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Abstract


As global climate change intensifies and economic transformation progresses, the agro-pastoral ecotone of northern China faces dual challenges of stopping ecological degradation and enhancing farmers’ livelihoods. Yunzhou District in Shanxi Province represents a typical ecologically fragile area, where the daylily industry contributes significantly to improving livelihood resilience. This study categorized farmers into three types based on their dependence on daylily income: major-job farmers (50–90% income from daylily), sole agriculture farmers (≥90%), and side-job farmers (<50%). Using questionnaire survey data and the optimal parameter-based geographical detector method, we evaluated and compared the livelihood resilience levels of these farmer types and identified their key explanatory factors. The results showed that (1) major-job farmers exhibited the highest livelihood resilience index (0.165), followed by sole agriculture farmers (0.152), whereas side-job farmers exhibited the lowest (0.138); (2) significant differences in livelihood resilience existed across farmer types (p < 0.05); and (3) health status was a common key factor across all types, while factors such as traffic accessibility, policy awareness, social security, and information acquisition capability exhibited differential effects among groups. These findings provide empirical evidence to guide targeted livelihood interventions and sustainable transitions in the agro-pastoral ecotone.






Keywords:


agro-pastoral ecotone; daylily; livelihood resilience; spatial heterogeneity; sustainable development












1. Introduction


The agro-pastoral ecotone of northern China is located in an arid and semi-arid region and serves as a key transition zone for China’s shift from agriculture to animal husbandry [1]. For a long time, the region’s ecosystem has been degrading owing to natural factors, such as surface structure and climate, as well as the cumulative effects of unsustainable human resource use. This has resulted in increased soil erosion, greater land fertility, and declining land use efficiency. The growing conflict between the ecological environment and human activities has become a significant obstacle to long-term regional development. As extreme weather events become more frequent, Chinese agriculture is confronted with significant climate risks [2]. Meanwhile, the rapid transformation of the economy and society has led to changes in both the economic and industrial structure in the agro-pastoral ecotone in northern China, thus presenting significant challenges to the sustainability of farmers’ livelihoods. Extreme climate events have intensified the ecological degradation in the region [3] and directly threatened the stability of agricultural production. However, many farmers lack the capacity to adapt to these external shocks, such as volatile climate variations, fluctuating commodity prices, and economic crises, further increasing their livelihood vulnerability [4]. Therefore, strengthening farmers’ capacity to sustain their livelihoods amid external challenges has become a key topic in addressing developmental challenges in agro-pastoral ecotones. Examining how specialty agriculture can be leveraged to build livelihood resilience constitutes a critical research frontier for achieving sustainable development in these vulnerable regions.



Daylily (Hemerocallis) is a perennial herb with significant economic and cultural value that is widely used in food, horticulture, and other industries. China is the primary origin of daylily farming and boasts the world’s most extensive cultivation area [5]. Yunzhou District, a part of Shanxi Province, located in the central part of northern China’s agro-pastoral ecotone, has been cultivating daylily for over 600 years. As one of China’s major daylily production regions, Yunzhou is known for this agricultural specialization. Daylily cultivation in Yunzhou maximizes the use of land resources [6] and offers farmers a more effective approach to increasing their income compared to other crops. Specialty agriculture has recently emerged as a key approach to enhancing farmers’ livelihoods and promoting ecological conservation [7,8]. The promotion of modern agricultural technologies [9] and growing market demand have contributed to the continued expansion of the daylily industry in Yunzhou, making it a key pillar of the regional economy and significantly influencing local livelihood patterns [10,11]. The escalating climate risks and livelihood vulnerabilities in this region [1] necessitate urgent assessments of its adaptive strategies, particularly through specialty agriculture such as daylily farming, which is valued for its economic stability and drought tolerance.



The concept of livelihood resilience has evolved significantly since Holling’s [12] seminal work on ecological systems. Initially applied to natural ecosystems, resilience theory was later extended to social-ecological systems [13,14], emphasizing adaptive cycles and transformability. This conceptual expansion enabled its application to environmental hazards [15,16], climate change [17,18], and livelihood research [19,20]. The primary emphasis is on how systems can adjust and evolve in response to shocks. Recently, strengthening resilience has become a key objective in numerous developing nations [21]. Livelihood resilience, a key tool for analyzing how farmers enhance their ability to cope with external risks, has gradually gained attention in academic circles. Research indicates that livelihood resilience levels significantly influence the sustainability of farmers’ livelihoods and stability of regional development [22,23]. Contemporary research has crystallized around four key domains: (1) In-depth comprehension of the concept. Livelihood resilience is generally defined as the ability of a livelihood system to adjust and recover from environmental, economic, or social disturbances, thereby enabling adaptation and improvement. Scholars not only focus on returning to the previous state but also emphasize the continuous optimization of livelihood strategies to effectively cope with changes and challenges [24,25]. (2) Construction of analytical frameworks. These frameworks are built from multiple dimensions and focus on the integration of different capacities. For example, Quandt [26] developed the household livelihood resilience approach by integrating five types of capital using a sustainable livelihood approach. Speranza et al. [27] proposed an analytical framework built upon buffer, self-organization, and learning capacities, and it has been extensively applied in related research [28,29,30]. Livelihood resilience has been conceptualized into three core aspects, namely, absorptive, adaptive, and transformative capacities by Smith and Frankenberger [31]. Liu et al. [32] developed a structural dynamics framework to assess livelihood resilience that integrated four dimensions, namely, livelihood quality, livelihood promotion, livelihood provision, and disaster stress. (3) Assessment of livelihood resilience levels. Studies focus on examining the adaptation and recovery capacities of different regions and groups when facing multiple challenges, such as climate disasters, environmental changes, and socioeconomic pressures, analyzing their response strategies, and improving their livelihood patterns under complex disturbances [33,34,35]. (4) Systematic analysis of influencing factors. Studies have revealed the roles of various factors in shaping farmers’ livelihood resilience, showing that factors such as climate change, policy measures, and information dissemination have significant impacts in different regions and contexts [36,37,38]. These factors influence farmers’ access to resources, decision-making processes, and coping capacities, thereby affecting their recovery performance in the face of disasters and socioeconomic changes. While these frameworks provide a robust foundation, their application to understanding resilience dynamics within specialized agricultural systems, particularly those centered on high-value perishable crops like daylily, remains limited.



In summary, promoting sustainable livelihoods in the agro-pastoral ecotone requires a nuanced understanding of resilience within its emerging specialty agriculture sectors. Although livelihood resilience frameworks offer valuable tools and daylily farming demonstrates clear socio-economic potential, key questions persist: (1) How does resilience systematically differ among farmers with varying levels of specialization within the same specialty crop system? (2) What are the precise, group-specific factors and their interactions that influence resilience in this context? (3) How can advanced analytical methods be best deployed to uncover these complex, spatially heterogeneous relationships? Addressing these questions is essential for moving beyond generic policy recommendations and developing targeted, effective interventions.



To provide answers to these specific questions, it is necessary to first recognize key limitations in the current body of research. First, while livelihood resilience frameworks have been widely applied, empirical studies focusing specifically on the agro-pastoral ecotone of northern China remain scarce. Consequently, little attention has been paid to how resilience might systematically differ across distinct livelihood types within its emerging specialty agriculture systems, a gap that obscures the heterogeneous characteristics between farmer groups. Second, comprehensive assessments and in-depth analyses of the mechanisms through which specialty agriculture, such as daylily farming, enhances livelihood resilience in this vulnerable region are still required. Third, methodologically, although the optimal parameter-based geographical detector (OPGD) model has proven effective in detecting spatial heterogeneity [39,40], its application to livelihood resilience analysis remains underdeveloped. This gap hinders the precise, data-driven identification of group-specific factors and their interactions, which is crucial for moving beyond generic insights. These gaps collectively hinder the development of targeted policies for sustainable transitions in vulnerable regions. Therefore, this study aims to extend the existing livelihood resilience literature by providing a nuanced understanding of how livelihood diversification aligned with the extended industrial chain of a specialty crop like daylily differentially shapes resilience across heterogeneous farmer groups. Methodologically, we advance the application of the OPGD model to livelihood resilience analysis, enabling a robust, data-driven detection of group-specific explanatory factors and their interactions, which is often obscured in conventional regression-based approaches. This study not only offers a context-specific empirical contribution but also provides a conceptual refinement to diversification theory by demonstrating that resilience in specialty agriculture systems depends not merely on income source plurality but on the functional integration of complementary activities within the industry chain. This critical distinction between the quantity and the qualitative alignment of diversified activities remains undertheorized in standard livelihood frameworks, which typically treat diversification as a unidimensional asset count rather than a strategically structured process. To address the aforementioned gaps, this study specifically aims to (1) assess livelihood resilience variations among daylily farmers across different livelihood types (sole agriculture, major-job, and side-job farmers) in the agro-pastoral ecotone of northern China and (2) identify key factors associated with livelihood resilience across different farmer types and examine interactions among these factors. By doing so, it seeks to provide both a refined analytical framework and actionable insights for developing sustainable livelihood approaches in fragile agro-pastoral ecosystems.




2. Materials and Methods


2.1. Study Area


Yunzhou District, situated in northern Shanxi Province (113°20′ E–113°55′ E, 39°43′ N–40°16′ N), has a temperate continental monsoon climate, with an annual average temperature of 7.8 °C, average annual precipitation of 474.6 mm, and frost-free period of 125 d. The monthly patterns of precipitation and temperature are shown in Figure 1. The terrain slopes from the northwest to the southeast, with elevations ranging from 891.7 m to 2167.1 m, and it is prone to natural disasters, such as hailstorms. Yunzhou covers a total area of 1478 km2 and includes 486.67 km2 of arable land. The district is divided into nine towns and 128 administrative villages.




2.2. Data Source


Empirical data for this research were gathered through a livelihood survey of farmers undertaken in the Yunzhou District between July and August 2024. Based on the development of the local daylily industry, 40 administrative villages were selected as survey sample points (Figure 2). To ensure representativeness, 10 farmers were randomly selected from each village, with randomization aimed at covering different demographics and farming practices. This approach aimed to minimize bias and ensure a more comprehensive understanding of the farmers’ livelihood conditions. Of these, 377 were deemed valid, achieving a response rate of 94.25%. To address potential biases, such as non-response bias and inaccuracies in responses, enumerators underwent thorough training, and the questionnaire was pre-tested to enhance its clarity and reliability. The questionnaire covered four capital dimensions: (1) personal capital (age, education level, etc.); (2) natural/physical capital (land area, production means, etc.); (3) financial capital, with detailed income disaggregation (primary daylily sales, value-added activities, non-integrated income); and (4) social capital (knowledge transfer, trust networks, etc.).



This study was conducted after obtaining formal ethical approval from the College of Resources and Environment, Shanxi Agricultural University. The research protocol, including the questionnaire and informed consent procedure, was reviewed and approved through the institutional ethics review process of the College (Approval Document dated: 3 June 2024). All procedures involving human participants were performed in accordance with the ethical standards of this institutional review and with the 1964 Helsinki Declaration and its later amendments. Informed consent was obtained from all individual participants included in this study prior to the survey commencement.




2.3. Methodology


2.3.1. Classification of Farmers’ Livelihood Types


To systematically assess livelihood resilience across daylily farming households, this study employed an income-based classification framework adapted from Han et al. [41], with modifications to align with Yunzhou’s specialized agricultural context. Although the original classification thresholds were maintained, operational definitions were refined to focus exclusively on daylily-derived income and distinguish it from broader agricultural categories in the reference study. Accordingly, farmers were categorized into three distinct types based on the proportion of total household income obtained from daylily cultivation: (1) sole agriculture farmers: households obtaining ≥90% of their income from selling fresh daylily buds; (2) major-job farmers: households deriving 50–90% of their income from selling fresh daylily buds, with the remainder coming from value-added activities related to daylily, such as deep processing and agritourism; and (3) side-job farmers: households earning <50% of their income from daylily-related sources, with the majority predominantly from non-agricultural sectors (e.g., migrant wage labor). Hereafter, we refer to these groups collectively as farmers and individually by the terms defined above: sole agriculture, major-job, and side-job.



While operationally defined by income thresholds, each farmer category corresponds to a distinct livelihood strategy with implications for risk and adaptive capacity. (1) Sole agriculture farmers pursue a specialization strategy, characterized by deep commitment to and dependence on the daylily value chain. (2) Major-job farmers embody a within-sector diversification strategy, combining core daylily production with value-added activities. (3) Side-job farmers follow an off-farm labor strategy, where daylily farming plays a supplementary role. This conceptual distinction is crucial for interpreting resilience differences, as it shifts the analytical focus from a mere accounting of income composition to an understanding of the underlying strategic choices that shape adaptive capacity. Consequently, this strategic framework provides the lens through which the observed variation in resilience levels across groups can be meaningfully explained.



An analysis of 377 validated questionnaires revealed a balanced distribution across the three types: sole agriculture farmers accounted for 33.16%, major-job farmers for 36.34%, and side-job farmers for 30.50%. This representative distribution, where each category exceeds 30% prevalence, ensures comprehensive coverage of the diverse livelihood strategies present in Yunzhou’s daylily farming community while preserving methodological comparability through consistent application of the established income thresholds.




2.3.2. Framework for the Evaluation Index System


The selection of the buffer—self-organization—learning capacity framework proposed by Speranza et al. [27] for this study is theoretically grounded in the distinctive characteristics of specialty agriculture systems, particularly daylily farming in fragile ecotones. Specialty agriculture in such contexts presents a set of distinct challenges and opportunities, including high product perishability, labor-intensive practices, and tight coupling with complex value chains. These features necessitate a resilience framework that captures not only static asset buffers (buffer capacity) but also the dynamic capacities for collective adjustment (self-organization capacity) and knowledge-based renewal (learning capacity). To operationalize this framework into measurable indicators, we drew upon and adapted established measurement approaches from related livelihood resilience studies [42,43]. Building on this foundation and contextualized to daylily farming, we selected evaluation indicators across the three dimensions as presented in Table 1.



To determine the relative importance of these three critical dimensions in constructing a composite resilience index, we argue for their equal weighting based on the distinctive socio-ecological attributes of daylily farming. We posit that buffer, self-organization, and learning capacities are equally fundamental and interdependent in this context. First, buffer capacity provides the immediate shock absorption crucial for a perishable commodity like daylily, where production or climatic setbacks cannot be easily offset by storage. Second, self-organization capacity is critical for navigating complex and often volatile value chains, requiring collective action for coordinated marketing, quality control, and accessing niche markets. Third, learning capacity is indispensable for sustaining competitiveness in this high-value sector. Farmers must continually acquire and apply precise knowledge on cultivar selection, pest and disease management specific to daylily, efficient harvesting windows, and post-harvest processing techniques to preserve quality and meet market standards. The failure in any one dimension can critically undermine the entire livelihood system, which supports the theoretical premise of their co-equal importance. Therefore, the equal weighting (1/3 each) assigned to these dimensions in our composite index is primarily grounded in this contextual theoretical rationale. The operational robustness of this weighting scheme is further empirically confirmed by the sensitivity analysis presented in Section 2.3.3.



Having established the theoretical rationale for the framework and its weighting, we detail its operationalization into measurable indicators. The selection and definition of specific indicators were contextualized to reflect the unique socio-ecological and economic characteristics of daylily farming in Yunzhou. Buffer capacity was measured through seven indicators representing key livelihood capitals (natural, human, physical, financial) that enable farmers to absorb shocks. These include foundational assets critical for daylily production, such as per capita cultivated area and soil quality, as well as household financial and labor resources. Self-organization capacity was assessed via seven indicators capturing farmers’ ability to navigate and leverage institutional and social structures. Self-organization capacity was assessed via seven indicators capturing farmers’ ability to navigate and leverage institutional and social structures. This dimension emphasizes factors such as integration into cooperatives, awareness of supportive policies, satisfaction with social security provisions, physical access to markets, engagement in community affairs, and the strength of local trust and support networks, all of which are vital for collective adaptation in a specialized agricultural system. Learning capacity was evaluated using seven indicators that reflect the acquisition and application of knowledge and skills. Given the technical and market-oriented nature of daylily farming, this dimension focuses on educational attainment, experiential learning through previous work, training participation, daily information exchange, knowledge transfer from others, and entrepreneurial willingness, all of which are essential for continuous adaptation and innovation. This tailored set of 21 indicators provides a comprehensive basis for quantifying and comparing livelihood resilience across the three defined farmer types.




2.3.3. Assessment of Livelihood Resilience Index


The range standardization method was first applied to normalize the data. Subsequently, the entropy weight method, which is an objective weighting technique based on information entropy, was used to calculate the weights of individual indices [44]. Following the theoretical rationale established in Section 2.3.2, equal weights (1/3 each) were assigned to aggregate the indicator scores into the three composite dimension indices. Finally, farmers’ overall livelihood resilience was assessed using the composite index method [41], as expressed in the following formulae:
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where     X   i j   *     denotes the standardized livelihood resilience value for the i-th farmer, and     ω   j     denotes the corresponding weight;     W   b    ,     W   s    , and     W   l     are the weights for buffer, self-organization, and learning capacities, respectively;     B   i    ,     S   i    , and     L   i     refer to the buffer, self-organization, and learning capacities of the i-th farmer, respectively; and     R   i     represents the livelihood resilience index.



To validate the robustness of the equal-weight assumption for the three dimensions, we conducted a sensitivity analysis by adjusting the weight of the buffer capacity by +20%, adjusting the weight of the learning capacity by −20%, and proportionally redistributing the remaining weights to other dimensions. The results confirmed that the livelihood resilience ranking remained unchanged, with all index fluctuations within ±5% of the original values (Supplementary Table S1). This supports the stability of our conclusions under plausible weight variations.




2.3.4. Optimal Parameter-Based Geographical Detector Model


To identify the group-specific factors associated with livelihood resilience and their interactions, we employed the optimal parameter-based geographical detector (OPGD) model [45]. This method extends the standard geographical detector model [46], which quantifies the explanatory power (q-value) of factors on a spatial outcome, by automating a critical but subjective step: the discretization of continuous variables. The OPGD algorithm iteratively tests combinations of classification methods (e.g., natural breaks, quantile) and interval numbers, selecting the parameter set that maximizes the q-value for each explanatory variable. This data-driven optimization ensures the robustness of detecting spatially stratified heterogeneity by minimizing arbitrariness in parameter choice.



We implemented the OPGD model using the GD package in R. For each continuous variable, five discretization methods (natural breaks, equal interval, quantile, geometric interval, and standard deviation) were tested with 2 to 5 break intervals; the model automatically selected the optimal combination per factor. Categorical variables were analyzed in their original form. This analysis was conducted separately for each farmer type (sole agriculture, major-job, side-job) to isolate group-specific explanatory factors of resilience. The full optimization results are provided in Supplementary Materials (Table S2). Furthermore, to uncover synergistic or antagonistic effects between factors, we applied the interaction detector module of the OPGD model. This module evaluates whether the combined influence of two factors on resilience is nonlinear (enhancing or weakening) or independent relative to their individual effects. Thus, the OPGD model provided a robust, spatially explicit framework essential for achieving our second research objective: to move beyond average effects and precisely identify the explanatory factors and interactive mechanisms of livelihood resilience across heterogeneous farmer groups.




2.3.5. Methodological Caveat


It is important to acknowledge methodological considerations related to our indicators and their interpretation within the OPGD analysis. First, the indicator system integrates both stock variables (e.g., means of production and living, X4) and flow variables (e.g., per capita income, X2). While this follows the sustainable livelihoods approach to capture multifaceted capital, it conflates different temporal dynamics of livelihood assets. Second, several variables rely on farmers’ self-reported assessments using ordinal scales (e.g., soil capability index, X5; policy awareness, X12). Although common in survey-based research, such measures are subject to potential recall bias, subjective interpretation, and scale coarseness.



These potential sources of measurement error warrant caution when interpreting the explanatory power (q-values) derived from the OPGD model. A high q-value for a self-reported or ordinally scaled variable robustly indicates its strong perceived or reported association with resilience within our dataset. However, the absolute magnitude of the q-value may be influenced by the consistency of subjective reporting or the coarseness of the measurement scale, in addition to the underlying substantive relationship. Therefore, while the OPGD analysis effectively identifies factors that are empirically salient in stratifying resilience, the results should be interpreted as revealing robust patterns of association within the context of our measurement approach, rather than as precise, bias-free estimates of causal strength. The use of multiple indicators and the focus on comparative resilience across pre-defined farmer types help to mitigate the risk that the overarching conclusions are driven solely by measurement artifacts.




2.3.6. Group Difference Analysis


A one-way analysis of variance (ANOVA) was performed to examine the differences in livelihood resilience and its dimensions (buffer, self-organization, and learning capacities) among the different types of farmers. Prior to conducting the ANOVA, normality and homogeneity of variance were assessed using the Kolmogorov–Smirnov test and Levene’s test, respectively. The data showed that all datasets followed a normal distribution (p > 0.05) and fulfilled the variance homogeneity assumption (p > 0.05), thus satisfying the prerequisites for ANOVA. SPSS (version 27.0) was used to perform the ANOVA on the buffer capacity, self-organization capacity, learning capacity, and overall livelihood resilience index. A significance level of 0.05 was adopted for all statistical tests. Violin plots with box elements were used to visualize differences in the capacity indices, whereas a stacked bar chart was used to illustrate variations in the livelihood resilience index.






3. Results


3.1. Livelihood Resilience Assessment


The buffer, self-organization, and learning capacities indices for different types of daylily farmers in Yunzhou District were calculated based on Formulas (1)–(3). Figure 3 shows that, across all dimensions, the learning capacity index was highest among the three types of farmers, followed by self-organization capacity, with buffer capacity the lowest. This indicates an imbalance in the livelihood development of daylily farmers, which highlights the need to enhance farmers’ abilities to cope with external risks in a comprehensive manner.



The analysis revealed significant differences in buffer and learning capacities across different types of farmers (p < 0.05). The magnitude of these differences, quantified as the percentage by which major-job farmers (the highest group) exceeded side-job farmers (the lowest group), was substantial: +30.0% for buffer capacity and +23.7% for learning capacity. Similarly, the overall livelihood resilience of major-job farmers was 19.6% higher than that of side-job farmers (p < 0.05). In contrast, significant differences were not observed for self-organization capacity (p > 0.05), though the observed value for major-job farmers was 10.2% higher than that for side-job farmers. Detailed results for Levene’s test for equality of variances and one-way ANOVA are presented in Table 2. These findings are visually represented in Figure 4, Figure 5, Figure 6, Figure 7 and Figure 8, which illustrate the patterns of variation across dimensions using violin plots and stacked bar charts.



3.1.1. Buffer Capacity


Major-job farmers exhibited the highest buffer capacity (0.039), followed by sole agriculture farmers (0.033), with side-job farmers showing the lowest capacity (0.030) (Figure 4). This represents a 30.0% higher buffer capacity for major-job farmers compared to side-job farmers, and an 18.2% advantage over sole agriculture farmers. These differences were highly significant (p < 0.001; Table 2). This hierarchy aligns with their varying degrees of engagement with and economic dependence on the daylily industry. The major-job group also displayed the most homogeneous distribution of capacity (Figure 3), indicating a more uniform endowment of the key productive assets that constitute buffer capital. In contrast, sole agriculture farmers showed greater internal variability, likely reflecting disparities in operational scale, resource access, or management practices among specialized households. The comparatively low and less variable buffer capacity of side-job farmers underscores their peripheral engagement in and limited accumulation of assets from the local agricultural economy. Together, these patterns suggest that buffer capacity is intrinsically linked to the depth and nature of integration into the specialty agriculture system.




3.1.2. Self-Organization Capacity


Major-job farmers exhibited the highest self-organization capacity (0.054), followed by sole agriculture farmers (0.051), and side-job farmers (0.049) (Figure 3). These values indicate that major-job farmers’ self-organization capacity was 10.2% higher than that of side-job farmers and 5.9% higher than that of sole agriculture farmers. However, a one-way ANOVA revealed that these differences were not statistically significant (p > 0.05; Table 2). Visually, the distributions were broadly similar, though the side-job farmers group exhibited slightly greater variability (Figure 5).



The lack of significant divergence in self-organization capacity may reflect the pervasive influence of institutional and social structures within Yunzhou’s specialized daylily economy. The widespread promotion of farmer cooperatives, strong pre-existing kinship and community networks, and uniform access to basic infrastructure likely provide a common institutional scaffold that supports a baseline level of social integration and collective action capability for all farmers engaged in the sector, regardless of their degree of specialization. Consequently, while major-job and sole agriculture farmers might derive slightly higher benefits due to their deeper immersion, the fundamental capacity for self-organization appears to be a shared characteristic across the farmer spectrum, shaped more by the common local context than by individual livelihood strategy.




3.1.3. Learning Capacity


Learning capacity displayed a clear hierarchical order: major-job farmers scored highest (0.073), followed by sole agriculture farmers (0.068), and side-job farmers lowest (0.059) (Figure 3). This translates to a 23.7% higher learning capacity for major-job farmers relative to side-job farmers, and a 7.4% advantage over sole agriculture farmers. This gradient was statistically significant (p < 0.001; Table 2). Distributionally, major-job farmers exhibited a tight, high-scoring cluster, whereas sole agriculture and side-job farmers showed more dispersed and lower-scoring profiles (Figure 6). This pronounced stratification underscores that learning capacity is sensitive to livelihood strategy. Major-job farmers’ within-industry diversification likely immerses them in a rich information ecosystem, systematically fostering higher and more uniform capacity. In contrast, the specialization of sole agriculture farmers may confine learning to a narrower, production-centric scope, while for side-job farmers, skill development is naturally deprioritized in favor of wage labor competencies. Thus, the depth of integration into the specialty agriculture system appears to influence the level of learning capacity.




3.1.4. Livelihood Resilience


The composite livelihood resilience index integrated the three-dimensional capacities, revealing a definitive hierarchy consistent with the patterns observed in buffer and learning capacities. Major-job farmers achieved the highest overall resilience (0.165), followed by sole agriculture farmers (0.152), with side-job farmers exhibiting the lowest resilience (0.138) (Figure 7). Quantitatively, major-job farmers’ overall resilience was 19.6% higher than that of side-job farmers and 8.6% higher than that of sole agriculture farmers. These group differences were statistically significant (p < 0.001; Table 2). The distribution of the resilience index further differentiated the groups (Figure 8). Major-job farmers’ scores were centered in the mid-to-high range, indicating consistently robust outcomes. Sole agriculture farmers showed a concentration around the median, while side-job farmers were clustered at the lower end of the scale.



This integrated result underscores that livelihood resilience is systematically stratified by livelihood strategy. The superior resilience of major-job farmers arises from their leading position across all underlying capacities (Figure 3), showcasing the compound advantage of strategic, within-value-chain diversification. Sole agriculture farmers’ intermediate resilience reflects the strength of specialization, albeit without the additional boost from engaging in complementary value-added activities. The constrained resilience of side-job farmers confirms the vulnerability inherent in a peripheral relationship to the specialty agriculture system, where limited gains are made in any of the core capacity domains.





3.2. Explanatory Factors of Livelihood Resilience


3.2.1. Individual Explanatory Factors


The factor detector of the OPGD model was used to calculate the q-value for each indicator, identifying those that exhibit significant spatially stratified heterogeneity in relation to livelihood resilience across farmer types. The q-value quantifies a factor’s explanatory power, representing the strength of spatial association. In essence, it measures how well a factor’s spatial distribution explains the spatial distribution of resilience. Consistent with the methodological caveat (Section 2.3.6), these q-values should be interpreted as measures of salient empirical association within our study landscape, not as direct estimates of causal effect. Unobserved confounders (e.g., intrinsic motivation) or endogenous relationships (e.g., reciprocal influence between social networks and resilience) may underlie the observed associations. The results are presented in Table 3. To capture the most salient factors, we focus our discussion on the top five ranked explanatory factors (highest q-values) for each farmer type.



Analysis of the top factors reveals both commonalities and strategic differentiations in the factors associated with resilience across groups (Table 3). Health status (X3) emerged as the predominant factor associated with resilience across all farmer types, with the highest q-values (0.568–0.724), underscoring its non-substitutable role as fundamental human capital for agrarian livelihoods. Beyond this universal foundation, the factor structures diverge, reflecting each group’s distinct livelihood strategy. For sole agriculture farmers, resilience is closely associated with factors linked to specialized production and risk buffering: traffic accessibility (X10) for market linkage, policy awareness (X12) for navigating regulations, and social network support (X9) for mutual aid. The prominence of knowledge transfer capability (X21) highlights their reliance on peer learning to optimize specialized practices. For major-job farmers, the factors associated with resilience reflect their dual engagement in production and value-added activities. While traffic accessibility (X10) and policy awareness (X12) remain important, social security (X14) stands out as particularly salient, potentially mitigating the risks inherent in their more diversified but still agriculture-centric strategy. Information acquisition capability (X18) is also strongly associated with resilience, supporting adaptive management across a broader set of activities. For side-job farmers, the factor profile aligns with a strategy anchored outside agriculture. Social security (X14) and information acquisition (X18) are strongly linked to navigating the non-farm labor market. The significance of neighborhood trust (X11) and entrepreneurial willingness (X19) points to the importance of local social cohesion and adaptive flexibility for a group whose primary income and security lie beyond the daylily value chain.




3.2.2. Interaction Detection Among Factors


The interaction detector analysis revealed widespread non-linear associations among factors related to livelihood resilience across all farmer types, with no independent relationships observed (Figure 9). This pattern indicates that resilience outcomes are closely linked to interconnected factor synergies rather than isolated effects. Among the numerous interactions detected, two pairs for each farmer type stand out due to their exceptional combined strength of association (q-value) and their clear alignment with the group’s distinctive livelihood strategy.



For sole agriculture farmers (Figure 9a), resilience shows a particularly strong joint association with entrepreneurial willingness (X19) and knowledge transfer capability (X21) (q = 0.401). This pattern suggests a potential mechanism whereby exposure to successful practices through peer networks may stimulate entrepreneurial intent. A second key synergy exists between social network support (X9) and collective affairs participation (X13) (q = 0.360), pointing to the interconnected roles of strong interpersonal ties and collective action for specialized farmers. For major-job farmers (Figure 9b), the strongest joint association is between loan opportunities (X6) and social security (X14) (q = 0.375). This pairing indicates that access to formal credit and robust social safety nets are strongly and non-linearly linked in their relation to resilience for this diversified group. Furthermore, the interaction between per capita cultivated area (X1) and policy awareness (X12) (q = 0.368) highlights how tangible resource endowments and the knowledge to leverage supportive policies are jointly associated with resilience. For side-job farmers (Figure 9c), resilience is most strongly jointly associated with daily communication (X16) and information acquisition capability (X18) (q = 0.394). This underscores that frequent social exchange and information access are closely intertwined in their relation to resilience for this externally oriented group. Additionally, the synergy between social network support (X9) and entrepreneurial willingness (X19) (q = 0.363) suggests that strong community bonds and entrepreneurial intent may reinforce each other as complementary resources.






4. Discussion


4.1. Differential Resilience Patterns and Policy Priorities Across Farmer Types


This study reveals a hierarchy in livelihood resilience aligned with strategic engagement in the daylily value chain. Major-job farmers exhibited the highest resilience (0.165). This superior outcome is explained by their within-industry diversification strategy, which functionally integrates core production with value-added activities, creating synergistic buffers and enhancing adaptive learning within the familiar industrial ecosystem. In contrast, sole agriculture farmers showed moderate resilience (0.152) through specialization, yet their limited involvement in complementary activities constrained further enhancement. Side-job farmers had the lowest (0.138), as their reliance on disconnected non-farm labor failed to harness the systemic benefits of the specialty agriculture sector. These findings refine conventional diversification paradigms [47,48] demonstrating that resilience in specialty agriculture depends not merely on income source plurality but on the functional alignment of activities within the extended industrial chain.



Examining dimensional scores reveals a critical structural imbalance: learning capacity was highest across all types, yet buffer capacity was consistently the lowest. Survey data corroborate this bottleneck: 34% of respondents cited insufficient production tools (linked to X4) as a barrier to adopting techniques, and 22% reported a lack of credit access (X6) despite high training participation. This mismatch explains why high potential for learning does not automatically translate into enhanced resilience; foundational assets are a prerequisite for applying knowledge effectively. Therefore, policy interventions should adopt a sequential, capacity-building approach grounded in this explanatory framework: first, strengthening the foundational buffer capacity; second, leveraging the existing high learning capacity to convert skills and information into practical, adaptive actions; and third, fostering self-organization to institutionalize collective and sustainable resilience. This sequence logically progresses from securing basic livelihood stability to optimizing adaptive potential and finally embedding resilience in social structures.




4.2. Synergistic Mechanisms of Factor Interactions


The strong factor interactions identified in Section 3.2.2 point to underlying social and practical mechanisms that differentially shape resilience. Interpreting these synergies reveals how combined factors operate within each group’s strategic context. For sole agriculture farmers, the synergy between entrepreneurial willingness (X19) and knowledge transfer (X21) suggests a knowledge-driven opportunity activation mechanism. Peer learning reduces the perceived risk of new ventures by providing tangible models, thereby catalyzing entrepreneurial action. This is illustrated by a farmer’s comment: “I saw my neighbors making money by drying daylilies, so I learned and started doing the same.” (from open-ended responses). Concurrently, the link between social network support (X9) and collective affairs participation (X13) reflects network-facilitated collective governance. Dense trust networks enable effective participation in cooperatives, which in turn formalizes mutual aid to manage risks that exceed individual coping capacity.



For major-job farmers, the interaction between loan opportunities (X6) and social security (X14) indicates a risk-buffered investment mechanism. A robust social safety net mitigates the personal downside of investment failure, thereby encouraging the use of credit for diversification. Simultaneously, the synergy of per capita cultivated area (X1) and policy awareness (X12) exemplifies resource-policy leveraging. Policy knowledge allows farmers to strategically deploy their land assets to access subsidies or certifications, amplifying the returns from their resource base. As one farmer noted, “The village meetings told us about government subsidies and insurance for planting daylily, which made us feel secure to farm.” (from open-ended responses).



For side-job farmers, the interplay between daily communication (X16) and information acquisition (X18) operates via socially embedded information filtering. Active information-seeking skills enhance the utility of the constant information flow within village communication networks, which is critical for securing non-farm labor. A respondent’s experience captures this: “After finishing odd jobs, I heard from others about a factory hiring, so I went there.” (from open-ended responses). Furthermore, the combination of social network support (X9) and entrepreneurial willingness (X19) demonstrates socially facilitated entrepreneurial experimentation. Strong community support lowers the barriers and risks for small-scale entrepreneurial trials, making this supplementary strategy more viable for a group primarily dependent on external wage labor.




4.3. Policy Implications


The identified hierarchy of resilience and the explanatory factors point to a logical policy pathway: enhancing livelihood resilience requires a sequential approach that first secures basic livelihood foundations (buffer capacity), then enables adaptive responses (learning capacity), and finally is sustained by supportive institutions (self-organization capacity). Accordingly, interventions should be prioritized as follows.



Strengthening foundational buffer capacity is the immediate priority. This is directly driven by the finding that health status (X3) was the most powerful and universal factor associated with resilience (Table 3). Policies must therefore prioritize safeguarding this fundamental human capital, for instance, through enhanced primary healthcare services. Enhancing adaptive capacity requires leveraging and expanding learning strengths. Information acquisition capability (X18) was a key factor for multiple groups, indicating a core need to improve information access and flow. This can be complemented by addressing group-specific learning factors: supporting knowledge transfer (X21), salient for sole agriculture farmers, and encouraging entrepreneurial willingness (X19), important for side-job farmers. However, the effectiveness of these adaptive efforts also requires addressing critical constraints related to self-organization capacity. Our data highlight two such constraints: traffic accessibility (X10) and social security (X14). Improving physical infrastructure addresses the market linkage barrier for sole agriculture and major-job farmers, while strengthening social safety nets mitigates risks for major-job and side-job farmers. In summary, this evidence-based framework explicitly links interventions to the specific factors that shape resilience across farmer types, providing a targeted blueprint for sustainable development in the study region.




4.4. Limitations and Future Research Directions


Beyond the immediate context of Yunzhou District, our findings offer insights with varying degrees of transferability to other regions. Some mechanisms are likely context-specific to daylily farming in Yunzhou. For instance, the resilience advantage associated with major-job farmers is tied to a value-chain structure that capitalizes on this crop’s unique dual attributes: its perishable fresh buds that require swift sale or processing, and its cultural significance that supports agritourism. This specific synergy may not be directly replicable with crops that have different shelf-lives or cultural associations. Conversely, broader patterns such as the foundational importance of health status, the critical role of information access, and the sequential capacity-building pathway may hold relevance for specialty-crop systems with similar attributes or agro-pastoral regions facing similar climate risks and market integration challenges.



This study’s limitations are fourfold. First, its geographical focus on a single district constrains the generalizability of specific empirical results, necessitating validation across broader agro-pastoral ecotones. Second, the cross-sectional data design limits analysis of resilience dynamics over time, highlighting the need for longitudinal research. Third, the micro-level focus on household data omits broader community and regional factors that shape livelihood contexts; integrating macro-level data would yield a more systemic understanding. Finally, while the OPGD model robustly detected spatial heterogeneity, its reliance on the q-statistic for optimization does not establish causality, and its application requires adequate sample sizes per stratum.





5. Conclusions


This study systematically examined livelihood resilience and its explanatory factors among daylily farmers in the agro-pastoral ecotone of northern China, focusing on Yunzhou District, Shanxi Province. Using a survey-based approach and the optimal parameter-based geographical detector model, we assessed resilience across three farmer types categorized by their dependence on daylily income: sole agriculture, major-job, and side-job farmers. The findings yield several key conclusions.



First, livelihood resilience exhibited a clear hierarchical structure aligned with farmers’ strategic engagement in the daylily value chain. Major-job farmers demonstrated the highest resilience, benefiting from a within-industry diversification strategy that integrates production with value-added activities. Sole agriculture farmers exhibited moderate resilience through specialization, whereas side-job farmers showed the lowest resilience due to their reliance on disconnected non-farm labor. Across all groups, learning capacity was the strongest dimension, followed by self-organization capacity, while buffer capacity remained the weakest, indicating a structural imbalance that constrains the translation of knowledge into resilient outcomes.



Second, significant differences in resilience were observed between farmer types, particularly in buffer and learning capacities. Self-organization capacity did not differ significantly across groups, suggesting that institutional and social scaffolds in Yunzhou provide a common baseline of collective capacity regardless of livelihood strategy.



Third, the key factors explaining resilience varied distinctively among farmer types, reflecting their divergent strategic contexts. Health status emerged as the most universal and powerful factor across all groups. For sole agriculture farmers, resilience was most strongly associated with market accessibility, policy awareness, and peer learning. For major-job farmers, social security, information access, and market linkage were key explanatory factors. For side-job farmers, social security, local trust, and entrepreneurial initiative played prominent explanatory roles. Interaction analysis further revealed that resilience is explained not by isolated factors but through synergistic mechanisms, such as knowledge-driven opportunity activation for sole agriculture farmers and risk-buffered investment for major-job farmers. This underscores the complex, non-linear associations through which resilience is linked to its explanatory factors.



These findings underscore that resilience in specialty agriculture systems is not merely a function of income diversification but depends critically on the functional alignment of activities within the industrial chain. This study thus advances both theoretical understanding and practical policy design by demonstrating the need for targeted, sequential interventions that strengthen foundational buffer capacity, leverage existing learning strengths, and foster supportive institutional environments. Future research should extend this framework to other crops and regions, employ longitudinal designs to capture resilience dynamics, and integrate multi-scale data to further unravel the complex interplay between livelihood strategies and resilience outcomes.
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Figure 1. Monthly average precipitation and temperature in Yunzhou District. 
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Figure 2. Study area. 
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Figure 3. Index of different dimensions for each type of farmer. 
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Figure 4. Internal differences in buffer capacity among farmers. The central dot indicates the median value. 
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Figure 5. Internal differences in self-organization capacity among farmers. The central dot indicates the median value. 
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Figure 6. Internal differences in learning capacity among farmers. The central dot indicates the median value. 
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Figure 7. Farmer livelihood resilience index. 
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Figure 8. Internal differences in livelihood resilience among farmers. The central dot indicates the median value. 
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Figure 9. Results of the interaction detector analysis: (a) sole agriculture farmer, (b) major-job farmer, and (c) side-job farmer. 






Figure 9. Results of the interaction detector analysis: (a) sole agriculture farmer, (b) major-job farmer, and (c) side-job farmer.



[image: Sustainability 18 01861 g009a][image: Sustainability 18 01861 g009b]







 





Table 1. Indicator system for evaluating farmer livelihood resilience.
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Dimension

	
Indicators

	
Definition

	
Weight






	
Buffer capacity

0.333

	
Per capita cultivated area (X1)

	
Household-owned farmland area (km2)/total household population

	
0.043




	
Per capita income (X2)

	
Total annual household income/total household population

	
0.055




	
Health status (X3)

	
Number of healthy individuals/total household population

	
0.018




	
Means of production and living (X4)

	
Durable goods quantity possessed by the household, including TVs, washing machines, refrigerators, air conditioners, and cars.

	
0.026




	
Soil capability index (X5)

	
Soil quality rating (1 = poor, 2 = moderate, 3 = excellent)

	
0.047




	
Loan opportunities (X6)

	
Bank loan accessibility (1 = no, 2 = yes)

	
0.090




	
Household laborers (X7)

	
Number of household laborers × 1 + Number of household semi-labor × 0.5

	
0.024




	
Self-organization capacity

0.333

	
Specialized cooperatives (X8)

	
Whether household members are members of a cooperative society (1 = no, 2 = yes)

	
0.074




	
Social network support (X9)

	
Whether the household can receive assistance from close ties in terms of resources when problems occur (1 = no, 2 = yes)

	
0.071




	
Traffic accessibility (X10)

	
Distance from household to nearest market (1 = >1.5 km, 2 = 1–1.5 km, 3 = 0.5–1 km, 4 = ≤0.5 km)

	
0.036




	
Neighborhood trust (X11)

	
Degree of mutual trust among neighbors (1 = no trust, 2 = minimal trust, 3 = neutral, 4 = moderate trust, 5 = full trust)

	
0.017




	
Policy awareness (X12)

	
Household members’ knowledge of social and industrial policies (1 = None, 2 = Minimal, 3 = Moderate, 4 = Adequate, 5 = Comprehensive)

	
0.023




	
Collective affairs participation (X13)

	
Frequency of participation in collective affairs (1 = very few, 2 = few, 3 = average, 4 = often, 5 = very often)

	
0.028




	
Social security (X14)

	
Satisfaction with rural social security policies (1 = Strongly Discontent, 2 = Discontent, 3 = Neutral, 4 = Content, 5 = Highly Content)

	
0.011




	
Learning capacity

0.333

	
Education of household head (X15)

	
Household head education attainment (1 = literacy, 2 = primary school, 3 = junior high school, 4 = senior high school, 5 = college or above)

	
0.020




	
Daily communication(X16)

	
Number of individuals with whom there is regular communication

	
0.042




	
Skills training opportunities (X17)

	
Participated in technical training (1 = no, 2 = yes)

	
0.059




	
Information acquisition capability (X18)

	
Number of daily channels through which household members access market and other information

	
0.034




	
Entrepreneurial willingness (X19)

	
Whether the household has the intention to engage in entrepreneurial activities (1 = no, 2 = yes)

	
0.098




	
Previous work experience (X20)

	
Years of involvement in daylily cultivation (1 = <5 years, 2 = 6~10 years, 3 = 11~15 years, 4 = 16~20 years, 5 = >20 years)

	
0.084




	
Knowledge transfer capability (X21)

	
Whether learn new ideas or practices from other farmers or professionals (1 = no, 2 = yes)

	
0.100











 





Table 2. Analysis of differences in farmer livelihood resilience.
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Dimension

	
Levene’s Test for Equality of Variances

	
One-Way ANOVA




	
Levene Statistic

	
p-Value

	
Sum of Squares

	
Mean Square

	
F-Value

	
p-Value






	
Buffer capacity

	
2.415

	
0.091

	
0.005

	
0.003

	
17.979

	
<0.001




	
Self-organization capacity

	
0.868

	
0.421

	
0.001

	
0.001

	
2.772

	
0.064




	
Learning capacity

	
1.408

	
0.246

	
0.012

	
0.006

	
13.371

	
<0.001




	
Livelihood resilience

	
0.101

	
0.904

	
0.047

	
0.024

	
22.538

	
<0.001











 





Table 3. Results of the factor detector analysis.






Table 3. Results of the factor detector analysis.





	
Farmer Livelihood Types

	
Factor

	
q-Value






	
Sole agriculture farmers

	
Health status (X3)

	
0.568




	
Traffic accessibility (X10)

	
0.331




	
Policy awareness (X12)

	
0.249




	
Knowledge transfer capability (X21)

	
0.222




	
Social network support (X9)

	
0.184




	
Major-job farmers

	
Health status (X3)

	
0.724




	
Traffic accessibility (X10)

	
0.371




	
Social security (X14)

	
0.360




	
Information acquisition capability (X18)

	
0.289




	
Policy awareness (X12)

	
0.286




	
Side-job farmers

	
Health status (X3)

	
0.680




	
Social security (X14)

	
0.364




	
Information acquisition capability (X18)

	
0.306




	
Neighborhood trust (X11)

	
0.187




	
Entrepreneurial willingness (X19)

	
0.177
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