Mapping the Mind in Motion: A Multi-Method GIS–SEM–NCA Model of Green Exposure and Psychological Restoration in Urban Jogging Environments

Abstract
As urban mental health challenges grow, understanding how green spaces promote psychological restoration during exercise is crucial for sustainable urban development. While vegetation volume is a known factor, the psychological mechanisms through which objective green exposure translates into restorative outcomes, especially in dynamic exercise contexts remain insufficiently explored.
This study investigates the Xuanwu Lake jogging circuit in Nanjing, China, a representative urban green space. We integrated GIS-based Normalized Difference Vegetation Index (NDVI) remote sensing data with subjective psychometric scales to assess green exposure. A multi-layered analytical framework was employed, combining Partial Least Squares Structural Equation Modeling (PLS-SEM) to test predictive relationships and Necessary Condition Analysis (NCA) to identify the minimum thresholds (bottlenecks) required for restoration.
The findings reveal that subjective green exposure (Perceived Vegetation Density and Perceived Green Enclosure) significantly enhances psychological restoration by mediating dimensions of "Being Away" and "Fascination." Notably, Environmental Compatibility emerged as the strongest predictor, indicating that the alignment between the environment and the exerciser's needs is the primary driver of restoration. Furthermore, Nature Connectedness (NC) significantly moderates the relationship between green exposure and perceived restorativeness; individuals with higher NC are more sensitive to vegetation density. NCA results confirm that specific restorative dimensions function as "necessary but not sufficient" conditions, with compatibility and fascination acting as critical bottlenecks for high-level restoration.
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1. Introduction
Driven by rapid urbanization, high-density development, and an increasingly fast-paced lifestyle, urban residents are facing escalating levels of psychological stress, emotional exhaustion, and cognitive fatigue. In recent years, mental health issues among young adults have become particularly pronounced. According to the China Urban Youth Stress Report (2023), over 78% of young people report experiencing moderate to high levels of chronic stress (Gewalt et al., 2022; Osokina et al., 2023), with work, academics, and interpersonal relationships cited as the primary stressors. Similarly, the World Health Organization (WHO) notes that the global prevalence of anxiety and depression among young adults (Dongjun et al., 2025; Shorey et al., 2022)aged 18–35 has increased by over 28% in the past decade, indicating a rapid surge in psychological burden.
In the context of this sustained high-pressure environment, sports and physical activities are increasingly viewed by young people as vital methods for releasing stress and restoring emotional balance (M. Liu et al., 2024; Martín-Rodríguez et al., 2024). However, as the built environment continues to expand, opportunities for daily contact with nature have significantly diminished a trend that undermines the potential for residents to achieve psychological restoration through natural environments. Consequently, urban green spaces are being re-evaluated not merely as components of ecological governance (Derse & Alphan, 2024; Martín-Rodríguez et al., 2024; Zhang et al., 2023), but as critical public health infrastructure capable of supporting psychological resilience and improving resident well-being.
Against this backdrop, outdoor physical activity particularly jogging has emerged as a key avenue for urban residents to mitigate stress and achieve psychological restoration (Shi & Gao, 2024; Zhong et al., 2024). Unlike indoor exercise, outdoor jogging continuously exposes individuals to the surrounding natural and landscape environment, making the sensory characteristics, emotional atmosphere, and psychological perception of that environment an integral part of the jogging experience. Many joggers explicitly state that they run not only to maintain physical fitness but also to clear their minds (Berger et al., 2024; Shi & Gao, 2024), release pressure, or relax psychologically. These phenomena align with findings in Green Exercise research, which suggests that physical activity performed in natural environments generates significantly greater psychological restorative effects than activity in artificial or indoor settings.
While the positive impact of natural environments on the psychological restoration (L. Liu et al., 2022; Zhao et al., 2025) of exercisers is increasingly recognized, significant research gaps remain regarding how and under what conditions nature facilitates this restoration for joggers. First, existing studies rely heavily on subjective perceptions of greenness or generalized descriptions of the environment. These subjective assessments often fail to accurately reflect the actual level of environmental exposure during exercise. Although developments in geospatial technology have allowed for the precise characterization of green exposure along jogging paths using objective ecological indicators such as the Normalized Difference Vegetation Index (NDVI) and Green View Index (GVI) few studies have incorporated these objective metrics into psychological restoration models (Puppala et al., 2022; Su et al., 2023). This limits the academic community's ability to evaluate the impact of real-world environmental conditions on immediate exercise experiences.
Second, although research on Attention Restoration Theory (ART) (Y. Liu et al., 2024) and Stress Recovery Theory (SRT) (Ulrich, 2023) in environmental psychology has established that natural environments facilitate emotional regulation and cognitive resource recovery, the underlying psychological mechanisms within the specific context of jogging lack systematic investigation. The Perceived Restorativeness Framework (PRF) proposes four restorative dimensions.Being Away, Fascination, Coherence, and Compatibility providing a theoretical basis for understanding how environments trigger recovery (de la Fuente Suárez & Martínez-Soto, 2022; Yakınlar & Akpınar, 2022). However, existing studies often treat restorative perception as a single latent variable, thereby overlooking the distinct roles different dimensions may play. Since jogging is a dynamic, continuous, and multi-sensory activity, it is highly likely to activate different restorative psychological mechanisms; thus, a more granular analysis of the four PRF dimensions is necessary.
Third, existing research has paid insufficient attention to the role of individual differences in the effects of green exposure. Nature Connectedness (NC), a core variable in environmental psychology (Lengieza et al., 2023; Mikusiński et al., 2023), has been proven to enhance the emotional and cognitive benefits individuals derive from nature. However, how it regulates (moderates) the effect of objective green exposure on psychological restoration in the specific context of jogging has not been fully explored.
To address the aforementioned gaps, this study develops an integrated, multi-layer analytical framework that incorporates objective ecological indicators (Methratta, 2025; Xu et al., 2023), psychological mechanisms, and individual differences. At the physical environment level, NDVI and green-coverage data are employed to quantify the degree of green exposure along jogging routes. At the psychological mechanism level, the four dimensions of the Perceived Restorativeness Framework,Being Away, Fascination, Coherence, and Compatibility are examined separately to identify (Karaca et al., 2024; Straga et al., 2023) their distinct functional pathways. In addition, Nature Connectedness is included as a moderating variable to investigate how individual ecological affinity alters the strength of the association between green exposure and psychological restoration. At the outcome level, psychological restoration serves as the core dependent variable, capturing emotional and cognitive recovery effects.
Methodologically, the study integrates GIS-based spatial assessment, Structural Equation Modeling (SEM)(Zhao, Furuoka, Rasiah, et al., 2024), and Necessary Condition Analysis (NCA) (Zhao, Furuoka, & Rasiah, 2024; Zhao, Furuoka, Rasiah, et al., 2024)to systematically examine the interplay among physical environmental characteristics, psychological mechanisms, and individual differences in the jogging environments of Xuanwu District, Nanjing. The research aims to address the following questions:RQ1: How do green-exposure indicators such as NDVI and green coverage influence the four dimensions of perceived restorativeness? RQ2: Does Nature Connectedness moderate the effects of green exposure on restorative perceptions and psychological restoration? RQ3: How do physical environmental factors and psychological mechanisms jointly shape joggers’ psychological restoration? RQ4: What minimum level of green exposure is required to achieve high psychological restoration?
By combining GIS-based ecological measurement, SEM-based psychological mechanism testing, and NCA-based threshold identification (Zhao & Furuoka, 2025), the study offers a methodological synthesis that substantially enhances the theoretical depth and practical relevance of research on green exercise. Meanwhile, cities in China exemplified by Nanjing are actively expanding greenway systems and pedestrian-friendly environments. Urban planners urgently require empirical evidence (He, 2023; Sotomayor et al., 2023) to inform greener spatial design: How much visible greenery should a jogging route contain? Which psychological mechanisms exert the strongest restorative effects? How do individual differences condition the benefits of green exposure? These questions represent pressing issues for contemporary urban planning and public-health promotion.
2. Literature Review
2.1 Objective Green Exposure and Perceived Restorative Qualities
The Normalized Difference Vegetation Index (NDVI) reflects vegetation health (Mehmood et al., 2024), density, and photosynthetic activity (Stamford et al., 2023), while green coverage represents the proportion of vegetated surfaces within a specified buffer zone indicating the extent to which urban residents (Zhang et al., 2022; Zhu et al., 2022) are exposed to greenery during daily mobility. Compared with subjective evaluations, objective environmental indicators capture actual green exposure more accurately and avoid biases caused by perception, memory, or emotional states (Browning & Moore, 2023; Li et al., 2022; Liu et al., 2023).
According to Attention Restoration Theory (ART), natural environments facilitate cognitive and emotional recovery through four restorative characteristics: Being Away, Fascination, Coherence, and Compatibility (Grigoletto et al., 2023; Hung & Chang, 2024). Environments with higher vegetation density and richer greenness tend to evoke stronger restorative perceptions, including greater psychological distance from stressors, more effortless attentional engagement, higher environmental comprehensibility, and stronger behavioral supportiveness (Stevenson et al., 2022). In linear green settings such as greenways, park trails, and riverside jogging routes, NDVI and green-coverage levels significantly predict psychological evaluations of environmental restorativeness.
Nevertheless, high NDVI does not automatically translate into strong restorative perceptions. In high-density urban areas, the restorative benefits of vegetation may be diminished by noise, traffic, crowding, or other environmental stressors (Helbich et al., 2022). Moreover, several studies argue that the quality of natural environments may matter more than quantity. Features such as tree-species diversity, landscape layering, ecological connectivity, and visual openness significantly shape restorative perceptions but cannot be fully detected by NDVI or green coverage alone (Helbich et al., 2024). Restorative perception also varies across individuals; factors such as nature preference, personality traits, and emotional conditions may influence whether greenery is interpreted as restorative (Meagher, 2020).
Despite these debates, existing research consistently suggests that green exposure becomes particularly important in exercise contexts. Jogging, as a highly spatially dependent outdoor activity, exposes individuals continuously to visual, sensory, and emotional cues from the surrounding environment, making environmental influences especially salient during movement. Studies show that greener routes enhance joggers’ emotional pleasure, reduce perceived fatigue, and increase motivation, thereby strengthening restorative perceptions (Aghabozorgi et al., 2024). Additionally, the “visual flow” generated during movement intensifies the fascination component of natural landscapes, making restorative effects more pronounced (Hulin et al., 2022). Higher NDVI and green coverage along jogging routes are therefore likely to elicit stronger perceptions of Being Away, Fascination, Coherence, and Compatibility, reinforcing positive psychological evaluations of the environment. Based on these findings, the following hypothesis is proposed:
H1a–H1d: NDVI positively influences (a) Being Away, (b) Fascination, (c) Coherence, and (d) Compatibility.
H2a–H2d: Green Exposure positively influences (a) Being Away, (b) Fascination, (c) Coherence, and (d) Compatibility.
2.2 The Four Dimensions of Perceived Restorativeness and Psychological Restoration
The four dimensions of perceived restorativeness constitute the key psychological mechanisms through which natural environments facilitate cognitive and emotional recovery (Rhee et al., 2023; Zhao et al., 2025). Being Away reflects an individual’s sense of psychological distance from daily routines and stressors, enabling attention to disengage from habitual cognitive demands. Fascination refers to the effortless attentional engagement elicited by natural stimuli, which reduces cognitive effort and fosters the replenishment of attentional resources. Coherence captures the degree to which environmental elements form a comprehensible and orderly whole (Kuhozido et al., 2024; Tao et al., 2023), thereby lowering cognitive load and enhancing perceived safety. Compatibility represents the alignment between environmental affordances and individual goals, and higher compatibility strengthens positive engagement and emotional satisfaction.
Extensive empirical evidence demonstrates that these four dimensions significantly predict psychological restoration (Zhang et al., 2024; Zhu et al., 2023), including improved mood, reduced stress, enhanced attentional capacity, and greater subjective vitality (Moll et al., 2022; Osland et al., 2022). In exercise contexts, green environments have been shown to amplify post-exercise recovery effects, promoting emotional relaxation and cognitive clarity (Riquelme-Medina et al., 2022; Stevens et al., 2022). Thus, the classic pathway linking perceived restorativeness to psychological restoration has been widely validated in environmental psychology and green-exercise literature.
Despite this robust foundation, several critiques have emerged. Some studies argue that the four dimensions may exhibit structural overlap, particularly between Fascination and Compatibility, challenging their discriminant validity in certain environmental contexts (Joye & Dewitte, 2018). Furthermore, perceived restorativeness relies primarily on self-report measures, which may be influenced by transient emotional states, personality traits, or social-desirability biases, thereby limiting the extent to which such measures reflect the properties of the environment itself (Wilkie & Stavridou, 2013). Additional research contends that restorative outcomes are not exclusive to natural environments; well-designed urban spaces, artistic settings, and even virtual environments can generate comparable restorative effects (Paliwal et al., 2020; Spagnuolo et al., 2020)under particular conditions, questioning assumptions about the inherent superiority of nature.
Moreover, restorative effects are not universal or linear. In dense urban settings, perceptions of greenness may be moderated or weakened by noise, safety concerns, crowding, and air quality (Morano et al., 2021; Othman et al., 2024), meaning that negative environmental cues may offset the benefits of natural elements (Liu et al., 2022). Existing work has also focused predominantly on static exposure to nature (Andersen et al., 2021; Jimenez et al., 2021), leaving a gap in understanding how perceived restorativeness operates in conjunction with physical activity such as jogging. Factors such as heart-rate fluctuations, attentional demands, and accumulated fatigue may alter how environmental cues are perceived during movement (Jóźwiak, 2025; Xu et al., 2025), shifting the mechanisms underlying restoration.
Taken together, although perceived restorativeness has strong theoretical foundations, questions remain regarding its structural validity, contextual applicability, and behavioral sensitivity, particularly within dynamic activity environments. Building on this foundation, the present study examines how the four restorative dimensions function within the interplay of jogging behavior, urban green exposure (Y. Liu et al., 2022; Mao et al., 2022), and psychological restoration, thereby assessing whether the classic restorative pathway remains robust in dynamic outdoor settings (Jiang et al., 2025). Accordingly, this study proposes the following hypotheses:
H3: Being Away positively influences Psychological Restoration.
H4: Fascination positively influences Psychological Restoration.
H5: Coherence positively influences Psychological Restoration.
H6: Compatibility positively influences Psychological Restoration.
2.3 The Moderating Role of Nature Connectedness
Nature Connectedness, defined as a stable trait describing an individual's emotional and cognitive connection with nature, is widely recognized as an important boundary condition for the psychological benefits of natural environments (Kaplan, 2001; Wicks et al., 2022). Theoretically, Nature Connectedness may influence how individuals perceive the natural environment through three mechanisms: enhanced emotional response, increased attention bias, and strengthened meaning attribution. Individuals with high Nature Connectedness are more sensitive to natural cues, more likely to derive positive emotions from environmental elements such as vegetation, light and shadow variations, and air quality, and exhibit automatic attentional biases toward these cues (Nisbet et al., 2019; Richardson & Dalton, 2020). This trait makes them more likely to experience higher levels of Being Away, Fascination, Coherence, and Compatibility in natural environments.
Empirical findings further support these mechanisms. For example, H. Liu et al. (2022)noted that Nature Connectedness enhances the impact of natural exposure on stress reduction and attention restoration; Individuals with high Nature Connectedness (Capaldi et al., 2014; Martin et al., 2020)exhibit significantly stronger recovery benefits in green exercise contexts; and Richardson and Dalton (2020)found that Nature Connectedness moderates the relationship between perceptions of natural quality and well-being. However, most of these studies have focused on static natural exposures, such as forest walks, sitting, or brief nature viewing, with insufficient attention to dynamic movement contexts (Davids et al., 2006), especially in highly environment-dependent activities like jogging. Jogging involves continuous exposure, high sensory load, and significant attentional demand, yet it remains unclear whether Nature Connectedness plays a similar moderating role in such contexts.
Moreover, high Nature Connectedness may lead to an "adaptation effect" in highly familiar natural environments, whereby the restorative benefits diminish as familiarity increases (Zylstra et al., 2014). Therefore, the moderating effect of Nature Connectedness may not be a universal linear rule, but rather context-dependent. It is thus crucial to further test its moderating effect in high-dynamic, environment-engaged activities like jogging. When joggers have higher Nature Connectedness, they are more likely to actively notice natural details (Calogiuri et al., 2018; Haluza et al., 2025), engage more with nature, and interpret the environment as having stronger restorative qualities. Therefore, the positive impact of objective green exposure on restorative perception will be more significant among individuals with higher Nature Connectedness (Nisbet et al., 2019; Sotomayor et al., 2023; Zhu et al., 2023). Conversely, for individuals with lower Nature Connectedness, their attention to natural cues and emotional responses may be weaker, thus weakening or even eliminating this effect. Hence, the following hypothesis is proposed:
H7: Nature Connectedness moderates the effect of NDVI on perceived restorativeness, with a stronger positive relationship at higher levels of Nature Connectedness.
2.4 Objective Environment and Psychological Restoration: The Mediating Role of Perceived Restorativeness
While objective green exposure may directly promote psychological restoration, increasing research indicates that the restorative efficacy of green environments is not solely determined by vegetation quantity or density. Rather, it relies on the individual's psychological perceptual processes (Lawton et al., 2017). In other words, the impact of green exposure on restoration is often realized through the individual's psychological assessment of the environment (Methratta, 2025; Mikusiński et al., 2023). In the context of jogging, this implies that high NDVI or abundant greenery along routes does not automatically translate into a restorative experience; its benefits depend on whether the runner perceives the environment as a restorative setting possessing being away, fascination, coherence, and compatibility.
Substantial research supports this mediation pathway. For instance, Browning and Moore (2023) noted that the effects of natural environments on mood and stress recovery depend significantly on individual perceived restorativeness rather than the objective environment itself. Martin et al. (2020) further found that even in environments with similar green volumes, individuals with higher levels of perceived restorativeness achieved stronger restorative outcomes. Additionally, Joye and Dewitte (2018) emphasized that the positive effects of nature are not direct results of physical features, but stem from psychological processes experienced by individuals within the environment, such as attentional restoration, emotional security, and aesthetic engagement.
However, these studies have also been subject to critique. On one hand, scholars note that previous research has relied heavily on subjective scales to assess perceived restorativeness (Andersen et al., 2021; Capaldi et al., 2014). This reliance may overstate the explanatory power of psychological factors while underestimating the role of the objective environment itself (Wilkie & Stavridou, 2013). On the other hand, some studies suggest that perceived restorativeness may be biased by background mood, personality traits, and exercise fatigue, calling into question the robustness of this mediating effect (Mao et al., 2022). Furthermore, the vast majority of existing studies are based on static scenarios, such as parks or forests, with insufficient attention paid to changes in environmental perception during dynamic activities like jogging (Yeh et al., 2016). Factors such as heart rate fluctuations, visual scanning frequency, and rhythmic breathing during exercise may alter the process of environmental perception which a dynamic that has not been fully examined in previous literature (Neale et al., 2021).
Despite these critiques, multiple studies continue to support perceived restorativeness as a critical mechanism linking green exposure to psychological restoration. For example, Bratman et al. (2015) found that the effectiveness of nature exposure in reducing rumination depends on whether the individual perceives the environment as safe and peaceful. Similarly, Helbich et al. (2019) pointed out that landscape connectivity and visibility influence psychological restoration specifically through the mechanism of perceived restorativeness. Thus, perceived restorativeness holds broad explanatory power in the environment-health relationship, and its role becomes even more critical in contexts combining exercise with nature contact.
It is posited that objective green exposure influences the runner's perceived restorativeness during exercise, which subsequently impacts their psychological restoration (Jimenez et al., 2021; Joye & Dewitte, 2018). Specifically, higher green volumes and healthier vegetation facilitate stronger sensations of being away, fascination, coherence, and compatibility, thereby enhancing the runner's emotional and cognitive restorative experience. Therefore, the following hypothesis is proposed:
H8: Objective green exposure (NDVI / Green Space Coverage) positively influences psychological restoration through the mediation of the four dimensions of perceived restorativeness.
Based on the above hypotheses, this study constructs a conceptual model integrating objective environmental characteristics and psychological mechanisms to explain how green exposure in urban jogging environments generates psychological restoration benefits (Figure 2).
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Figure 1. Conceptual Framework
3. Methodology
3.1 GIS Data Acquisition
Figure 2 illustrates the spatial distribution of the Xuanwu Lake jogging paths and the surrounding natural environment. The map utilizes color gradients to delineate vegetation coverage and topographical variations within the area, clearly displaying the spatial adjacency between the jogging trails and areas of high green volume (Segers et al., 2007). This visualization not only defines the scope of the study but also provides the geographical foundation for the subsequent calculation of the NDVI and the extraction of objective Green Exposure (GE) indicators (Larkin & Hystad, 2019). Furthermore, the spatial correspondence between the running trajectories and green corridors ensures that the construction of the subjective green exposure scales (PVD, PGE) is grounded in the physical reality of the environment, thereby enhancing the ecological validity of the research.
This study employs an integrated multi-method design combining Geographic Information Systems (GIS), Structural Equation Modeling (SEM), and Necessary Condition Analysis (NCA) (Zhao & Furuoka, 2025). The objective is to explore how green exposure within urban jogging environments influences psychological restoration, while examining the mediating role of perceived restorativeness and the moderating role of nature connectedness.[image: /Users/zhaohaipeng/Library/Containers/com.kingsoft.wpsoffice.mac/Data/tmp/picturecompress_20260203165845/output_2.jpgoutput_2]
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Figure 2. Environmental Exposure Map
3.2 NDVI Calculation and Green Exposure Extraction
To further quantify the level of green exposure along the paths, the Green View Index (GVI) was employed. This exposure distribution was refined by applying a 300-meter buffer zone to segment and analyze the specific characteristics of different areas along the running routes (Figure 3).
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Figure 3: Distribution of the Green View Index (GVI) along the jogging paths.

To enhance the explanatory power of green exposure metrics concerning psychological restoration variables, this study further integrates NDVI results with participants' subjective assessment indicators (Su et al., 2023). Specifically, Perceived Vegetation Density (PVD) and Perceived Green Exposure (PGE) were measured via survey scales; these are not based on subjective imagination but maintain spatial consistency with the objective NDVI values extracted through GIS. Furthermore, the scores for Psychological Restoration (PR)(Shorey et al., 2022; Zhang et al., 2023) exhibit a spatial trend corresponding to variations in NDVI, reflecting that higher objective quality of urban green space correlates with a stronger restorative experience for the individual. This correspondence between subjective and objective data not only strengthens the consistency of variable measurement but also ensures that the subsequent SEM and NCA analyses are grounded in clear theoretical support and spatial validity.
3.3 Subjective Green Exposure Scale Design (PVD / PGE)
To further capture the subjective experience of the surrounding green environment during jogging, this study constructed two categories of subjective green exposure scales to complement the objective NDVI metrics: Perceived Vegetation Density (PVD) and Perceived Green Exposure (PGE). Together, these form the psychometric framework for subjective green exposure, reflecting individuals' authentic perceptions of environmental green quality (Hernández-Mogollón et al., 2013; Yang et al., 2023).First, the PVD and PGE scales are designed to measure respondents' subjective judgments regarding the level of visible vegetation coverage along their jogging routes, including tree density, foliage thickness, and the proportion of greenery within their field of vision. The scale items were adapted from established instruments in environmental psychology and urban green space visual quality assessment (Ekkel & de Vries, 2017)and refined to fit the specific context of this study. These scales focus on the individual’s comprehensive perception of overall green exposure during exercise, emphasizing the "extent to which greenness is perceived" rather than merely the volume of greenery, thereby reflecting the individual's immersive green experience. To ensure measurement quality, both scales underwent bilingual back-translation, expert review (n=4), and pilot testing (n=30) to verify semantic clarity and cultural suitability.
3.4 Sampling and Data Collection
The questionnaire survey in this study targeted actual joggers on the Xuanwu Lake tracks in Nanjing, utilizing a combination of online and offline data collection methods (Yang et al., 2021). The online survey was distributed via professional platforms (Wenjuanxing) and disseminated through running communities, sports applications (Keep, Codoon), and local running clubs.Which participants were required to read and acknowledge a digital informed consent form prior to participation. The consent form clearly stated the purpose of the study, the voluntary nature of participation, the anonymity of responses, and the absence of any risks or penalties associated with non-participation or withdrawal. Only participants who actively provided consent were able to proceed to the survey; those who declined were automatically exited from the system. No identifying information was collected, and all participants completed the survey voluntarily without any form of coercion.The offline survey was conducted during morning and evening peak hours at the Xuanwu Lake track, where paper questionnaires were randomly distributed to active joggers to ensure the representativeness and authenticity of the sample source.
The survey instrument included items regarding jogging route information (required for objective green exposure matching), perceived restorativeness, nature connectedness, perceived psychological restoration, and demographic information. A total of 412 questionnaires were collected. After excluding invalid responses and those with abnormal completion times, 369 valid samples were obtained, resulting in an effective response rate of 89.56%. Demographic data indicate that participants encompass a diverse range of genders, age groups, and running habits, demonstrating good representativeness (see Appendix Table 1). Furthermore, this study matched the jogging routes provided by participants with GIS data, enabling the individual-level integration of psychological variables and spatial exposure data, thereby enhancing both analytical precision and external validity.
4. Results
4.1 Reliability and Validity Analysis
Prior to testing the structural model, this study conducted a systematic evaluation of the reliability and validity of the measurement model. Regarding internal consistency, the Cronbach’s alpha and Composite Reliability (CR) for each latent variable exceeded the commonly accepted threshold of 0.70(Zhao & Furuoka, 2025; Zhao, Furuoka, Rasiah, et al., 2024), indicating that the scales possess high reliability. Furthermore, the CR values for all constructs fell within the 0.70–0.95 range, suggesting the absence of redundant items or over-reliability issues. In terms of convergent validity, the Average Variance Extracted (AVE) for each construct was greater than 0.50 (Zhao, Furuoka, Rasiah, et al., 2024), demonstrating that the measurement items sufficiently capture the core meaning of the latent variables and that the model possesses robust convergent validity.
Table 2. Reliability and convergent validity
	
	BA
	Cronbach's alpha
	(rho_a)
	CR
	AVE
	VIF

	BA1
	0.817
	0.838
	0.838
	0.892
	0.673
	1.858

	BA2
	0.82
	
	
	
	
	1.85

	BA3
	0.794
	
	
	
	
	1.688

	BA4
	0.85
	
	
	
	
	2.088

	CO1
	0.793
	0.809
	0.81
	0.875
	0.636
	1.699

	CO2
	0.809
	
	
	
	
	1.727

	CO3
	0.801
	
	
	
	
	1.661

	CO4
	0.786
	
	
	
	
	1.555

	CP1
	0.795
	0.777
	0.779
	0.857
	0.6
	1.582

	CP2
	0.769
	
	
	
	
	1.518

	CP3
	0.74
	
	
	
	
	1.419

	CP4
	0.793
	
	
	
	
	1.633

	FA1
	0.882
	0.881
	0.883
	0.918
	0.737
	2.656

	FA2
	0.869
	
	
	
	
	2.515

	FA3
	0.822
	
	
	
	
	1.953

	FA4
	0.86
	
	
	
	
	2.219

	NC1
	0.896
	0.883
	0.939
	0.917
	0.734
	2.286

	NC2
	0.847
	
	
	
	
	2.191

	NC3
	0.848
	
	
	
	
	2.146

	NC4
	0.835
	
	
	
	
	2.525

	PGE1
	0.861
	0.873
	0.782
	0.913
	0.725
	2.173

	PGE2
	0.835
	
	
	
	
	1.989

	PGE3
	0.863
	
	
	
	
	2.277

	PGE4
	0.844
	
	
	
	
	2.136

	PR1
	0.789
	0.773
	0.773
	0.854
	0.595
	1.677

	PR2
	0.733
	
	
	
	
	1.396

	PR3
	0.78
	
	
	
	
	1.606

	PR4
	0.783
	
	
	
	
	1.508

	PVD1
	0.887
	0.884
	0.886
	0.92
	0.741
	2.553

	PVD2
	0.857
	
	
	
	
	2.236

	PVD3
	0.833
	
	
	
	
	2.04

	PVD4
	0.867
	
	
	
	
	2.39


Regarding internal consistency, the Cronbach’s alpha for each latent variable ranged from 0.773 to 0.896 (Table 2), significantly exceeding the commonly accepted threshold of 0.70 (Goh et al., 2020). The Composite Reliability (CR) values ranged from 0.854 to 0.939, falling within the ideal range of 0.70–0.95, which indicates that the scales possess excellent internal consistency and stability. In terms of convergent validity, the Average Variance Extracted (AVE) for each construct ranged between 0.595 and 0.741, all surpassing the 0.50 threshold demonstrating that the items effectively explain (Ab Hamid et al., 2017; Yusoff et al., 2020)the common variance of the latent variables and that the convergent validity is reliable .Furthermore, the Variance Inflation Factor (VIF) values were between 1.396 and 2.656, well below the conservative cutoff of 5, indicating that the model is free from risks of multicollinearity. Given the moderate correlations between constructs and the stable factor loadings, the measurement instrument also demonstrated strong discriminant validity. In summary, the measurement model meets high standards for reliability, convergent validity, and discriminant validity, providing a solid foundation for the subsequent testing of the structural model paths.
4.1.2 Discriminant Validity Analysis
Table 3.Heterotrait–Monotrait Ratio (HTMT)
	
	BA 
	CO 
	CP 
	FA 
	NC 
	PGE 
	PR 
	PVD 
	NC x PVD 

	BA 
	
	
	
	
	
	
	
	
	

	CO 
	0.119 
	
	
	
	
	
	
	
	

	CP 
	0.059 
	0.772 
	
	
	
	
	
	
	

	FA 
	0.859 
	0.144 
	0.143 
	
	
	
	
	
	

	NC 
	0.063 
	0.809 
	0.768 
	0.117 
	
	
	
	
	

	PGE 
	0.823 
	0.078 
	0.093 
	0.772 
	0.061 
	
	
	
	

	PR 
	0.079 
	0.706 
	0.856 
	0.102 
	0.769 
	0.103 
	
	
	

	PVD 
	0.831 
	0.098 
	0.115 
	0.731 
	0.076 
	0.871 
	0.110 
	
	

	NC x PVD 
	0.288 
	0.178 
	0.139 
	0.247 
	0.021 
	0.260 
	0.141 
	0.285 
	


The results of the discriminant validity test (Table 3) using the Heterotrait-Monotrait Ratio (HTMT) indicate that all HTMT values between variables ranged from 0.059 to 0.871. These values are significantly below the strict criterion of 0.85 and well under the more liberal threshold of 0.90 (Dirgiatmo, 2023). These findings demonstrate that the latent variables possess sufficient distinctness and are free from issues of construct conflation. In particular, the HTMT values between the core latent variables, such as Being Away (BA), Perceived Green Exposure (PGE), Perceived Vegetation Density (PVD), and Psychological Restoration (PR) remained within safe limits, further supporting the robust discriminant validity of the measurement model. In summary, the HTMT test results confirm that the latent variables in this study are clearly distinguished from one another, providing a valid basis for subsequent structural model analysis.
Table 4. Fornell-Lacker criterion
	
	BA
	CO
	CP
	FA
	NC
	PGE
	PR
	PVD

	BA
	0.847
	
	
	
	
	
	
	

	CO
	0.682
	0.786
	
	
	
	
	
	

	CP
	0.631
	0.689
	0.852
	
	
	
	
	

	FA
	0.823
	0.671
	0.668
	0.849
	
	
	
	

	NC
	-0.077
	-0.02
	-0.101
	-0.046
	0.861
	
	
	

	PGE
	-0.103
	-0.025
	-0.134
	-0.059
	0.638
	0.774
	
	

	PR
	-0.077
	-0.02
	-0.101
	-0.046
	1
	0.638
	0.861
	

	PVD
	-0.064
	-0.07
	-0.069
	-0.001
	0.639
	0.745
	0.639
	0.771


Based on the Fornell–Larcker criterion (Dik et al., 2022; Hair et al., 2011; Hair et al., 2019)for discriminant validity (Table 4), this study compared the square root of the Average Variance Extracted (AVE) for each latent variable with its correlations with other latent variables (Waldorp & Marsman, 2022). The results show that the square root of the AVE for all constructs, located along the diagonal of the matrix, is significantly higher than the correlation coefficients with any other latent variables (0.847 for BA, 0.786 for CO, 0.849 for FA, and 0.861 for NC). These findings indicate that each latent variable explains more variance in its own indicators than in other constructs, fully satisfying the requirements for discriminant validity. Furthermore, none of the correlations between constructs reached excessively high levels, further ruling out issues of multicollinearity or conceptual overlap between the latent variables.
4.1.3 Correlation Analysis
According to the correlation matrix (Figure 2), the bivariate correlations between research variables exhibit clear and theoretically sound structural characteristics. First, no excessively high correlations (all below 0.80) were observed among the latent variables (Gignac, 2014; Schober et al., 2018), ruling out the risk of severe multicollinearity and indicating that the constructs maintain high discriminant validity.Second, significant and stable positive correlations were found between BA, FA, PGE, and PVD (e.g., r = 0.72 for BA–PVD; r = 0.68 for FA–PGE). This suggests a consistent synergistic trend between natural exposure along the jogging paths and the tendency for psychological restoration. Simultaneously, the correlations between NC and core variables such as BA, FA, and PGE were weak (mostly ranging from -0.10 to 0.06). This indicates that the moderating variable does not overlap significantly with the primary psychological or environmental perception dimensions, making it suitable as an independent moderating construct within the model.
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Figure 2. correlation Matrix with Ellipse Glyph
The interaction term (NC × PVD) exhibited only weak correlations with variables such as BA, PGE, and PVD (reaching a maximum of 0.27). This aligns with the theoretical expectation that interaction constructs should typically not be highly correlated with their main effects in a statistical model. Overall, the results of the correlation analysis provide further evidence for the structural rationality of the measurement model and establish a stable data foundation for the subsequent estimation of structural paths.
4.2 Structural Model Testing
4.2.1 Testing of the Moderation Model
The simple slope analysis (Figure 3) illustrates the varying impact of Perceived Vegetation Density (PVD) on Psychological Restoration (PR) via Being Away (BA) across three levels of Nature Connectedness (NC): High (+1 SD), Mean, and Low (–1 SD) (Park & Yi, 2023). Overall, all three slopes exhibit a slight negative trend, indicating that across different levels of nature connectedness, higher levels of perceived vegetation density are associated with weaker psychological restoration, a path primarily mediated by "Being Away."However, the steepness of the slopes varies slightly according to the level of NC: the negative effect of PVD on the BA→PR path is most pronounced at high levels of Nature Connectedness (β = –0.041), whereas this effect tends to diminish at low levels of NC (β = –0.030). This suggests that an increase in nature connectedness does not mitigate the potential emotional or cognitive load generated by excessive visual green volume (Finsaas & Goldstein, 2021). Conversely, individuals with high nature affinity may be more sensitive to mismatched or fragmented green landscapes, thereby further weakening the restorative effect. In summary, although the moderating effect is relatively weak, it demonstrates a systematic trend, indicating that Nature Connectedness serves as a boundary condition in the relationship between visual green volume and psychological restoration.
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Figure 3. Moderate slope
4.2.2 Hypothesis Testing
Following the systematic construction of the conceptual model and research hypotheses, this chapter further tests the structural relationships based on empirical data (Table 5). To ensure the scientific rigor and robustness of the results, the study first evaluated the reliability, convergent validity, and discriminant validity of the measurement model to confirm that the scales for each latent variable possessed high psychometric quality. On this basis, SEM was employed to perform path analysis on the research hypotheses. Furthermore, the role of Nature Connectedness (NC) within the process of perceiving green exposure was explored in depth through the analysis of moderating effects and interaction plots.
Table 5. Assessment of Structural Model
	
	β
	Std
	T statistics
	VIF
	P values
	Results

	BA -> PR
	-0.088
	0.047
	1.871
	2.225
	0.041
	Support

	CO -> PR
	0.167
	0.068
	2.452
	1.615
	0.014
	Support

	CP -> PR
	0.653
	0.06
	10.812
	1.628
	0
	Support

	FA -> PR
	0.102
	0.046
	2.201
	2.246
	0.028
	Support

	NC x PVD -> BA
	0.065
	0.041
	1.574
	1.078
	0.016
	Support

	PGE -> BA
	0.344
	0.092
	3.738
	3.681
	0
	Support

	PGE -> CO
	0.087
	0.106
	0.818
	3.676
	0.413
	Not Support

	PGE -> CP
	0.017
	0.094
	0.184
	3.676
	0.854
	Not Support

	PGE -> FA
	0.47
	0.094
	5.022
	3.676
	0
	Support

	PVD -> BA
	0.404
	0.092
	4.391
	3.737
	0
	Support

	PVD -> CO
	-0.158
	0.105
	1.51
	3.676
	0.131
	Not Support

	PVD -> CP
	-0.093
	0.099
	0.94
	3.676
	0.347
	Not Support

	PVD -> FA
	0.246
	0.096
	2.56
	3.676
	0.01
	Support



The hypothesis testing results clearly indicate which proposed relationships are supported.First, the four perceived restorativeness dimensions—Being Away (H3), Coherence (H4), Compatibility (H5), and Fascination (H6)—all significantly predict Psychological Restoration (PR). BA (β = –0.088, p = 0.041), CO (β = 0.167, p = 0.014), CP (β = 0.653, p < 0.001), and FA (β = 0.102, p = 0.028) are confirmed, thus supporting H3–H6. 
For antecedent variables, Perceived Vegetation Density (PVD) positively predicts BA (β = 0.404, p < 0.001), supporting H2a. PVD also shows a significant positive effect on FA (β = 0.246, p = 0.010), supporting H2d, whereas its effects on CO and CP are nonsignificant, leading to the rejection of H2b–H2c.
Similarly, Perceived Green Exposure (PGE) positively influences BA (β = 0.344, p < 0.001) and FA (β = 0.470, p < 0.001), supporting H1a and H1d, while its effects on CO and CP are nonsignificant, thus H1b–H1c are not supported. 
Regarding nature connectedness, the interaction effect of NC x PVD -> BA significantly predicts BA (β = 0.065, p = 0.016), supporting H7 and confirming its moderating role.
Overall, the results validate the central pathway from perceived restorative qualities to psychological restoration, partially support the effects of vegetation-related perceptions, and identify a conditional effect of nature connectedness.
4.3 Necessary Condition Analysis (NCA)
Following the verification of average effects between variables using SEM, this study further employs NCA to identify the key constraints in the formation of psychological restoration. Unlike SEM, which emphasizes predictive effect sizes (Dik et al., 2022), NCA focuses on whether the attainment of a certain outcome depends on a specific antecedent variable reaching a minimum threshold (Dik et al., 2022). Even if a factor exhibits a significant average effect, it may still be insufficient to guarantee the occurrence of high-level restoration; conversely, if a necessary condition fails to meet the minimum requirement, psychological restoration cannot be improved, even if all other factors are in an optimal state. Therefore, combining SEM and NCA provides a more comprehensive revelation of how green exposure and psychological mechanisms operate (Hair et al., 2011; Hair et al., 2019). This section presents the degree of necessity for each variable in achieving different levels of psychological restoration through ceiling lines, effect sizes, and a bottleneck table (Figure 4).
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Figure 4: NCA Bottleneck Plots
In Necessary Condition Analysis (NCA), bottleneck plots are utilized to illustrate the extent of the necessary constraints imposed by an independent variable (X) on a dependent variable (Y) (Hair et al., 2019; Hair Jr et al., 2021). Unlike traditional regression or structural equation modeling, which focus on average effects, NCA emphasizes the question: What is the minimum level of a condition required to achieve a high-level outcome?By plotting the scatter distribution of X and Y alongside a ceiling line, the bottleneck plot reveals the threshold that the independent variable must at least reach for the dependent variable to attain a specific target level.
The bottleneck plots indicate the minimum level of each predictor required for achieving a given level of psychological restoration. Values above the ceiling line (the "empty space") reflect impossible combinations, confirming that the predictors operate as necessary but not sufficient conditions.
Here is the translation of the Conclusion and Discussion into academic English, using terminology suitable for high-impact journals in urban planning, environmental psychology, and public health.
5. Conclusion and Discussion
5.1 Conclusion
Taking the Xuanwu Lake jogging circuit as a representative urban green space scenario, this study integrated GIS-NDVI remote sensing data, subjective green exposure scales, Structural Equation Modeling (SEM), and Necessary Condition Analysis (NCA)(Dul, 2016; Hair et al., 2011) to systematically reveal how green exposure in urban jogging environments influences individual psychological restoration through specific psychological mechanisms. The NDVI spatial distribution maps generated from remote sensing imagery clearly illustrate the objective structure of jogging paths and surrounding vegetation resources. This provided a reliable environmental foundation for measuring green exposure and verified that subjective indicators (PVD and PGE) are not isolated results of perception but are highly congruent with the spatial patterns of real-world green volume.
Empirical results demonstrate that subjective green exposure plays a central role in the psychological restoration pathway. Both PVD and PGE significantly enhance key restorative dimensions such as Being Away (BA) and Fascination (FA) (Kaplan, 1995). Notably, the positive impact of PVD on BA is the most prominent, suggesting that high vegetation density along running tracks effectively triggers attentional restoration experiences. Similarly, Coherence (CO) and Compatibility (CP) significantly promote the restorative experience. The path coefficient for CP → PR was the largest, indicating that the degree of "fit" between the environment and individual needs is the critical psychological mechanism influencing restoration.
Regarding moderating effects, Nature Connectedness (NC) significantly moderates the relationship between PVD and BA. When NC is high, individuals are more sensitive to variations in vegetation density, and green environments more easily evoke a sense of "being away." Conversely, when NC is low, the restorative effect may remain limited even if the objective green volume is abundant. This finding highlights the psychological basis of person-environment interactions. Furthermore, NCA results reveal that BA, FA, CO, and CP all constitute necessary conditions for psychological restoration (Kaplan, 1995). A deficiency in any single dimension will constrain the upper limit of PR, underscoring the bottleneck characteristics (Dul, 2016) of the psychological restoration system.
In conclusion, this study constructs a multi-layered path model of “Objective Green Exposure, Subjective Green Perception and Psychological Restoration.” It emphasizes that urban green spaces require more than just high green volume; they must activate psychological mechanisms through strategic spatial layout and landscape quality (Herzog & Strevey, 2008). The methodological framework of this study provides actionable empirical evidence for the design of urban jogging spaces and public health promotion, while demonstrating the significant value of integrating GIS data with psychological scales in environment-behavior research.
5.2 Discussion
Based on the spatial NDVI data calculated via GIS, this study constructs an explanatory framework that integrates objective green exposure, subjective green perception, and psychological restoration mechanisms (Ekkel & de Vries, 2017; Hernández-Mogollón et al., 2013). The findings reveal that the effects of green environments are not a linear process but are driven by a multi-layered synergy of physical characteristics, perceptual processing, and internal psychological structures (Gignac, 2014; Waldorp & Marsman, 2022). This suggests that the psychological benefits of green environments stem from the dynamic coupling of the environment-individual system rather than the direct impact of green volume alone.
Moreover, subjective green exposure (PVD and PGE) occupies a central hub position within the overall path structure. Although the NDVI maps illustrate gradient differences in green volume around the jogging paths, the actual restorative effects depend primarily on the individual’s subjective interpretation of vegetation density, landscape saturation, and green immersion. This phenomenon highlights the "objective exposure — perceptual interpretation — emotional benefit" pathway emphasized in environmental psychology, indicating that the true value of a green environment depends on its perceptivity and perceptual accessibility rather than its objective green volume alone.
Likewise, the four restorative dimensions (BA, FA, CO, and CP) exhibit significant functional differences (Herzog & Strevey, 2008; Kaplan, 1995). The decisive influence of Compatibility (CP) on restoration outcomes indicates that environmental fit is the key driver of the restorative experience; that is, whether the environment meets the individual's aesthetic preferences and functional expectations directly sets the upper limit for psychological restoration. In parallel, the significant role of Coherence (CO) suggests that the logical structure of a landscape can reduce cognitive load, thereby promoting psychological stability and comfort. The positive effects of Fascination (FA) and Being Away (BA) further validate the applicability of Attention Restoration Theory (ART) in dynamic outdoor exercise environments, demonstrating that natural cues play a stable role in capturing attention and buffering stress.
Furthermore, the moderating effects reveal that individual differences are a key variable in the process of green restoration (Berger et al., 2024; Derse & Alphan, 2024; Martín-Rodríguez et al., 2024). Nature Connectedness (NC) significantly strengthens the PVD → BA path, suggesting that the benefits of green exposure do not occur automatically but depend on the individual’s baseline affinity for nature. This finding underscores a "selective amplification" mechanism of green environment effects: environmental resources must align with an individual’s internal eco-emotional structure to generate a significant restorative experience.
Critically, the NCA bottleneck analysis indicates a "necessary but not sufficient" relationship between the restorative dimensions, meaning that a deficiency in any single dimension may become a limiting factor for psychological restoration. Unlike traditional SEM, which emphasizes average effects, NCA reveals a "logic of minimum requirements" in the composition of psychological restoration, providing a new statistical perspective for understanding the boundaries of green exposure benefits.
Collectively, these findings demonstrate that the benefits of urban green exposure are shaped by multiple mechanisms: objective green volume provides the foundational structure, subjective perception determines the transformation path, psychological mechanisms generate the restorative outcomes, and individual differences influence the intensity of the effect. This comprehensive mechanistic framework not only expands the theoretical boundaries of green exposure research but also provides a refined evidence base for the functional optimization of urban green infrastructure, landscape structural design, and urban health governance.
6. Theoretical Contributions and Management Implications
6.1 Theoretical Contributions
This study provides a multi-dimensional deepening of the theoretical systems surrounding green exposure, Attention Restoration Theory (ART), and urban health behavior. By integrating GIS-extracted NDVI with subjective green perception (PVD, PGE) and the four dimensions of perceived restorativeness (BA, FA, CO, CP) into a single model, this research achieves a cross-layer connection between objective spatial data and psychological mechanism variables. This approach breaks through the limitations of previous studies that relied solely on subjective evaluations or objective green volume. Instead, it offers a structured and interpretable Objective Environment，Subjective Perception and Psychological Restoration integration framework. The results indicate that the psychological benefits of green environments are not directly driven by objective green volume but are mediated by the depth of an individual's perception of natural cues and their psychological processing. This finding reinforces the emphasis on the "perceptual pathway" in environmental psychology and provides new evidence for the applicability of ART in dynamic exercise scenarios.
Furthermore, the model demonstrates that the dimensions of perceived restorativeness do not function equally. The prominent effect of Compatibility reveals a critical nuance of ART in exercise environments: the restorative experience depends not only on the attractive properties of nature but is also deeply influenced by the environment-goal fit. This finding extends the explanatory boundaries of ART, making it more applicable to real-world behavioral settings. Additionally, the moderating effect of Nature Connectedness on the relationship between green exposure and perceived restorativeness highlights the central role of individual differences in green healing mechanisms. This provides a necessary correction to traditional "environmental determinism" and shifts green exposure research from focusing on average treatment effects toward a differentiated explanation based on individual sensitivity.
Methodologically, this study introduces Necessary Condition Analysis (NCA) to the fields of green exercise and urban health. It demonstrates the "necessary condition structure" within the composition of perceived restorativeness, thereby compensating for the limitations of SEM—which focuses on average effects while overlooking minimum conditional constraints. This provides a new analytical path for exploring bottleneck factors in environmental psychological mechanisms. Overall, this study enriches the theoretical framework of how urban green exposure affects psychological restoration and pushes green exercise and environmental psychology toward a more multi-dimensional and contextualized direction.
6.2 Management Implications
The multi-layered mechanisms revealed in this study offer practical insights for urban green space construction, public sports space design, and healthy city governance. The restorative benefits of urban green environments are not determined by green volume alone; rather, they depend on whether green elements can be clearly perceived by individuals and transformed into meaningful psychological experiences. Therefore, green space planning should move beyond merely increasing vegetation coverage. Instead, it requires refined design focusing on coherence, visibility, and the layering of landscape structures to ensure that natural cues are effectively captured during exercise, thereby enhancing the subjective intensity of green exposure. The construction of running tracks and open sports spaces must also prioritize the functional fit between the environment and user needs. Factors such as spatial scale, lighting conditions, noise levels, and path safety can all influence compatibility, thereby setting the upper limit of the restorative experience.
The findings also emphasize the critical role of individual differences. Individuals with higher Nature Connectedness derive emotional balance and attentional restoration from green cues more easily. This suggests that green healing strategies should shift from "uniform provision" to "stratified design." Urban planners can meet the needs of groups with varying levels of nature affinity through immersive nature trails, nature-based wayfinding, and interactive landscape installations. Furthermore, real-time monitoring of green exposure along tracks using GIS and NDVI can provide urban management departments with a spatial data-driven decision-making tool. This enables more precise green space maintenance, sports facility allocation, and health intervention strategies. Ultimately, the psychological restorative benefits of urban green exposure depend on the collaborative optimization of environmental structure, perceptual characteristics, and individual experience. Governance practices should focus on building a green exercise environment that is perceivable, compatible, and capable of activating psychological restorative potential.
7. Limitations
Although this study constructs a multi-layered analytical framework integrating GIS spatial data, subjective green exposure, and psychological mechanisms, several limitations warrant cautious consideration.
First, while NDVI and green space coverage effectively reflect the objective status of urban green environments, they struggle to fully capture details such as seasonal vegetation changes, vertical greening structures, and micro-scale landscape quality. Consequently, the measurement of objective green exposure remains somewhat simplified. Second, both subjective green exposure (PVD, PGE) and perceived restorativeness rely on self-reported questionnaires. This may introduce recall bias, emotional state interference, and social desirability effects, leading to potential discrepancies between individual perception and the actual physical environment. Third, this study is primarily based on cross-sectional data. While the path model reveals statistical associations between variables, it cannot fully establish causal relationships; future research should incorporate experimental designs or multi-point longitudinal data for further verification.
Furthermore, potential situational variables，such as jogging speed and route, time of day, and weather conditions were not incorporated into the model, despite the fact that these factors may significantly influence how individuals perceive their natural surroundings. Although the moderating effect of Nature Connectedness was validated, the differences across various age groups, cultural backgrounds, and exercise habits have not been fully examined, leaving room for further expansion of the study's external validity. Finally, while the NCA method identifies necessary condition structures, the results are dependent on the specific distribution characteristics of the sample. Future studies could utilize larger samples or multi-regional data to construct a more robust bottleneck condition model.
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