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Abstract


With the increasing prevalence of digital technology, the inherent influencing mechanisms by which digital empowerment fosters rural environmental governance remain a critical area of inquiry. However, existing research neglects the dual effects of digital technology on rural environmental governance from the aspect of stakeholders’ engagement. To address this gap, this study develops an integrated framework to investigate not only the direct impact of digital empowerment on rural environmental governance but also the mediating roles of stakeholders’ engagement and governance mechanisms, alongside the moderating role of perceived technology anxiety. Grounded in theoretical frameworks and extensive literature reviews, this study analyzes data from Jiangsu province in 2025 using an Ordinary Least Squares (OLS) model. The baseline regression results reveal that digital empowerment significantly promotes rural environmental governance, even after endogeneity analysis. Moreover, the results of the mediation effect show that digital empowerment enhances the level of rural environmental governance by accelerating stakeholders’ engagement and improving governance mechanisms. Furthermore, the moderating effect results imply that perceived technology anxiety may inhibit the negative effect of digital empowerment on rural environmental governance. Additionally, regional disparities exist in the influences of digital empowerment on rural environmental governance, with rural areas in Southern Jiangsu exhibiting a more pronounced effect compared to other regions.
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1. Introduction


With the accelerating expansion of the global economy, a major global challenge remains in effectively implementing sustainability across various human settlements [1,2]. In developing countries, a significant gap exists between urban and rural development [3,4]. As the world’s largest developing country, China confronts considerable population pressure, limited resources, and environmental constraints [5]. In its rural regions, these pressures are exacerbated by funding shortages and fragmented institutional coordination [6]. In response, the Chinese government has prioritized rural environmental governance (REG) and introduced policies to engage multiple stakeholders [7,8,9]. The State Council of China has launched several national strategies, such as the Three-Year Action Plan (2018–2020) and the subsequent Five-Year Action Plan for Upgrading (2021–2025). This shift indicates that China’s rural revitalization has entered a stage focusing on strengthening governance outcomes.



In the emerging era of digitalization and intelligence, the digital economy is increasingly important in the governance of rural environments in developing countries [10,11,12,13]. The Chinese government has recognized the digital economy as a vital force in promoting rural revitalization. This is achieved through the integration of advanced digital technologies, which are transforming production, lifestyles, and governance systems [14]. However, digital empowerment is still an underexplored concept, and the relationship between digital empowerment and rural environmental governance remains unclear. In particular, China’s rural areas are facing both opportunities and difficulties in environmental governance. Rural environmental development is playing an increasingly important role in leading sustainable development. Meanwhile, it also faces opportunities and challenges of digital technology innovation [15]. On one hand, digital empowerment helps improve livelihoods, provides access to essential information, and promotes participation in a digital society, thereby supporting sustainable growth. Digital governance also enhances public services and encourages inclusive decision-making [16,17]. It has accelerated the process of rural modernization and provided new opportunities for rural governance systems and structures, supporting rural environmental improvement in the modern era. On the other hand, the inherent complexity and rapid evolution characteristic of modern digital platforms pose significant risks for the development of technology-related anxiety and psychological pressure [18,19,20]. This dual effect highlights the complex relationship between digital empowerment and environmental governance.



Currently, past research has mainly focused on the digital economy and rural development, including digital transformation of rural areas [21], the impact of digital technologies on rural areas [22], and the design of digital village indicator systems [23]. These previous studies insist that the development of the digital economy tends to alleviate the degree of environmental pollution and elevate the level of environmental governance. For instance, Asongu [24] and Ulucak et al. [25] contended that digital technology can effectively improve environmental quality by analyzing the popularity of information technology in Africa and BRICS countries. Zhong et al. [26] find that digitization can effectively alleviate the level of carbon emissions. It is also certified by the study by Wang et al. [27]. However, only a few scholars have realized the challenges that the digital economy may present to environmental governance. Particularly under the process of digital transformation, rural environmental governance participants face both psychological and technological pressures. Therefore, these scholars have put forward the “Digital Empowerment Paradox”, which highlights how digital empowerment also generates vulnerability and pressure [28,29,30]. Nevertheless, existing research has largely focused on either the positive or negative effects of digital technology on rural environmental governance [31,32,33]; the dual influences of digital empowerment on rural environmental governance are still underexplored. Understanding how digital empowerment influences rural environmental governance in a dual way is therefore essential for developing more effective support policies and practical intervention strategies.



According to Samuelson’s theory, the attributes of the rural environment conformed to pure public goods, which require a joint effort of government governance, public participation, and corporation technology support. Qian et al. holds that the process of rural ecological environment protection needs the coordination of different stakeholders’ interests through multiple ways, including the government, society, enterprises, and individuals [34]. The study conducted by Huang et al. [35] shows that the maintenance of eco-craft trails cannot solely rely on government resources. Therefore, digital empowerment may improve rural environmental governance through multi-stakeholder collaboration. However, there are few quantitative studies on the relationship between digital empowerment and rural environmental governance from the aspect of stakeholders’ participation. It is necessary to further clarify the connotation and mechanism of digital empowerment from the perspective of stakeholders’ participation.



To address this gap, this study offers an in-depth analysis of the effect of digital empowerment on rural environmental governance and its intrinsic mechanisms, especially focusing on the mediation effect of stakeholders’ engagement and governance mechanisms, as well as the moderation effect of perceived technology anxiety. The study has three main objectives: (i) to identify the positive effect of digital empowerment on rural environmental governance; (ii) to examine the negative effect of digital empowerment on rural environmental governance; and (iii) to propose recommendations for improving digital rural environmental governance.



To the best of our knowledge, this paper contributes to the existing literature in two ways. In terms of research subject, it moves beyond simply asking whether digital empowerment affects rural environments and instead explores how it does so. While prior studies have often focused on broader rural governance or digital village indicators, this research provides a multidimensional assessment of how digital empowerment influences REG. It discovers both positive and negative effects of digital empowerment on rural environmental governance effectiveness, thereby enriching both the theory and practice of inclusive rural environmental management. Moreover, regarding research perspective, this paper adopts a multi-stakeholder approach to thoroughly analyze the mechanisms through which digital empowerment affects rural environmental governance, rather than concentrating on a single group. As a structural force, digital empowerment is embedded within a relational network of multiple stakeholders. Thus, it is important to investigate how digital empowerment shapes this network and, in turn, influences REG.



The remainder of this paper is structured as follows (Figure 1). Section 2 explains the theoretical framework. Section 3 outlines the concepts of DE and the formulation of research hypotheses. Section 4 delineates the methodology of the research, encompassing participants and procedures, measures, and model settings. Section 5 shows the research results, and Section 6 presents a discussion of the results. Section 7 concludes by highlighting the potential of digital technology to empower REG.




2. Theoretical Framework


Addressing the theoretical gap in the existing literature, this study proposes a solid theoretical framework designed to meticulously unravel the complex, double-edged mechanisms through which digital empowerment influences rural environmental governance. The approach rigorously integrates two foundational theoretical perspectives: the micro-behavioral explanation power of the SOR theory and the macro-level evolutionary of the STS theory. This synergistic integration not only facilitates a holistic examination but, more importantly, offers an innovative and rigorous framework to simultaneously investigate both the behavioral mechanisms and the wider systemic dynamics influencing digital engagement. It thereby provides direct theoretical grounding for the core propositions of our proposed mediation model. The theoretical foundations for each part are elaborated below.



2.1. Stimulus-Organism-Response Theory


Stimulus-Organism-Response (S-O-R) was formally proposed by Mehrabian and Russell in 1974, building on earlier work by researchers like Woodworth and Tolman [36]. This theory is a theoretical framework to explain how external stimuli (S) influence individual behavior (R) through internal psychological processes (O) [37]. It conceptualizes behavior as a dynamic process where environmental stimuli affect an individual’s internal state, which in turn drives observable responses [38]. Within the context of rural digital environmental governance, the SOR model provides a detailed understanding of how external stimuli drive participants’ engagement through perceptions, including individuals, governments, and enterprises. Within this framework, digital literacy is defined as the key external stimulus (S) for individuals, constituting the essential ability to participate effectively in the digital environment [39]. The organism (O) constitutes the complex internal psychological states of rural residents, with a focus on their levels of political trust and perceived self-efficacy. These intermediary constructs play a decisive role in molding their perceptions, evaluations, and motivations concerning digital empowerment and governmental initiatives related to rural digital environmental governance. The resultant participation behaviors across multiple dimensions of rural digital environmental governance are subsequently conceptualized as the response (R). For the governments, stimuli (S) are defined as various digital empowerment inputs, constituting connectivity and public hardware of digital infrastructure [40]. Based on this structure, the organism (O) of government agencies is conceptualized as the collective cognitive and organizational responses of decision-makers and implementers. Government-related response (R) is operationally defined as the governance initiatives and performance. In addition, rural corporate stimuli (S) are defined as various digital empowerment regulatory and market signals, consisting of critical external information that shapes business conduct [41]. The organism (O) for enterprises encompasses the internal cognitive and motivational states of managers, with a focus on their awareness of environmental performance and associated regulatory and reputational risks. The resultant environmental behaviors of enterprises are subsequently conceptualized as the response (R), encompassing compliant responses. Consequently, the SOR framework provides a clear analytical pathway for examining how digital empowerment inputs shape the perceptions of various stakeholders, thereby influencing their engagement behaviors in rural digital environmental governance initiatives.




2.2. Socio-Technical Systems Theory


Given that the research focuses on technology implementation and the consistency between technological and organizational factors, the STS framework offers adequate theoretical grounding for this study. STS theory posits that an organization comprises two interrelated systems: the social system and the technical system [42]. This theory advocates that optimal organizational performance is achieved through the joint optimization of human factors within the social system and technical factors within the technical system [43]. Specifically, technical systems pertain to the use of tools, techniques, and methods by organizational members, thus generating value for customers or clients. Conversely, social systems emphasize the individuals participating in the system and the interactions among them [44].



STS theory provides a critical macro-level lens for examining the complex socio-technical systems, such as the impact of digital empowerment on rural environmental governance [45]. It powerfully highlights that interactions among such systems involve fundamental elements (e.g., people, processes, goals, culture, technologies, and infrastructures and are vital for organizations to achieve their desired outcomes [46]. This aligns closely with the focus of the present study. Accordingly, it is appropriate to adopt STS theory to examine how digital empowerment interfaces with human factors and social organizations in affecting rural environmental governance. It embraces a more holistic and integrated perspective.




2.3. Integration of Theoretical Perspectives


Based on the above statements, the SOR framework provides essential insights into individual behavior, while the STS framework delivers a systemic perspective of the dynamic relationship between the technology system and social system (Figure 2). The integration of these two theories compensates for the deficiencies inherent in each, enabling a comprehensive understanding of how digital empowerment connects to rural environmental governance. Existing research has discovered that the complementary nature of these theories makes their combined use not only appropriate but also analytically effective [47]. Specifically, STS theory serves to conceptually deepen, systematically embed, and continually reshape every element within the SOR framework. For example, the selection and definition of digital stimuli (e.g., online monitoring data, public complaint platforms, and performance dashboards) are not merely predefined and exogenous inputs within the S-O-R framework. Instead, these stimuli are profoundly shaped and filtered by the encompassing socio-technical system. STS provides the essential analytical lens to understand the systemic forces, such as governance mechanisms and institutional development.





3. Connation and Hypothesis


3.1. Connation of Digital Empowerment


Digital empowerment represents an extension and evolution of empowerment theory in the information age. The concept of “empowerment,” initially advanced by American scholar Solomon, aims to enhance individuals’ social participation, self-efficacy, and perceived control [48]. Fundamentally, empowerment functions serve as a mechanism to assist individuals in achieving desired objectives [49]. The theoretical basis of digital empowerment combines two distinct yet complementary concepts of “digitalization” and “empowerment” [50]. Specifically, digitalization refers primarily to the means of action, and empowerment focuses on the underlying process.



Conceptually, digital empowerment can be defined as the process by which digital tools equip individuals with specific competencies [51], enabling them to use digital technologies effectively to accomplish their goals [52]. It reflects the extent to which digital technologies and information systems are strategically integrated and applied within an industry, region, or organization to optimize production, enhance decision-making, and streamline operations. Empirically, the continuous enhancement of digital infrastructure has accelerated the adoption of digital technologies across many sectors. This infrastructure acts as a critical enabler, facilitating the spread of digital innovations and empowering various industries to pursue digital transformation [53].




3.2. The Positive Role of Digital Empowerment on Rural Environmental Governance


With the deepening expansion of the digital economy, digital governance has emerged as a novel paradigm for advancing rural environmental sustainability. It is found that the application of digital technologies in rural areas can optimize resource allocation, reduce transaction costs, and facilitate economies of scale, thereby alleviating information asymmetry and enhancing rural environmental governance outcomes [54]. Currently, the integration of digital technologies and rural environmental governance is accelerating, driven by digital economic progress [55]. The implementation of advanced tools (e.g., big data, IoT, cloud computing, and real-time monitoring) significantly improves the effectiveness of rural environmental governance by achieving intelligent management of rural environmental information [56]. For example, Changshu City in Jiangsu Province has implemented a comprehensive digital monitoring system that oversees rural living environments. This system integrates IoT-based sensor networks and cloud computing platforms to track and manage multiple domains, including household waste collection, sewage discharge monitoring, and the recycling of agricultural residues such as crop straw [57]. By enabling real-time data acquisition, dynamic analysis, and automated early warnings, the platform supports closed-loop management and enhances the precision and effectiveness of rural environmental governance.



Moreover, the digitalization of information in rural areas helps overcome limitations imposed by agricultural production cycles, equipment availability, and transportation logistics. This transformation enables effective integration of rural industrial chains and enhances the utilization efficiency of agricultural resources [58]. Consequently, it contributes to an improved rural ecological environment. The rural area of Yixing in Jiangsu Province has implemented a “Smart Ecological Farmland Interception System” designed specifically for the protection of the Taihu Lake Basin, setting a good example of digital development in agriculture [59]. Based on the above analysis, this study proposes Hypothesis H1 as follows:



H1. 

Digital empowerment has a significant positive influence on rural environmental governance.






3.3. The Positive Mediation Effect of Stakeholders’ Engagement


Grounded in the SOR (Stimulus-Organism-Response) framework, this study conceptualizes digital literacy, digital infrastructure, and digital applications as the primary stimuli (S) affecting stakeholders’ participation in rural environmental governance.



For farmers, digital literacy acts as a critical external stimulus (S) within the rural areas [60]. It enhances their perceptions of local ecological vulnerabilities and evaluation of governance measures, which are key aspects of their internal organism state (O). Specifically, digital empowerment raises awareness of sustainability issues directly affecting their communities, such as agricultural pollution or water resource degradation. By lowering information barriers and facilitating knowledge-sharing on rural-specific environmental practices, it improves farmers’ digital literacy and practical understanding of ecological protection. These shifts in cognition and capability (O) ultimately strengthen their participation behaviors (R) in village-level environmental initiatives [61].



For governments, digital infrastructure and applications serve as stimuli (S) that alter institutional capacity and perception of efficacy (O) regarding rural environmental governance. It enables real-time monitoring of remote rural areas, transparent communication with dispersed rural populations, and data-driven policy adjustments tailored to local environmental conditions, thereby increasing regulatory efficiency and responsiveness [62]. This enhanced institutional capacity and perception of efficacy (O) promotes more engaged and adaptive governance participation (R) in addressing complex rural ecological challenges.



For enterprises, digital infrastructure and applications also act as critical stimuli (S) that reshape strategic and operational cognition (O) by providing clear sustainability signals linked to rural supply chains, enhancing environmental traceability of agricultural products, and fostering innovation networks focused on rural environmental solutions. This cognitive shift motivates enterprises to reconfigure internal resources and invest in building technological capabilities for rural market integration. The digital infrastructure itself serves as a key strategic resource to improve information sharing and knowledge integration, thereby optimizing the allocation of innovative resources aimed at reducing the rural ecological footprint. The development of these capabilities enables green technological innovation tailored to rural areas, forming the basis for a sustainable competitive advantage. Thus, cognitive transformation (O) drives concrete green innovation outcomes and enhanced environmental performance (R) [63]. These results strengthen corporate reputation, advance ESG commitments in the agricultural sector, and increase access to green financing. Positive market and financial feedback, in turn, reinforce strategic cognitive transformation (O), creating a self-reinforcing cycle that promotes sustained and collaborative engagement in multi-stakeholder rural environmental governance (R). Thus, we propose the following hypothesis:



H2. 

Digital empowerment positively influences rural environmental governance by promoting stakeholders’ engagement.






3.4. The Positive Mediation Effect of Governance Mechanisms


Moreover, based on the Socio-Technical Systems (STSs) theory, participation in rural environmental governance is an outcome of the interaction between the social subsystem and the technical subsystem. Within this multi-stakeholder context, governance mechanisms serve as the critical factors that mediate the co-evolution of these two subsystems, forming the essential pathway through which digital empowerment influences governance performance [64]. Effective rural environmental governance often relies on administrative mobilization. Governments can strengthen supervision and impose structured constraints on farmers’ environmental behaviors by establishing comprehensive regulations and guidelines [65]. These institutional constraints, which are embodied in formal rules, oversight frameworks, and mobilization strategies, systematically shape both farmer participation and the implementation of technologies [66]. Digital empowerment strengthens these mechanisms by improving the capacity of institutions to disseminate environmental policies and operational procedures directly to farmers, thereby raising awareness and increasing compliance [67]. Notably, the application of digital technology is guided by institutional arrangements, which facilitate farmers’ engagement through monitored information access, regulated behavioral expectations, and technology-assisted training [68]. Moreover, digital empowerment enhances evaluation mechanisms by strengthening digital capacity. This standardized digital approach not only enables farmers to assess rural environmental conditions more effectively but also offers valuable feedback for monitoring environmental quality [69]. Based on this analysis, the following hypothesis is proposed:



H3. 

Digital empowerment enhances rural environmental governance by improving governance mechanisms.






3.5. The Negative Moderation Effect of Perceived Technology Anxiety


Despite the wide application of digital technologies, it may also bring about some negative consequences. Particularly, the inherent complexity and continuous changes in digital technologies may bring about stress, ultimately culminating in technology anxiety [70,71]. Technology anxiety is conceptualized as a state of psychological distress characterized by feelings of tension, apprehension, and helplessness that arise when individuals interact with unfamiliar technological tools or novel operational interfaces [72,73]. According to Yin et al. [74], emerging technologies may provoke anxiety when users lack sufficient technical competence. In rural areas, the lack of systematic digital training fosters significant psychological barriers, notably anxiety regarding technological adaptation and automation-induced role replacement. Prior studies not only acknowledge the role of digital empowerment in improving operational efficiency but also note that the skill barriers associated with such technologies can provoke anxiety, particularly among those less familiar with technology [75,76].



Technology-induced anxiety can erode an individual’s perceived self-efficacy, fostering a sense of professional inadequacy [77], which in turn affects their trust towards the adoption of digital technologies. For example, Technology anxiety can diminish self-efficacy by fostering a sense of incapacity in handling new technologies, which may further trigger resistance to innovation, skepticism toward governance institutions, and reduced trust in digitally mediated processes [78]. According to SOR, this anxiety directly impairs the internal state (O) of stakeholders, reducing their willingness and ability to engage effectively in rural environmental governance processes (R) [79]. Over time, this can slow the pace of digital integration, reduce cooperation across stakeholder groups, and hinder the long-term sustainability of governance reforms. In light of this analysis, the following hypothesis is proposed:



H4. 

Perceived technology anxiety can weaken the positive role of digital empowerment in rural environmental governance.





In summary, the theoretical framework in this study is illustrated in Figure 2. Initially, digital empowerment can exert a direct influence on rural environmental governance via path H1. Second, stakeholders’ engagement and governance mechanisms serve as mediators through paths H2 and H3, respectively. In these paths, digital empowerment positively affects the level of rural environmental governance. Moreover, the perceived technology anxiety exerts a moderating effect through path H4. In this path, digital empowerment negatively affects the level of rural environmental governance (Figure 3).





4. Methodology


4.1. Participants and Procedures


This study focuses on stakeholders involved in rural environmental governance, including governments, rural residents, and enterprises. In this study, we select Jiangsu province as the research sample. As part of China’s nationwide rural revitalization strategy, Jiangsu has experienced expanding investments in digital infrastructure and rural development, making it a suitable empirical context for this study [80]. The developments help ensure the comprehensive implementation of rural digital communication initiatives. Furthermore, there exists a pronounced disparity in economic development, digital infrastructure, governmental capacity, and social capital between its southern (e.g., Suzhou, Wuxi, Changzhou, Nanjing, Zhenjiang), central, and northern regions [81] (Figure 4). In addition, the region continues to experience economic underdevelopment, with numerous rural communities confronting constraints including inadequate infrastructure and relatively low-income levels [82]. These structural constraints create a unique environment for observing how digital empowerment affects rural environmental governance.



A multiple-method design was adopted, which allowed for descriptive and inferential data collection and analyses [83]. The data for this study are primarily derived from several authoritative sources, including Jiangsu Statistical Yearbook, Jiangsu Rural Statistical Yearbook, Jiangsu Ecological and Environmental Statistics Yearbook, Jiangsu Public Finance Yearbook, Jiangsu County Statistical Yearbook, Reports from the People’s Bank of China Nanjing Branch, and Peking University’s digital financial inclusion index. Specifically, indicators pertaining to rural environmental governance were drawn from Jiangsu Rural Statistical Yearbook, Jiangsu Ecological and Environmental Statistics Yearbook, and Jiangsu County Statistical Yearbook on Environment, whereas metrics associated with the digital economy were sourced from the Jiangsu Statistical Yearbook and Peking University’s Digital Financial Inclusion Index. Control variables derive data from the Jiangsu Statistical Yearbook, Jiangsu Public Finance Yearbook, and Reports from the People’s Bank of China Nanjing Branch. Data about stakeholders’ participation behavior and perceived technology anxiety were collected through the distribution of paper questionnaires on-site, allowing for direct interaction with participants and obtaining authentic feedback. The formal survey was conducted in January 2025. The items of the questionnaire are rated using a 5-point Likert scale, where “1” represents “Strongly Disagree” and “5” represents “Strongly Agree” [84]. To ensure a broad and representative sample, 610 questionnaires were collected involving rural households, government officials, and corporate employees. After removing surveys with more than five unanswered questions, 572 valid responses were retained.




4.2. Measures


4.2.1. Rural Environmental Governance (REG)


The level of rural environmental governance (REG) reflects the extent to which a rural area meets environmental protection and low-carbon emission reduction targets [85]. Drawing on the studies of Li et al. [85] and Wang et al. [86], this study constructs an evaluation index system for rural environmental governance, encompassing ecological environment governance, low-carbon governance, and living environment governance (see Table A1 in Appendix A). To integrate these diverse indicators into a cohesive rural environmental governance index, the entropy method is applied. This approach is widely recognized for its relative objectivity, producing evaluation outcomes that are considered impartial and well-founded [87,88].




4.2.2. Digital Empowerment (DE)


The core explanatory variable in this study is the level of digital empowerment (DE), which serves as a key enabler of low-carbon transition and supports the modernization of rural ecological systems. The level of digital empowerment is assessed through establishing an evaluation index in most studies [89,90]. Following the study of Deng et al. [90], DE is evaluated using a composite index constructed from three dimensions: digital infrastructure, digital literacy, and digital application (see Table A2 in Appendix A). Digital infrastructure reflects the availability of essential technological resources. It is assessed through two secondary indicators: (a) connectivity, represented by the household broadband penetration rate and 4G/5G network coverage; (b) public hardware facilities, indicated by the density of public surveillance cameras and the availability of interactive service terminals [91,92,93]. Digital literacy refers to the knowledge and skills necessary for using digital tools effectively. This dimension is assessed based on core smartphone proficiency, measured as the proportion of villagers with demonstrated smartphone competency [94]. Digital application, as the central dimension, captures the actual use of digital tools in village governance and public service delivery. It is evaluated through the following indicators: (a) e-governance penetration, measured by the proportion of village affairs information published online and the number of public services accessible via online platforms; and (b) the ubiquity of digital platforms, represented by the percentage of households actively participating in the primary village online communication forum (e.g., WeChat groups) [95]. Collectively, these dimensions form a structured framework for analyzing how digital empowerment contributes to sustainable rural development. This study also applies the entropy method to measure the level of the digital economy.




4.2.3. Control Variable


To address potential endogeneity concerns stemming from omitted variable bias, this study introduces the following control variables, with reference to the studies of Hou et al. [96] and Wei et al. [97]. Economic development is measured by the gross regional product index. This indicator reflects underlying economic capacity, which may independently influence environmental investment decisions. The rural population is measured as the population per square kilometer in rural areas. To address the effects of outliers and heteroscedasticity, a logarithmic transformation is applied to the rural population density data. The level of fiscal support in rural areas is measured by the percentage of local budgetary spending allocated to agriculture, forestry, and water resources. Technological investment is operationalized as the share of science and technology spending in total public budgetary expenditures (%). The level of human capital is assessed by the percentage of the population enrolled in higher education institutions.




4.2.4. Mediating Variables


The mediating variables in this study include stakeholders’ engagement and governance mechanisms (see Table A3 in Appendix A). The stakeholders’ engagement scale is derived from Kujala et al. and consists of the government’s engagement, farmers’ participation, and corporates’ participation, constituting a composite index for analysis [98]. In the context of digital-empowered rural environmental governance, government participation evolves into a form of engaged and adaptive co-governance that leverages real-time data and digital platforms to facilitate multi-stakeholder collaboration and iterative policy learning [22]. A sample item is: “We have prioritized the application of “digital technology/smart governance” in environmental work”. In addition, farmers’ engagement behavior is measured through public-sphere and private-sphere behavior. Public-sphere behavior includes participation in collective cleaning activities and attendance at village-level environmental meetings. Private-sphere behavior explains whether households use clean energy, energy-efficient appliances, and sanitation compliance in residential areas [99]. Moreover, corporates’ participation was assessed through motivation for participation and participation behavior. A representative item includes: “We believe that participating in rural environmental governance is an important component of corporate social responsibility.” In this study, the scale demonstrated good reliability, with a Cronbach’s α of 0.84 and a composite reliability (CR) of 0.90.



As another mediating variable, governance mechanisms reflect the institutional and organizational processes through which digital empowerment influences rural environmental governance. As theorized, these mechanisms operate through administrative mobilization and regulatory supervision. This pathway helps explain why villages with comparable levels of digital technology may achieve markedly different environmental outcomes [34]. The critical factor lies in how effectively digital tools are integrated into local governance systems. To operationalize this theoretical construct, the following dimensions and corresponding measurable indicators are defined. Administrative mobilization is reframed beyond traditional top-down mandates to include technology-facilitated governance processes. This reconceptualization is empirically captured by the construct of policy dissemination agility, which is defined as the village administration’s agility in mobilizing citizens through information. Operationally, it is quantified by the timeliness of village-level policy notifications [100]. In addition, regulatory supervision captures the establishment and enforcement of formal rules that monitor and regulate environmental behavior. This dimension is assessed through supervision intensity, quantified by the average number of person-days dedicated to environmental inspections. Data for all indicators were collected via structured interviews with village administrators responsible for the operation of relevant digital platforms.




4.2.5. Moderating Variables


To align with the specific focus of this research, the scale for assessing perceived technology anxiety was adapted from the study conducted by Meuter et al. [101], with minor refinements made. The modified scale measures anxiety associated with the use of digital tools in rural environmental governance: self-perceived competence, concerns about potential mistakes, comprehension and learning of technology, and operational procedures (see Table A4 in Appendix A). A sample item is, “I think the operation process of these digital tools is too complicated for me.” The scale demonstrated high internal consistency, with Cronbach’s α = 0.94 and composite reliability (CR) = 0.95.



Descriptive statistics for all variables are presented in Table 1. The rural environmental governance index has a mean of 0.181 and a standard deviation of 0.081, indicating a moderate level of overall performance with limited variation across the sampled regions. In contrast, the digital empowerment index shows a lower mean (0.120) and considerable variation, as evidenced by its wide range, suggesting substantial disparities in digital development among provinces.





4.3. Model Setting


To explore the effect of digital empowerment on rural environmental governance, the following basic model (Model (1)) is constructed according to Hypothesis H1:


    R E G   i   =   α   0   +   α   1     D E   i   +  ∑    α   i     C o n t r o l   i     +   δ   i   +   ε   i    



(1)




where i denotes the village;     R E G   i     represents the level of rural environmental governance;     D E   i     indicates the degree of digital empowerment, quantified by a comprehensive index combining measures of digital infrastructure, digital literacy, and digital technology application;     C o n t r o l   i     represents a vector of control variables capturing economic development, rural population, fiscal support, technological investment, and human capital level (for detailed measurements, see Section 4.2.3) [96];     δ   i     indicates county fixed effect;     α   0     is the constant term;     α   1   ,   α   2     and     α   i       are the estimated coefficients;     ε   i     denotes the random error term.



Based on the preceding theoretical analysis and hypotheses outlined in this study, stakeholders’ engagement and governance mechanisms serve as mediation factors in the impact of digital empowerment on rural environmental governance. This study employs a two-step mediation analysis to examine the underlying mechanisms, which is consistent with the method outlined by Jiang [102]. Specifically, the mediator is first regressed on the independent variables. Then, the mediator is incorporated into the benchmark model to assess its mediating role, thereby testing Hypotheses H2 and H3 via the formal mediation model (Model 2) [96].


    M   i   =   β   0   +   β   1     D E   i   +  ∑    β   i     C o n t r o l   i     +   δ   i   +   ε   i    



(2)




where     M   i     represents the mediating variable (i.e., stakeholders’ engagement and governance mechanisms). All other variables remain consistent with Equation (1).



In addition, to explore the moderation effect of perceived technology anxiety on the digital empowerment’s influence on rural environmental governance, this study introduces the interaction between the digital economy and perceived technology anxiety. The following moderation effect model (Model (3)) is constructed according to Hypothesis H4:


    R E G   i   =   θ   0   +   θ   1     D E   i    +   θ   2     T   i     + θ   3       D E   i   × T   i   +       ∑    θ   i     C o n t r o l   i     +   δ   i   +   ε   i    



(3)




where     T   i     represents the moderating variable (i.e., perceived technology anxiety).





5. Results


5.1. Baseline Regression Analysis


Regression analyses in this study are performed using a two-way fixed-effects specification, which considers the region as a fixed effect. To eliminate scale discrepancies and facilitate comparison of the relative effect sizes across variables, all continuous independent variables were standardized. The results of baseline regression are shown in Table 2. Column (1) shows that for each unit increase in digital empowerment, rural environmental governance significantly increases by 0.172 units (p < 0.01). Meanwhile, column (2) shows that digital empowerment also significantly affects rural environmental governance after considering control variables. Its development actively contributes to advancing rural environmental governance. This finding aligns with our theoretical expectations, thereby supporting Hypothesis H1. The findings in Table 2 further indicate that human capital exhibits a robust positive coefficient, underscoring that enhancing resident competencies is a driver for advancing governance outcomes.




5.2. Endogeneity Analysis


While a comprehensive set of factors influencing rural environmental governance has been discovered, it may still omit certain indicators that are difficult to measure. Potential endogeneity, such as reverse causality, could exist between digital empowerment and rural environmental governance. To address these concerns, this study employs a series of methodological approaches following the study by He et al. [103] to mitigate potential estimation biases.



5.2.1. Robustness Tests


Robustness testing is essential for verifying the empirical validity and reliability of model estimates. This study employs the Oster identifiable sets to assess the robustness of the relationship between digital empowerment and rural environmental governance and to ensure the methodological soundness of the findings [104]. This verification ensures result consistency across different model configurations and provides a credible basis for theoretical interpretation and policy recommendations.



Based on Oster’s framework, the identifiable sets are generated by comparing the estimated coefficient of the key explanatory variable with the R-squared statistics obtained from regressions with partial and full sets of controls. The absence of zero within these sets indicates that the baseline findings are robust to potential omitted variable bias. As shown in Table 3, the identified set excludes zero, ranging from 0.15024 to 0.15029. Furthermore, the estimated δ value of 24.343 suggests that unobserved variables would need to exert at least 24 times the influence of observed variables to nullify the estimated effect (β = 0). Consequently, the primary results from the baseline regression remain robust to potential omitted variable bias.




5.2.2. Two-Stage Least Squares Regression


The validity of the baseline estimates may also be challenged by reverse causality, another endogeneity source. Given that a high level of rural environmental governance generates a strong demand for intelligent operational processes and acknowledging the reciprocal influence existing between this demand and digital technologies, rural environmental governance could potentially shape digital development. Thus, a two-stage least squares (2SLS) estimation strategy is utilized to address endogeneity concerns.



Drawing on the studies of Zhang et al. [105], the number of fixed telephones per 100 people in 2001 and the distance to the township government are selected as the instrumental variables. The primary factors contributing to the selection of these indicators are outlined below. The diffusion of innovations often exhibits path dependence. Villages with more fixed telephones possessed foundational communication infrastructure. This established a critical baseline that facilitated the subsequent adoption and integration of internet-based digital technologies, thereby strongly predicting current levels of digital enablement. Moreover, distance to the township government serves as a key determinant of local infrastructure availability and administrative resource allocation. Proximity to government centers historically correlates with earlier and more reliable access to essential communication infrastructure, which formed the foundational backbone for subsequent Internet connectivity. Furthermore, the initial establishment of fixed telephones and distance to the township government have no significant influence on rural environmental governance, thus meeting the endogeneity requirement for instrumental variables.



As shown in Table 4, columns (1) and (2) present 2SLS regression results of the density of fixed telephones as instrumental variables, while columns (3) and (4) report 2SLS regression results of the distance to the township government as instrumental variables. The first-stage results reveal a statistically significant positive relationship between the selected instrumental variables and digital empowerment, thereby supporting the validity of the selected instrumental variables. Moreover, the insufficient identification test yields p-values of 0.000 for the LM statistic, providing strong evidence against the null hypothesis of “insufficient identification of instrumental variables”. The F-statistics in the weak instrument tests all exceed the threshold of 10, confirming that weak instrument bias is not a concern in our analysis [106]. The second-stage estimates confirm that digital empowerment maintains a statistically significant positive effect on rural environmental governance after addressing potential endogeneity. The above results collectively validate the relevance of the chosen instrument variables and reinforce the robustness of the baseline regression estimates.




5.2.3. Falsification Test


To examine the potential impact of omitted variables on our baseline regression results, a falsification test is conducted with a random permutation method, following the studies of Cornaggia and Li [107]. For this test, the digital empowerment indicator is randomly reassigned across regions using values drawn from a normal distribution, and regression analysis is performed on each permuted dataset. To ensure statistical reliability, this randomization and estimation procedure is iterated independently 1000 times. Under this falsification framework, if the coefficients cluster is concentrated around 0, it suggests that our main findings are unlikely to be driven by omitted variables. The falsification test results are summarized in Table 5. It reports the distribution of regression coefficients for reassigned digital empowerment indicators under the random permutation method. As shown, the regression coefficients are tightly distributed around 0 and are insignificant, indicating the baseline regression result is not affected by uncontrolled factors in this study.





5.3. Mediation Effect Analysis


According to Model (1) and Model (2), mediation effects are tested to examine whether digital empowerment affects rural environmental governance through stakeholders’ engagement and governance mechanisms. Column 1 represents the overall effect of digital empowerment on environmental governance performance without considering mediating variables. Columns 2 and 4 show the effect of digital empowerment on mediating variables. Columns 3 and 5 show the regression analysis results incorporating both digital empowerment and the mediator variable simultaneously. As shown in Columns 1 and 3, the relationship between digital empowerment and rural environmental governance is partially mediated by stakeholders’ engagement. Furthermore, the mediating coefficient of stakeholders’ engagement is 0.051 (0.421 × 0.121). These results indicate that digital empowerment contributes to stakeholders’ engagement, which in turn enhances rural environmental governance, thereby supporting Hypothesis H2. Similarly, the results in columns 1, 4, and 5 of Table 6 also demonstrate the mediating effect of governance mechanisms, validating Hypothesis H3.



To further examine the mediating role of stakeholder engagement and governance mechanisms, the bootstrap method proposed by Talaş [108] was employed with 1000 resamples. As presented in Table 7, the confidence intervals for both the indirect and direct effects exclude zero, suggesting that digital empowerment influences rural environmental governance through stakeholder engagement and governance mechanisms. Thus, Hypotheses H2 and H3 remain valid.




5.4. Moderation Effect Analysis


Model (3) tested the moderating role of perceived technology anxiety, with results reported in Table 8. The interaction term between digital empowerment and perceived technology anxiety is negative and statistically significant (    θ   3     = −0.151, p < 0.10). This result indicates that perceived technology anxiety moderates the relationship negatively by weakening the positive effect of digital empowerment on rural environmental governance. This finding supports Hypothesis H4. To visually illustrate this interaction pattern, Figure 5 plots the simple slopes of digital empowerment on rural environmental governance at high (one standard deviation above the mean) and low (one standard deviation below the mean) levels of perceived technology anxiety. As shown in Figure 5, the positive relationship between digital empowerment and rural environmental governance is substantially stronger when technology anxiety is low (simple slope = 0.122, p < 0.01) compared to when it is high (simple slope = 0.013, p = 0.312). This pattern confirms that technology anxiety attenuates the benefits of digital empowerment, suggesting that psychological barriers can undermine technological interventions in rural environmental governance.




5.5. Heterogeneity Analysis


Given regional variations in digital development, its impact on rural environmental governance may not be spatially unified. To examine this potential heterogeneity, the impacts of digital empowerment on rural environmental governance in Southern Jiangsu, Central Jiangsu, and Northern Jiangsu are examined. The regression results in Table 9 indicate a significant positive coefficient for digital empowerment in Southern Jiangsu, highlighting the considerable role of digital empowerment in promoting rural environmental governance in this region. This facilitative effect is less evident in the central and northern Jiangsu. It also indicates that economic development and human capital level significantly affect the application of digital empowerment in rural environmental governance. Moreover, fiscal support plays an opposite role in the southern and northern areas of Jiangsu province.





6. Discussion


6.1. Theoretical Implications


6.1.1. Double-Edge Pathway Model and Overall Effects


This study aimed to examine how digital empowerment affects rural environmental governance positively and negatively from the aspect of stakeholders’ participation. Drawing from established frameworks in the existing literature [32,55], the research hypothesized that a double-edged way would shape the effect of digital empowerment on rural environmental governance. These findings extend the digital governance literature by revealing that digital empowerment operates through both enabling (stakeholder engagement) and constraining (technology anxiety) mechanisms simultaneously. This dual-pathway conceptualization moves beyond the simplistic linear models prevalent in prior research [109,110], offering a more nuanced understanding of how digital tools interact with human factors in rural contexts.




6.1.2. Mediating Role of Stakeholders’ Engagement and Governance Mechanism


By highlighting the mediating role of stakeholder engagement, this study identifies digital platforms as coordination mechanisms that address transaction costs and information asymmetry barriers. This finding thereby extends existing theory by demonstrating how technology can dismantle the structural obstacles that have traditionally excluded marginalized rural populations from environmental decision-making processes. Beyond these efficiency gains, it suggests that digital empowerment offers a pathway toward more inclusive environmental governance by mitigating participation deficits through technological means. The findings align with the research results of Du et al. [110]. The possible reason is that by deploying accessible digital platforms and participatory interfaces, it reduces transaction costs and information asymmetries that traditionally hindered engagement from farmers, local businesses, and community organizations. This evolution facilitates collaborative monitoring and enhances transparency in environmental reporting. This implies that digitally mediated stakeholder engagement improves overall rural environmental outcomes. Additionally, digital empowerment propels governance mechanisms by introducing real-time data collection, remote sensing, and intelligent analytics. The shift in governance mechanisms from top-down regulation to collaborative oversight strengthens institutional legitimacy and local compliance [111]. Subsequently, the innovative governance mechanism improves rural environmental governance through transparent governance and adaptive policy innovation.




6.1.3. Moderation Role of Perceived Technology Anxiety


This finding suggests that perceived technology anxiety undermines digital empowerment’s efficacy in rural environmental governance through a distinct psychological pathway. Specifically, anxiety impairs stakeholders’ behavioral intention to adopt digital tools. This mechanism is particularly salient in rural contexts where inadequate training and technical support erode self-efficacy, defined as the belief in one’s capability to use technology effectively [112]. Diminished self-efficacy, in turn, generates anticipatory anxiety regarding potential difficulties or failure when engaging with unfamiliar technologies, thereby creating a self-reinforcing cycle that inhibits meaningful digital engagement [113]. Consequently, while digital empowerment holds theoretical promises for enhancing governance outcomes, its practical benefits may be constrained by the psychological burdens of adaptation, particularly when technological complexity outpaces users’ perceived competence. This interpretation aligns with established technology adoption literature, which emphasizes the interrelationships among technology anxiety, behavioral intention, and usage outcomes during periods of rapid digital transformation [75].




6.1.4. Regional Disparities


Our findings regarding the positive correlation between economic growth and governance effectiveness align seamlessly with the Environmental Kuznets Curve [114]. This suggests that reaching a mature stage of economic development triggers a significant expansion in both the investment capital and operational expertise required for effective rural environmental management. In practice, the structural shift likely manifests at the village level, where economically advanced communities possess the requisite surplus to fund sophisticated digital infrastructure. However, infrastructure alone does not guarantee governance quality; this is where education emerges as a pivotal enabling factor. As prior studies have documented [115], higher educational attainment correlates with both the technical capacity and the civic willingness to navigate digital platforms. In the rural context examined here, this reservoir of human capital appears to bridge the gap between tool availability and active participation. Ultimately, our data suggests that cognitive resources are the indispensable counterpart to financial capital in driving a truly transformative digital agenda.



An intriguing finding emerged regarding technical investment in Northern Jiangsu, where its effect was not statistically significant. This insignificance can be plausibly attributed to regional disparities in the capacity to effectively leverage such investments [116]. This finding resonates with the well-documented ‘productivity paradox’ observed in technology adoption, where substantial investments may not yield immediate measurable benefits due to time lags and learning curves [117,118]. However, the challenge extends beyond a simple temporal delay. A more fundamental bottleneck lies in the deficiency of “absorptive capacity” within the region [119]. For technological investment to generate environmental benefits, firms require a certain level of technical expertise, skilled labor, and supporting infrastructure to adapt imported technologies to local conditions. If these complementary assets are underdeveloped in Northern Jiangsu compared to other regions, the potential environmental benefits of the investment would remain unrealized [120]. In such a context, technical capital may sit idle or be used inefficiently, failing to translate into improved environmental outcomes. This interpretation suggests that future policy should focus not only on promoting investment but also on building local capacity to absorb and adapt these technologies.



Fiscal support presents a more complex picture across regions. In economically developed areas such as Southern Jiangsu, fiscal support significantly facilitates the digitalization of rural environmental governance, confirming findings from previous research [121]. However, in Central and Northern Jiangsu, its effect appears insignificantly or constrained, highlighting the need to combine fiscal support with ecological compensation rather than traditional productive subsidies. This regional disparity underscores that financial resources alone are insufficient; their effectiveness depends on the broader institutional and economic context in which they are deployed.



Rural population further complicates the digital governance landscape. Rural areas with larger populations, such as Southern Jiangsu, face heightened pressure on household waste disposal and sewage treatment systems, which can dilute per capita environmental governance performance [122]. This population-driven pressure represents a structural challenge that digital tools alone cannot easily resolve, underscoring the need for governance innovations that account for demographic realities.





6.2. Practical Implications


6.2.1. Organizational Strategies


To strengthen multi-stakeholders’ participation in digitally rural environmental governance, a coordinated effort among village committees, local environmental agencies, and digital service providers is essential [123]. This collaboration should focus on an inclusive platform and institutional design to transform passive compliance into active engagement. Initially, participation channels must be transparent and accessible, enabling farmers and community representatives to contribute meaningfully to monitoring, decision-making, and feedback processes. Furthermore, sustained involvement relies on both capacity-building and recognition. Regular participatory workshops and task-specific digital literacy training are essential for improving digital capacity [124]. Concurrently, clear incentive mechanisms (e.g., public acknowledgment or small rewards) are crucial. Together, these measures foster local ownership and long-term commitment to digital environmental initiatives.



These proposed measures have been increasingly implemented across Chinese villages, yielding positive outcomes that serve as replicable models. Regarding participatory platform design, Fengjiawan in Panzhou City has utilized a “Digital Village” cloud platform enabling residents to document their environmental participation via photos and text, effectively shifting villagers from passive recipients to active contributors [125]. Regarding incentive mechanisms, Xinhe Town in Meihekou developed an Electronic QR Code Points Supermarket system, where each household earns redeemable points for environmental behaviors through a unique QR code [126]. This addresses the perennial sustainability challenge in rural governance by linking immediate tangible benefits to sustained engagement [96]. In addition, Jinjing Town in Changsha County’s “Smart Sanitation Integrated Management Platform” exemplifies coordinated effort among village committees, agencies, and service providers [127]. The platform enables real-time monitoring and grid-based rapid response, significantly improving waste collection efficiency while facilitating community feedback mechanisms that have engaged thousands of villagers. Collectively, these cases demonstrate that the proposed approach has proven effective in diverse Chinese rural contexts, offering practical blueprints for broader implementation.




6.2.2. Policy Interventions


At the policy level, collaboration among environmental protection, rural development, and digital economy authorities is essential to establish an integrated digital infrastructure and public service framework for rural environmental governance. Priority measures should include subsidizing IoT sensor deployment in rural ecologically sensitive zones, developing open-access environmental data platforms, and setting up village-level digital support centers [128]. Furthermore, policy must actively promote data interoperability across environmental monitoring, agricultural management, and public service systems. Developing and mandating standardized data interfaces will significantly improve coordination and reduce administrative costs associated with information silos [129]. Critically, digital governance frameworks should be designed with embedded participatory mechanisms. This includes guaranteeing public access to environmental data and establishing formal channels for community feedback on digital tools, thereby ensuring that technological empowerment simultaneously strengthens institutional capacity and fosters public trust and engagement.




6.2.3. Human-Centric Digital Empowerment


This study highlights the dual psychological nature of digital governance. It can enhance participatory efficacy yet also provoke technology anxiety [130]. Consequently, a more nuanced approach is needed to deliberately mitigate the cognitive and emotional burdens of digital tools while ensuring their empowering and sustainable integration. Operationally, this requires environmental monitoring and reporting systems to offer adjustable engagement modes to alleviate pressure for real-time response. Interfaces must prioritize high usability, integrating visual guides, voice-input options, and offline functionality to accommodate users with limited digital literacy [131]. Furthermore, capacity-building for village cadres and environmental stewards should extend beyond technical training to include psychological coping strategies and peer-support mechanisms, especially for those in resource-constrained or socially isolated contexts. Finally, maintaining trust and long-term engagement depends on establishing regular feedback channels and committing to the adaptive iteration of digital tools based on user experience.






7. Conclusions


This study constructs the “dual-impact model of digital empowerment” to study the intricate mechanisms by which digital empowerment influences rural environmental governance in China, from the stakeholders’ perspectives. It highlights the positive mediating roles of stakeholders’ engagement and governance mechanisms, alongside the negative moderating role of technology anxiety. Additionally, there exist regional disparities in which the digital empowerment influences rural environmental governance, with Southern Jiangsu exhibiting a more pronounced effect compared to other regions of Jiangsu province. Theoretically, it offers a novel perspective on how digital empowerment impacts rural environmental governance within specific contexts. Practically, it provides actionable insights for managers and policymakers, including strategies to optimize technology design, enhance technical support, and boost users’ confidence.



However, potential limitations should be acknowledged. The empirical analysis is based on data from Jiangsu Province—a region characterized by relatively advanced economic development, well-established digital infrastructure, and proactive policy implementation. Although Jiangsu exhibits notable internal diversity across its southern, central, and northern areas, its overall level of economic development, digital infrastructure, and policy implementation remains significantly higher than the national average. Consequently, the findings may not fully represent conditions in less developed or structurally different regions of China. Future research should therefore expand the geographical scope to include provinces with varying levels of industrialization, resource endowments, and governance capacities, enabling cross-regional comparative analysis that can yield deeper theoretical insights into how contextual factors shape these relationships. Another limitation concerns the measurement of human capital. This study focuses on general human capital, and the information on gender and age is not considered in the measurement of human capital. Future research could utilize individual-level survey data to account for age-related depreciation and gender-specific labor market returns, thereby providing more robust evidence on the relationships examined in this paper.
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Table A1. Evaluation index of rural environmental governance.






Table A1. Evaluation index of rural environmental governance.





	
Primary Index

	
Secondary Index

	
Definition

	
Unit

	
Stats






	
Ecological environment governance

	
Soil erosion control

	
Soil erosion control area

	
Ten thousand

hectares

	
+




	
Village green coverage rate

	
The percentage of green area to the land area

	
%

	
+




	
Water-holding capacity

	
Total storage capacity of the reservoir

	
Billion cubic

meters

	
+




	
Production

environmental

governance

	
Intensity of fertilizer

application

	
Agricultural fertilizer

application divided by the

effective irrigation area

	
Tons/thousand

hectares

	
−




	
Intensity of pesticide

usage

	
Pesticide usage is divided by

the effective irrigation area

	
Tons/thousand

hectares

	
−




	
Intensity of

agricultural film usage

	
Agricultural film usage

divided by the effective

irrigation area

	
Tons/thousand

hectares

	
−




	
Living environment governance

	
Domestic sewage treatment rate

	
Percentage of Domestic Sewage Treated to Total Volume of Domestic Sewage Discharged)

	
%

	
+




	
Toilet renovation

	
The popularization percentage

of sanitary toilet

	
%

	
+




	
The harmless

treatment capability of waste

	
Daily harmless treatment

capacity of domestic waste

	
Ton/day

	
+








Note: “Stats” represents the measurement direction of each indicator for rural environmental governance. The “+” indicates that the indicator positively measures rural environmental governance. The “−” indicates that the indicator negatively measures rural environmental governance.













 





Table A2. Evaluation index of digital empowerment.






Table A2. Evaluation index of digital empowerment.





	
Primary Index

	
Secondary Index

	
Definition

	
Unit

	
Stats






	
Digital infrastructure,

	
Length of

long-distance optical

cable line

	
The length of long-distance

optical cable lines

	
Ten thousand

kilometers

	
+




	
Telephone penetration

rate

	
The rate of telephone

penetration (including

mobile phones)

	
Department/100

people

	
+




	
Internet development

	
Number of Internet

broadband access users

	
Ten thousand

households

	
+




	
Digital literacy

	
Utilization of digital devices

	
Whether to use mobile devices or computers and other terminals to access the Internet

	
Assign 1 point to ‘Yes’; Assign 0 points to ‘No’.

	
+




	
Intensity of using Internet

	
Frequency of using the Internet for learning, working, socializing, entertainment and shopping irrigation area

	
Time/Week

	
+




	
Digital dependence

	
Assess the importance in daily life

	
Rate on a scale of 1–5 based on importance

	
+




	
Digital application

	
E-Governance penetration

	
Rate of village affairs information published online

	
%

	
+




	
Ubiquity of digital platforms

	
Percentage of households that are active in the primary village online communication platform

	
%

	
+








Note: “Stats” represents the measurement direction of each indicator for digital empowerment. The “+” indicates that the indicator positively measures digital empowerment. The “−” indicates that the indicator negatively measures digital empowerment.













 





Table A3. Evaluation of mediating variables.
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Primary Index

	
Question






	
Government engagement

	
Our local government prioritizes the application of “digital technology/smart governance” in environmental work.




	
The government uses digital platforms (e.g., apps, dashboards) to share real-time environmental data with villagers and other stakeholders.




	
Government authorities actively use digital tools to collaborate with farmers and businesses on environmental solutions




	
Environmental policies in our area are updated and improved based on feedback collected through online platforms.




	
The government provides training or support to help villagers use digital tools for environmental management.




	
Farmers’ engagement

	
Part 1: Farmers’ Public-Sphere Engagement (Collective/Community Action)




	
I actively participate in collective village cleaning activities organized online or offline.




	
I attend village-level environmental meetings (either in-person or via video/online platforms).




	
I use village online forums or group chats to discuss or report local environmental issues.




	
I volunteer for community-based environmental monitoring or awareness campaigns.




	
Part 2: Farmers’ Private-Sphere Engagement (Household/Individual Action)




	
My household uses clean energy sources (e.g., biogas, solar energy, natural gas) for daily needs.




	
My household invests in or uses energy-efficient appliances (e.g., high-efficiency stoves, low-power electronics).




	
My household ensures proper sanitation compliance by managing wastewater and solid waste at home.




	
We separate household waste to facilitate recycling and proper treatment.




	
Corporates’ engagement

	
Part C1: Corporate Motivation (Perception of Responsibility)




	
We (our company) believe that participating in rural environmental governance is an important component of corporate social responsibility (CSR).




	
Our company values building a green reputation by engaging in local environmental projects.




	
We feel a moral obligation to minimize the environmental impact of our operations on the surrounding rural area.




	
Part C2: Corporate Participation Behavior (Active Involvement)




	
Our company actively participates in joint environmental projects with the local government or village committees.




	
We provide resources (e.g., technology, funding, manpower) to support rural environmental improvement.




	
Our company adheres to and exceeds environmental regulations set by the local authorities.




	
We collaborate with local farmers to manage agricultural waste or promote sustainable practices.




	
Governance mechanism

	
Administrative Mobilization

	
Policy dissemination agility

	
Days




	
Regulatory supervision

	
Supervision intensity

	
Average person-days per environmental inspection











 





Table A4. The scale of moderating variables.
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Primary Index

	
Question






	
Self-Perceived Competence

	
I feel confident that I have the skills required to use these digital tools for environmental tasks.




	
I am generally able to handle the digital platforms used in our village environmental work without help from others.




	
Compared to other villagers/officials, I feel less capable of using these new technologies.




	
Concerns About Potential Mistakes

	
I am worried that I might accidentally delete or damage important environmental data when using these systems.




	
I fear that if I make a mistake while using the digital tool, it will be difficult to correct.




	
The thought of making an error on the public platform makes me hesitant to use it.




	
Comprehension and Learning of Technology

	
I find it difficult to understand how these digital tools actually work.




	
Learning to operate the new environmental governance software feels overwhelming to me.




	
I often feel confused when the digital platform updates or adds new features.




	
Operational Procedures

	
I think the operation process of these digital tools is too complicated for me.




	
It takes too many steps to complete a simple environmental reporting task on the system.




	
The user interface of the digital tool is not intuitive, making it hard to navigate.
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Figure 1. Research procedure framework. 






Figure 1. Research procedure framework.



[image: Land 15 00527 g001]







[image: Land 15 00527 g002] 





Figure 2. The proposed theoretical model. 
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Figure 3. Hypothesis framework. 
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Figure 4. The map of Jiangsu Province. 
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Figure 5. Slope chart of the moderating effect. 
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Table 1. Variable descriptions.
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	Variables
	Description
	Mean Value
	SD
	Minimum Value
	Maximum Value





	Rural environmental governance (REG)
	It is measured by the entropy method
	0.181
	0.081
	0.071
	0.438



	Digital empowerment (DE)
	It is measured by the entropy method
	0.120
	0.119
	0.006
	0.712



	Stakeholders’ engagement
	The scale mean value is used to measure it.
	2.501
	0.122
	2.232
	2.936



	Governance mechanisms
	Coefficient of administrative mobilization and regulatory supervision
	5.423
	7.917
	0.0042
	48.9163



	Perceived technology anxiety
	The scale mean value is used to measure it.
	2.142
	0.361
	1.493
	3.697



	Economic development
	GDP growth rate per capita
	106.517
	3.061
	93.6
	116.6



	Rural population,
	Population per unit of land area
	1.932
	0.564
	0.281
	3.613



	Fiscal support
	Expenditure on rural affairs divided by expenditure on local general public budgets
	0.121
	0.025
	0.061
	0.208



	Technological investment
	Science and technology expenditure

divided by public finance expenditure
	0.023
	0.016
	0.004
	0.072



	Human capital level
	The proportion of the population with a college education
	0.022
	0.005
	0.009
	0.058










 





Table 2. Baseline regression results.
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	Variables
	(1)
	(2)





	DE
	0.172 ***

(0.027)
	0.102 ***

(0.039)



	Economic development
	
	0.0007

(0.002)



	Rural population
	
	−0.019

(0.021)



	Fiscal support
	
	0.0.051

(0.106)



	Technological investment
	
	−0.049

(0.245)



	Human capital level
	
	3.773 ***

(0.941)



	Constant
	0.170 ***

(0.003)
	0.124

(0.115)



	Region effect
	control
	control



	Observations
	375
	375



	R-squared
	0.940
	0.946







Note: Standard errors are listed in parentheses. *** denote statistical significance at 1%.













 





Table 3. Oster-identified sets results.
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Parameter Assumption






	
1.3    R   2    ;   δ = 1  

	
Estimated   β   from model    = 0  




	
True   β   Bound

[0.15024, 0.15029]

	
  δ  

24.343











 





Table 4. 2SLS regression results.
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Variables

	
(1) The First Stage

	
(2) The Second Stage

	
(3) The First Stage

	
(4) The Second Stage




	
Dependent Variable

	
DE

	
REG

	
DE

	
REG






	
Predicted DE

	

	
0.143 ***

(0.075)

	

	
0.259 **

(0.083)




	
Instrumental

variable

	
0.000059 ***

(5.61 ×     10   − 6    )

	

	
0.000063 ***

(3.43 ×    10   − 6    )

	




	
Economic development

	
0.0003

(0.001)

	
0.0003

(0.001)

	
0.0003

(0.001)

	
0.00009

(0.00087)




	
Rural population,

	
−0.056 **

(0.025)

	
−0.017

(0.021)

	
−0.037

(0.026)

	
−0.016

(0.021)




	
Fiscal support

	
−0.287 **

(0.141)

	
−0.253 **

(0.107)

	
−0.483 ***

(0.138)

	
−0.186

(0.117)




	
Technological investment

	
2.574 ***

(0.275)

	
−0.035

(0.259)

	
1.863 ***

(0.305)

	
−0.244

(0.294)




	
Human capital level

	
−0.482

(1.155)

	
3.763 ***

(0.856)

	
−1.786

(1.246)

	
3.862 ***

(0.872)




	
Constant

	
0.407 ***

(0.144)

	
−0.027

(0.121)

	
0.612 ***

(0.163)

	
−0.078

(0.122)




	
Region effect

	
Control

	
control

	
control

	
control




	
LM statistic

	
105.341 ***

(0.000)

	

	
59.46 ***

(0.000)

	




	
F statistic

	
141.004

	

	
73.12

	




	
Observations

	
375

	
375

	
375

	
375




	
R-squared

	
0.962

	
0.949

	
0.967

	
0.948








Note: Standard errors are listed in parentheses. ** and *** denote statistical significance at 5% and 1%, respectively.













 





Table 5. The falsification test results.






Table 5. The falsification test results.















	
	Mean
	5%

Percentile
	25%

Percentile
	Median
	75%

Percentile
	95%

Percentile
	Standard

Deviation





	Coefficient
	7.13 ×     10   − 6    
	−0.00201
	−0.00074
	0.00006
	0.00079
	0.00218
	0.00121



	T-value
	0.09757
	−1.55073
	−0.55222
	0.08993
	0.77063
	1.792798
	1.02508










 





Table 6. Test results of the mediation effect.






Table 6. Test results of the mediation effect.





	
Variables

	
Model 1

	
Model 2

	
Complete Model

	
Model 2

	
Complete Model




	
(1) REG

	
(2) Stakeholders’ engagement (SE)

	
(3) DE&SE

	
(4) Governance mechanism (GM)

	
(5) DE&GM






	
Digital empowerment (DE)

	
0.102 ***

(0.039)

	
0.421 ***

(0.030)

	
0.091 ***

(0.029)

	
0.401 ***

(0.022)

	
0.095 ***

(0.025)




	
Stakeholders’ Engagement

	

	

	
0.121 **

(0.032)

	

	




	
Governance Mechanisms

	

	

	

	

	
0.124 **

(0.034)




	
Economic

development

	
0.0007

(0.002)

	
−0.002

(0.003)

	
−0.001

(0.001)

	
0.062

(0.119)

	
0.062

(0.119)




	
Rural population

	
−0.019

(0.021)

	
0.001

(0.019)

	
0.002

(0.021)

	
−0.136

(0.028)

	
−0.136

(0.028)




	
Fiscal support

	
0.051

(0.106)

	
0.063

(0.132)

	
0.085

(0.109)

	
0.046

(0.135)

	
0.046

(0.135)




	
Technological investment

	
−0.049

(0.245)

	
0.523 *

(0.253)

	
0.543 *

(0.265)

	
0.462 **

(0.162)

	
0.462 **

(0.162)




	
Human capital level

	
3.773 ***

(0.941)

	
1.851 **

(0.942)

	
1.873 **

(0.931)

	
1.712

(0.941)

	
1.712

(0.941)




	
Constant

	
0.124

(0.115)

	
1.412

(0.132)

	
1.438

(0.119)

	
−1.281

(0.147)

	
−1.281

(0.147)




	
Region effect

	
control

	
control

	
control

	
control

	
control




	
Observations

	
375

	
375

	
375

	
375

	
375




	
R-squared

	
0.946

	
0.963

	
0.971

	
0.947

	
0.967








Note: Standard errors are listed in parentheses. *, ** and *** denote statistical significance at 10%, 5%, and 1%, respectively.













 





Table 7. Bootstrap test of mediation effect.






Table 7. Bootstrap test of mediation effect.





	Routes
	Coef
	S.E.
	Z
	    P >  |  z  |     
	95%CI





	Direct effect
	1.708
	0.085
	19.85
	0.000
	    [  1.473 ,   1.791  ]    



	Indirect effect
	4.075
	0.105
	41.31
	0.000
	    [  3.992 ,   4.395  ]    










 





Table 8. Test results of the moderation effect.






Table 8. Test results of the moderation effect.










	Variables
	(1)
	(2)





	DE
	0.161 ***

(0.039)
	0.391 ***

(0.125)



	Perceived technology anxiety
	−0.011 **

(0.011)
	−0.003 **

(0.012)



	DE    ×   Perceived technology anxiety
	
	−0.151 *

(0.073)



	Economic development
	0.0002

(0.001)
	0.001

(0.001)



	Rural population
	−0.022

(0.021)
	−0.024

(0.023)



	Fiscal support
	−0.251 **

(0.103)
	−0.253 **

(0.103)



	Technological investment
	−0.053

(0.241)
	−0.082

(0.242)



	Human capital level
	4.721 ***

(0.933)
	4.807 ***

(0.932)



	Constant
	0.142

(0.114)
	0.106

(0.114)



	Region effect
	control
	control



	Observations
	375
	375



	R-squared
	0.957
	0.971







Note: Standard errors are listed in parentheses. *, ** and *** denote statistical significance at 10%, 5% and 1%, respectively.













 





Table 9. Heterogeneity analysis results.






Table 9. Heterogeneity analysis results.





	Variables
	Southern Jiangsu
	Central Jiangsu
	Northern Jiangsu





	DE
	0.176 ***

(0.043)
	0.211

(0.309)
	0.181

(0.127)



	Economic development
	0.001 **

(0.001)
	0.001 **

(0.001)
	0.005 **

(0.001)



	Rural population
	−0.041 **

(0.015)
	−0.096

(0.944)
	−0.112

(0.191)



	Fiscal support
	0.532 **

(0.243)
	−0.251

(0.301)
	−0.471 **

(0.191)



	Technological investment
	0.193 **

(0.343)
	0.412 **

(0.594)
	1.123

(0.941)



	Human capital level
	1.275 **

(2.034)
	2.334 **

(3.984)
	5.452 ***

(1.462)



	Constant
	0.121

(0.205)
	0.081

(2.172)
	−0.142

(0.309)



	Region effect
	Control
	control
	control



	Observations
	375
	375
	375



	R-squared
	0.957
	0.971
	0.967







Note: Standard errors are listed in parentheses. ** and *** denote statistical significance at 5% and 1%, respectively.
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