firm digitalization also significantly reduces production demand
fluctuations among upstream suppliers. This effect may arise because focal firms can use
digital platforms to share real-time end-customer demand and order data with upstream
suppliers, thereby reducing information delays and distortions and preventing suppliers
from amplifying production demand fluctuations caused by the “bullwhip effect.” In col-
umn (3), the coefficient of c_DIG is —0.1393 and significant at the 5% level, demonstrating
that focal firm digitalization effectively stabilizes production demand fluctuations across
the entire supply chain. Taken together, these results indicate that focal firm digitalization
can significantly reduce production demand volatility in both upstream and downstream
enterprises, effectively mitigate the bullwhip effect within the supply chain, and pro-
mote upstream—downstream information collaboration. This, in turn, strengthens supply
chain collaboration and ultimately enhances supply chain resilience, thereby validating
Hypothesis H2.
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Table 12. Information collaboration mechanism verification results.
V. @ (2 3)
arhame AR;; ARy BullWhip,  ,
—0.1059 * —0.0614 * —0.1393 **
c_DIG
(0.0620) (0.0373) (0.0664)
Controls YES YES YES
Constant 1.6627 0.4438 0.0672
onstan (4.6641) (2.5507) (4.1409)
M YES YES YES
o; YES YES YES
N 2313 2279 2268
adj. R? 0.229 0.193 0.578

5.6.2. Governance Collaboration

Governance collaboration primarily encompasses risk co-governance and business co-
management along supply chain linkages. Following prior study [13], this study adopts risk
governance and business stability as proxy variables for these two dimensions, employing
multiple indicators to capture the degree of governance collaboration between upstream
and downstream enterprises within the industrial supply chain.

From the perspective of risk governance, this study first draws on relevant
studies [27,44], and measure trade credit risk between upstream and downstream firms us-
ing the ratio of suppliers’ accounts receivable to main business revenue (s_Arnr). A smaller
value indicates that receivables account for a smaller proportion of transactions, suppliers
face less collection pressure, and upstream—downstream transactions are more collaborative
with lower cooperation risks. Second, following prior studies [47], this study uses suppliers’
accounts receivable turnover (s_AccRTR) to measure upstream firms’ risk exposure. A
higher turnover rate suggests that supply chain operational risks faced by upstream and
downstream enterprises are lower, thereby strengthening business collaboration.

From the perspective of business stability, this study draws on relevant literature [12],
and employ the natural logarithm of suppliers’ inventory turnover days (s_InvE) to cap-
ture supply chain efficiency. A lower value indicates more frequent interactions between
upstream and downstream firms, as well as stronger trade collaboration. Furthermore,
recognizing that stable and persistent business ties help reduce external transaction costs
and mitigate the risk of opportunism caused by high asset specificity, this study follows
prior study [52] and use the ratio of intangible assets to total assets (s_Itang) to mea-
sure suppliers’ external transaction costs. A lower ratio reflects lower transaction costs,
which in turn indicates more enduring business collaboration between upstream and
downstream partners.

The governance collaboration mechanism test results are reported in Table 13. In
column (1), the regression coefficient of focal firm digitalization (c_DIG) is —0.0054 and
significant at the 5% level, indicating that focal firm digitalization effectively alleviates
upstream-downstream trade credit pressure. This effect may stem from two mechanisms.
First, focal firms integrate credit and transaction data across the supply chain through
digital platforms, reducing information asymmetry and diminishing the reliance on credit
sales driven by insufficient trust. Second, supply chain partners can leverage dynamic risk
warning systems to optimize transaction terms and curb excessive credit extension, thereby
mitigating accounts receivable risks. Column (2) shows that the coefficient of c_DIG is
2.2302, significant at the 10% level, suggesting that focal firm digitalization significantly
improves suppliers’ accounts receivable turnover, thereby lowering their risk exposure.
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This effect may arise because digital platforms established by focal firms allow upstream
suppliers to shorten payment cycles and accelerate cash recovery through online settlement
tools. In addition, these platforms enable dynamic risk assessment and optimization of
payment terms, which helps mitigate bad debt risks across the supply chain and further
improves the liquidity and financial stability of upstream firms.

Table 13. Business collaboration mechanism verification results.

Vi 1 (2) 3) @)
arname s_Arnr s_ AccRTR s_Itang s_InvE
pIG —0.0054 ** 2.2302 * —0.0019 ** —0.0431 ***
C- (0.0024) (1.2045) (0.0008) (0.0148)
Controls YES YES YES YES
Constant 0.0460 1.7232 —0.1560 ** 3.6311 ***
onstan (0.1420) (104.6072) (0.0659) (1.0158)
m YES YES YES YES
5; YES YES YES YES
N 2316 2307 2316 2287
adj. R? 0.865 0.804 0.903 0.917

In column (3), the coefficient of c_DIG is —0.0019, which is significant at the 5% level,
demonstrating that digitalization significantly reduces suppliers’ external transaction costs.
This effect may be explained by two factors. First, focal firms utilize digital platforms to
automate and integrate key processes—such as order management, logistics tracking, and
account reconciliation—replacing traditional manual coordination and thereby reducing
the time and labor costs suppliers expend on documentation and communication. Second,
supply chain partners rely on digital credit systems to streamline the establishment of
transactional trust, minimizing the additional costs suppliers incur to mitigate risks and
ultimately lowering overall external transaction costs. Column (4) reports a coefficient of
—0.0431 for c_DIG, significant at the 1% level, implying that digitalization significantly
enhances supply chain efficiency of upstream firms. This improvement may stem from
several mechanisms. First, digitalization enables the integration of internal and exter-
nal multi-source data to optimize demand forecasting, thereby alleviating information
asymmetry among supply chain nodes and reducing resource misallocation. Second, by
digitalizing processes such as order management and logistics tracking, focal firms can
shorten transaction cycles and lower coordination costs. Furthermore, digital platforms
facilitate the dynamic allocation of inventory and production capacity across upstream and
downstream partners, enhancing the responsiveness and adaptability of the supply chain
and ultimately improving its overall operational efficiency.

Taken together, these results suggest that focal firm digitalization can effectively
reduce supply chain risk levels, strengthen business collaboration between upstream
and downstream firms, and improve supply chain efficiency. This enhances governance
collaboration across the supply chain, thereby reinforcing supply chain coordination and
ultimately empowering the improvement of supply chain resilience. Hypothesis H3 is
thus supported.

5.6.3. Innovation Collaboration

Focal firm digitalization facilitates innovation collaboration within the supply chain
by promoting resource sharing, knowledge flow, and joint innovation among supply
chain partners [51]. This process not only reduces costs and improves efficiency but



Sustainability 2025, 17, 9505

30 of 38

also strengthens the innovation capacity and dynamic adaptability of the supply chain,
ultimately empowering resilience.

Following relevant literature [29], the innovation capability of upstream suppliers is
measured by the logarithmic ratio of invention patent applications (s_Patent, plus one)
to invention patent grants (s_PatAwaRD, plus one). To further test whether focal firm
digitalization improves suppliers” innovation efficiency through upstream—downstream
collaborative innovation, this study adopts the approach of prior studies [2,41]. Specifically,
joint patent applications and joint patent grants are employed as proxies for knowledge
spillover in collaborative innovation. The logarithmic transformation (plus one) of the
number of joint patent applications (JoAp) and joint patent grants (JoAc) is used to mea-
sure the quantity and quality of cooperative innovation, thereby capturing the level of
knowledge diffusion.

A three-step mediation test is then employed to examine the mechanism. Drawing
on the mediation model framework proposed by relevant literature [63], this study in-
vestigates whether the mechanism “focal firm digitalization — innovation spillover —
innovation capability” holds, thereby verifying whether digitalization enhances resilience
by promoting collaborative innovation and improving suppliers’ innovation efficiency.

The results of the innovation collaboration mechanism test are reported in Table 14.
Columns (1)-(3) and columns (4)—(6) both present the results of the three-step mediation
tests. The difference lies in the measurement of innovation spillover and innovation capa-
bility: for innovation spillover, column (2) uses the number of joint innovations by the focal
firm, while column (5) uses the quality of those joint innovations; for innovation capability,
columns (1) and (3) use upstream firms’ counts of patent applications, whereas columns (4)
and (6) use counts of patents granted as an alternative metric. In Columns (1) and (4), the
regression coefficients of focal firm digitalization (c_DIG) are 0.0686 and 0.0708, respectively,
both significant at the 10% level, indicating that digitalization can effectively enhance sup-
pliers” innovation capability. In Columns (2) and (5), the coefficients of c_DIG are positive
at the 10% significance level, with values of 0.0543 and 0.0298, suggesting that focal firm
digitalization contributes to improving the quantity and quality of its cooperative innovation.
This effect may be attributed to two factors. First, digitalization enables focal firms to expand
their collaboration networks and precisely identify technologically capable partners, thereby
increasing opportunities for joint innovation. Second, digital platforms facilitate real-time
monitoring of project progress, reducing information distortion during the R&D process and
ensuring the reliability and effectiveness of collaborative innovation outcomes.

Table 14. Innovation collaboration mechanism verification results.

(1) (2) (3) @) (5) (6)

VarName s_Patent JoAp s_Patent s_PatAwaRD JoAc s_PatAwaRD
0.0686 * 0.0543 * 0.0708 * 0.0298 *
cDIG (0.0405) (0.0293) (0.0413) 0.0173)

JoAy 00360)

JoAc (201322;
Controls YES YES YES YES YES YES
Constant —0.3101 —8.9190 *** 0.3149 0.5457 —5.4311 *** 0.9258

(2.4977) (2.3420) (2.3716) (2.5679) (1.4490) (2.5208)
I YES YES YES YES YES YES
S YES YES YES YES YES YES
N 2310 2316 2421 2310 2316 2421

adj. R? 0.861 0.744 0.861 0.876 0.826 0.876
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Furthermore, Column (3) shows that the coefficient of cooperative innovation quantity
(JoAp) is 0.0801, significant at the 5% level, while Column (6) reports that the coefficient
of cooperative innovation quality (JoAc) is 0.1466, also significant at the 5% level. These
findings demonstrate that focal firms can significantly enhance suppliers’ innovation
capability through cooperative innovation. This effect may arise for two main reasons.
First, an increase in the number of collaborative innovation projects provides suppliers
with more opportunities for technological exchange and learning, enabling them to absorb
advanced R&D methods and practices. Second, high-quality collaborative innovations
facilitate the direct transfer of core technological achievements from focal firms to suppliers,
helping them address technological gaps and rapidly strengthen their innovation capacity.

Taken together, focal firm digitalization promotes both its own cooperative innovation
and the innovation capability of upstream suppliers, thereby fostering innovation collabo-
ration across the supply chain. This, in turn, empowers the improvement of supply chain
resilience, providing empirical support for Hypothesis H4.

5.6.4. Robustness Test for Mechanism Analysis

To ensure the robustness of the mechanism analysis, this study conducted a bootstrap
test with 1000 resamples. The estimated indirect effects and their bias-corrected confidence
intervals are reported in Table 15. The bootstrap results remain consistent with the baseline
mechanism regressions, providing further evidence that the mediating effects identified
through information, governance, and innovation collaboration are statistically robust
and reliable.

Table 15. Bootstrap test results.

Path Indirect SE 95% Confidence Interval Relative
Effect Lower Upper Mediation Effect

¢_DIG— SCResilience (Total Effect) 0.00313 0.0016 0.00050 0.00560
¢_DIG— BullWhip;  , — SCResilience 0.00010 0.0029 0.00009 0.02740 3.1949%
¢_DIG— s_Arnr — SCResilience 0.00020 0.0015 0.00015 0.01071 6.3898%
¢_DIG— s_AccRTR — SCResilience 0.00008 0.0013 0.00001 0.00610 2.5559%
c_DIG — s_Itang — SCResilience 0.00021 0.0002 0.00005 0.00421 6.7093%
¢_DIG— s_InvE — SCResilience 0.00023 0.0016 0.00015 0.09260 7.3482%
¢_DIG — s_Patent — SCResilience 0.00019 0.0003 0.00013 0.10080 6.0703%
¢_DIG— s_PatAwaRD — SCResilience 0.00014 0.0013 0.00010 0.00651 4.4728%

In addition to the bootstrap approach, this study further conducts a parametric sensitiv-
ity analysis by replacing certain proxy variables to ensure the robustness of the mechanism
test results. Specifically, in the information collaboration mechanism, the measure of
Demand,; (i, ; used to construct the bullwhip effect (Bullwhip, ; ,) is replaced by using main
business revenue instead of main business cost to re-estimate the proxy variable Bullwhip.
The results remain consistent with those reported earlier, confirming the stability of the
identified information collaboration pathway.

For governance and innovation collaboration mechanisms, several proxy variables
have already been employed in the preceding analysis to measure risk governance, business
stability, and innovation capability. Accordingly, no further alternative indicators are
introduced for these mechanisms, since the existing specifications are sufficient to verify
the robustness of the mediating effects.
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6. Conclusions and Implication
6.1. Conclusions

This study yields several key findings.

Focal firm digitalization enhances supply chain resilience through backward spillover
empowerment effects. At the dimensional level, its positive impact on supply chain stability
is not statistically significant (mainly constrained by contradictions between digitalization
and data governance, as well as external economic turbulence). However, it significantly
improves both recovery and evolutionary capabilities of the supply chain.

The heterogeneity analysis reveals that the positive effect of focal firm digitalization
on supply chain resilience is more pronounced in contexts characterized by lower industry
competition, closer upstream—downstream relationships, and weaker regional resource
endowments of suppliers.

The underlying mechanisms through which focal firm digitalization affects supply
chain resilience can be summarized into three major pathways: information empowerment,
governance empowerment, and innovation spillover. Specifically, information empower-
ment facilitates information collaboration by reducing asymmetry, improving the quality of
information integration, and enhancing traceability and monitoring efficiency, thereby driv-
ing upstream suppliers to improve operational performance. Governance empowerment
strengthens supply chain resilience by optimizing network structure, improving resource
allocation, and fostering collaborative business and risk management. Innovation spillover
promotes resilience by broadening the scope and efficiency of knowledge flows, enabling
open innovation models, and cultivating a collaborative innovation ecosystem.

It should be noted that the conclusions of this study are primarily derived from
analyses based on manufacturing supply chain samples. Manufacturing supply chains are
typically characterized by tighter vertical linkages among firms and a relatively mature
process of digital integration, which provides a specific contextual foundation for the
formation of the study’s findings. Nevertheless, the backward spillover empowerment
effect identified in this research may also offer theoretical implications for service-oriented
or hybrid supply chains. However, the applicability and boundary conditions of this
mechanism in non-manufacturing contexts warrant further empirical examination and
clarification in future studies.

6.2. Practical Implication

Based on these findings, the study provides the following managerial implications.

For focal firms, it is crucial to play a leading role in the process of digital transfor-
mation by deeply integrating digital technologies into the core of supply chain strategy.
Specifically, firms should develop IoT- and big data-based monitoring systems to achieve
supply chain visualization and dynamic management. By deploying sensors, RFID de-
vices, and intelligent gateways across key stages such as production, warehousing, and
transportation, firms can collect real-time data on logistics, equipment, and inventory.
Leveraging cloud computing and edge computing enables data integration and intelligent
analysis, thereby enhancing supply chain transparency, strengthening predictive and early
warning capabilities, and effectively mitigating the “bullwhip effect.”

At the same time, firms should establish a digital governance platform to optimize
resource allocation and risk management within the supply chain. This platform should
encompass core functions such as data governance, intelligent decision-making, risk early
warning, and performance evaluation. It should enhance system compatibility and infor-
mation efficiency through data standardization, apply artificial intelligence and algorithmic
models to dynamically optimize procurement, production, and logistics, build real-time



Sustainability 2025, 17, 9505

33 of 38

monitoring-based mechanisms for risk identification and emergency response, and estab-
lish a feedback system for continuous improvement and strategic adjustment.

Moreover, firms need to strengthen data security and privacy protection to ensure
compliance and operational stability. Through the integration of these systems, focal firms
can achieve intelligent decision-making and collaborative governance across the entire
supply chain, thereby significantly enhancing operational efficiency, risk resilience, and sus-
tainable competitiveness. Under different contextual conditions, focal firms should balance
data security with coordination efficiency in highly competitive industries, deepen data
interconnectivity and process integration in tightly coupled supply chains, and overcome
path dependence through digital-driven innovation in resource-abundant regions.

For upstream suppliers, maintaining strategic alignment with focal firms in the digital
era is essential for enhancing overall supply chain resilience and competitiveness. Specif-
ically, suppliers should advance digital transformation through three key dimensions:
information sharing, process collaboration, and innovation co-creation.

First, in terms of information sharing, suppliers should actively integrate into the digi-
tal supply chain platforms established by focal firms to achieve real-time interconnectivity
of key data such as production plans, inventory levels, and order demands. By leveraging
ERP systems and cloud-based data platforms, suppliers can realize multi-node information
visualization and predictive analysis, thereby optimizing capacity allocation and inventory
structures while reducing mismatches and resource waste. Improved information trans-
parency also strengthens mutual trust and coordination efficiency between upstream and
downstream partners.

Second, regarding process collaboration, suppliers should adopt digital tools and tech-
nological standards provided by focal firms to promote the standardization and intelligent
upgrading of production processes. Through the implementation of industrial internet
platforms and manufacturing execution systems (MES), suppliers can monitor equipment
status, optimize production rhythms, and ensure quality traceability, thereby enhancing
process stability and controllability. Additionally, digital twin technology can be applied to
simulate production scenarios, enabling early risk identification and improving adaptive
responses to supply chain disruptions.

Finally, in the dimension of innovation co-creation, suppliers should shift from passive
response to active engagement by integrating into the digital innovation ecosystem led by
focal firms. Through joint R&D participation, co-establishment of innovation platforms, and
shared data resources, suppliers can collaboratively advance innovation in new materials,
energy-efficient technologies, and intelligent manufacturing solutions. Such collaboration
not only enhances suppliers’ own innovation capabilities but also promotes knowledge
flow and evolutionary learning within the entire supply chain, thereby fostering long-term
synergistic competitiveness.

Overall, digital collaboration among upstream suppliers is not only a necessary re-
sponse to focal firms’ digital strategies but also a critical pathway for improving their own
adaptability and innovation capacity. By strengthening information sharing, process collab-
oration, and innovation co-creation, suppliers can transform from passive participants into
active enablers, thereby reinforcing overall supply chain resilience.

For government policymakers, establishing an institutional and ecosystem framework
that enables digitally driven supply chain resilience is essential for achieving high-quality
economic development and ensuring industrial chain security and stability.

First, governments should strengthen investment in digital infrastructure by promot-
ing the application of industrial internet, 5G, and related technologies in manufacturing
clusters and critical supply chain nodes. They should also develop open and shared
industrial internet platforms and national-level supply chain data-sharing systems, stan-
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dardize data formats and interfaces to ensure security and interoperability, and address
“information silos”. In addition, fiscal subsidies and tax incentives should be used to
reduce the digital transformation costs of small and medium-sized enterprises, particularly
upstream suppliers.

Second, governments should improve collaborative governance mechanisms along
industrial chains by establishing a Digital Supply Chain Coordination Committee com-
posed of government agencies, focal firms, and industry associations. This committee
should guide focal firms in leveraging blockchain and other trusted technologies to break
down data barriers, enhance transparency, and promote deep integration of upstream and
downstream partners.

Furthermore, under heterogeneous conditions, regulatory authorities should imple-
ment differentiated policy measures tailored to industry and regional characteristics:
strengthening antitrust enforcement and data-sharing oversight in highly competitive
industries; promoting industrial upgrading in resource-abundant regions to prevent over-
reliance on single resources; and using fiscal incentives and talent development programs
to stimulate digital innovation. Collectively, these initiatives can provide long-term institu-
tional support for enhancing supply chain resilience and sustaining industrial competitive-
ness in the digital era.

6.3. Limitations and Future Research

Although this study provides valuable theoretical and practical implications for the
continuous improvement of supply chain resilience, it still has several limitations that
warrant further exploration in future research. Moreover, since supply chain resilience is
a key influencing factor in achieving sustainable supply chain development, the two are
inherently interdependent and cannot be meaningfully separated in future theoretical and
empirical investigations.

First, this study focuses on examining how enterprise digitalization enhances sup-
ply chain resilience through three collaborative mechanisms—information empowerment,
governance empowerment, and innovation spillover. Although the empirical results vali-
date the effectiveness of these mechanisms, other potential pathways—such as differences
in firms’ dynamic capabilities and the proactive accountability behavior of supply chain
members—may also play critical roles and merit further exploration. Specifically, enterprise
digitalization can strengthen information processing and resource integration capabilities,
thereby enhancing firms’ abilities to sense, seize, and reconfigure in response to environ-
mental changes. Consequently, heterogeneity in firms’ dynamic capabilities may serve
as an important conduit through which digitalization affects supply chain adaptability
and recovery. At the same time, the digital practices of focal firms often promote high
transparency and traceability within collaborative governance systems, encouraging supply
chain members to exhibit proactive accountability behavior, such as actively participating
in joint risk management and collaborative innovation. Variations in such behavior may
influence the transmission efficiency of digital empowerment and the overall resilience of
the supply chain. These potential mechanisms provide new theoretical insights into the
multifaceted pathways through which digitalization fosters supply chain resilience.

Second, this study examines the relationship between enterprise digitalization and
supply chain resilience from a linear perspective. This approach reflects the current stage of
digital development in China, where the positive effects of digitalization remain dominant,
and more complex nonlinear relationships have not yet fully emerged. However, from
a theoretical standpoint, the relationship between enterprise digitalization and supply
chain resilience may exhibit complex nonlinear characteristics. Such nonlinearity primarily
arises from the progressive maturation of digital ecosystems and the accelerating pace of
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technological iteration, which cause the direction and intensity of digitalization’s impact on
supply chain resilience to vary across different stages of development. In the early stages of
digitalization, enterprises enhance information transparency, coordination efficiency, and
risk response capabilities through the adoption of digital technologies, thereby significantly
improving supply chain adaptability and recovery capacity. As digitalization deepens, how-
ever, the complexity of technological investment, system integration, and data governance
increases substantially. Enterprises may face diminishing marginal returns, resource misal-
location, and heightened system dependence, which collectively raise operational risks and
maintenance costs while potentially weakening supply chain flexibility and responsiveness.
Therefore, as digital ecosystems evolve and technologies continue to advance, the effect
of enterprise digitalization on supply chain resilience is likely to be stage-dependent and
nonlinear, potentially taking J-shaped, N-shaped, or inverted U-shaped forms. Future
research exploring these underlying nonlinear dynamics would provide deeper theoretical
insights and more practical implications for understanding and enhancing supply chain
resilience in the digital era.

Third, the empirical analysis is limited by sample scope. By focusing on Chinese
A-share listed firms and simplifying the supply chain network into first-tier structures, the
study does not account for firms in other institutional and regional contexts. Future studies
could expand the sample to include enterprises from other countries or regions, thereby
enhancing the generalizability and applicability of the findings on how digitalization
influences supply chain resilience.
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