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Abstract


Urban park assessment typically emphasizes vegetation quantity, yet spaces with similar greenness may still produce different visual experiences. This study aimed to identify the structural characteristics of horticultural configurations and examine their incremental predictive value for multidimensional visual perception. A total of 500 local landscape scenes were selected from 10 urban parks in Chengdu and presented as standardized photographs. One hundred and fifty participants rated 17 visual attributes on a seven-point scale. Landscape structure metrics, principal component analysis, cluster analysis, cross-park validation, and SHAP analysis revealed that horticultural configurations varied primarily along three gradients: vegetation continuity–fragmentation, geometric complexity, and patch size. These gradients formed three representative states: dense woody, open heterogeneous, and impervious fragmented configurations. Visual perception was organized into three functional domains: restorative immersion, spatial openness, and affective richness. Compared with models containing only the NDVI and greenspace coverage, adding configuration metrics increased the cross-park predictive R2 by 0.257, 0.181, and 0.241 for the three perceptual domains, respectively. Vegetation aggregation and connectivity, mean patch area, and shape complexity were the primary predictors of the respective domains and exhibited stable nonlinear response patterns. This study extends park assessment from vegetation quantity to spatial organization mechanisms, providing an evidence base for perception-oriented horticultural design and helping reduce costly trial-and-error and inefficient investment in park renewal.
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1. Introduction


Urban parks are important components of urban ecosystems. They not only improve environmental quality and provide ecosystem services but also contribute to psychological restoration, emotion regulation, and the formation of environmental experiences. Extensive research has shown that exposure to green spaces can facilitate stress recovery, enhance mental health, and improve positive perceptions of urban environments [1,2,3,4,5,6]. Accordingly, the scientific evaluation of urban green-space quality has become an important research topic in landscape ecology, urban planning, and horticultural design.



Urban green-space assessment has long relied primarily on vegetation quantity indicators, such as greenspace coverage, the normalized difference vegetation index (NDVI), and the green view index [7,8]. These indicators describe “how much greenery” a space contains. However, increasing evidence suggests that similar levels of greenery do not necessarily produce comparable visual experiences or psychological responses [9,10,11,12,13]. Such differences may further depend on how vegetation is spatially organized, including its aggregation, connectivity, fragmentation, scale, and form [14,15,16,17]. Therefore, vegetation quantity alone may be insufficient to fully explain perceptual differences among urban parks, highlighting the need to shift attention from “how much greenery there is” to “how greenery is organized”.



In this study, “horticultural configuration” specifically refers to the spatial organization and geometric form of vegetation patches within standardized visual scenes. It is operationalized through fragmentation, aggregation, connectedness, mean patch area, shape complexity, and fractal dimension. The NDVI and greenspace coverage represent vegetation quantity and serve as benchmark predictors.



Landscape ecology has developed metrics such as fragmentation, aggregation, connectedness, patch area, and shape complexity to characterize the spatial relationships among landscape elements [18,19,20]. However, these metrics have primarily been used to investigate ecological patterns and processes, while their explanatory value for human visual perception and horticultural experience remains insufficiently examined [21,22,23]. In particular, it remains unclear whether horticultural configuration provides additional perceptual information beyond overall vegetation quantity and whether different structural attributes correspond to distinct perceptual functions [24,25,26].



This issue is further complicated by the multidimensional nature of landscape perception. Visual experience in urban parks is not a single overall evaluation but may encompass distinct dimensions such as restorativeness, openness, and affective richness. Continuous and aggregated vegetation structures may be associated with perceived naturalness, tranquility, and refuge [27,28,29,30]; larger spatial scales and unobstructed views may correspond to stronger perceptions of openness [31,32,33,34]; and complex boundaries and multilayered planting compositions may enhance visual interest and affective richness [35,36]. Moreover, relationships between horticultural configuration and perception may not be strictly linear. Some structural attributes may exhibit changing marginal effects, specific response ranges, or threshold characteristics [37,38,39,40,41,42,43,44,45,46,47,48]. It is therefore necessary to examine the incremental explanatory value of horticultural configuration, the specificity of its relationships across perceptual dimensions, and its potential nonlinear effects.



To address these research gaps, this study conceptualizes the horticultural environment of urban parks as a multidimensional structural system comprising vegetation composition, spatial organization, and landscape form. By integrating landscape structure analysis, multidimensional perceptual assessment, machine-learning prediction, and model interpretation, the study examines whether horticultural configuration can explain multidimensional landscape perceptions beyond traditional vegetation quantity indicators and whether different perceptual functions correspond to distinct structural characteristics and response patterns. The specific objectives are to:




	(1)

	
Identify the principal structural gradients of horticultural configuration in urban parks and reveal differences in spatial organization among parks and their representative configuration states;




	(2)

	
Determine the latent structure of multidimensional landscape perception and clarify the functional perceptual dimensions associated with different horticultural configurations;




	(3)

	
Compare the independent predictive value of horticultural configuration with that of traditional greenness indicators and identify the key structural predictors of each perceptual domain;




	(4)

	
Reveal nonlinear response patterns in configuration–perception relationships, thereby providing a theoretical basis for function-oriented urban park design.









Accordingly, the following hypotheses are proposed:



H1. 

Urban park horticultural environments exhibit significant spatial structural gradients jointly characterized by aggregation, connectedness, fragmentation, and geometric form.





H2. 

Landscape perception in urban parks has a multidimensional structure, with different perceptual dimensions corresponding to distinct horticultural configuration characteristics.





H3. 

After controlling for traditional vegetation quantity indicators, horticultural configuration provides additional explanatory or predictive information for landscape perception, with key structural variables differing among perceptual dimensions.





H4. 

Some horticultural structural attributes exhibit nonlinear relationships or specific response ranges with landscape perception rather than following entirely simple linear patterns.





By testing these objectives and hypotheses, this study seeks to move beyond the conventional vegetation quantity-centered approach to urban green-space assessment and establish a horticultural environment evaluation framework that shifts from “vegetation quantity” to “spatial configuration.” The findings will deepen understanding of how urban horticultural structures shape human visual experience and provide scientific support for the targeted design of restorative, open, and experientially rich spaces.




2. Materials and Methods


2.1. Study Area and Sampling Design


This study selected 10 urban parks in Chengdu, Sichuan Province, China, as the study area (Figure 1). The parks were not selected through simple random sampling but purposively according to predefined criteria for landscape heterogeneity. The principal selection criteria were: (1) relatively stable and mature horticultural landscapes; (2) good routine maintenance, without large-scale construction or evident landscape degradation during the survey period; (3) diverse planting configurations, spatial structures, and landscape compositions; and (4) sufficient size and scene diversity to support standardized visual sampling. This strategy was not intended to generate a probability sample representative of all parks in Chengdu but to obtain horticultural landscape samples with sufficient environmental variation under a shared urban climatic and social context.



The 10 parks differed in their periods of establishment, spatial layouts, and landscape design characteristics, and all were open to the public and under routine maintenance during the survey. In terms of landscape design, the sample included parks dominated by naturalistic plant communities and woodland-understory spaces, parks characterized by open lawns and sparsely wooded areas, parks with prominent waterfront features, and parks containing relatively high proportions of built structures, ornamental planting, and mixed horticultural spaces. Consequently, the parks differed substantially in tree-canopy cover, shrub-layer structure, grassland proportion, plant-community density, water arrangement, impervious surfaces, and spatial openness, thereby providing an environmental gradient for comparing horticultural structures.



The representativeness of these parks does not lie in their statistical representation of all urban parks in Chengdu but in their coverage of the major horticultural spaces and planting configurations commonly found in contemporary high-density Chinese cities. Chengdu has a long tradition of urban landscape construction and has continuously promoted park-city development in recent years. Its urban parks therefore encompass diverse environmental settings, including mature vegetation, designed horticultural configurations, waterfront spaces, open green spaces, and built landscapes. Selecting parks with contrasting horticultural structures within the same city helps reduce confounding associated with regional climate, urban culture, and broader social conditions while expanding the range of landscape structural variation covered by the study.



From an international research perspective, these parks were not selected on the assumption that Chengdu’s parks directly represent urban parks worldwide. Instead, they were treated as empirical cases of mature urban green spaces within a high-density and rapidly urbanizing context. The core variables examined—vegetation cover, vertical vegetation structure, spatial openness, landscape composition and configuration, and visual perception—are not dependent on specific park names or local cultural types but constitute environmental attributes that can be measured and compared across urban green-space studies in different countries. Accordingly, this study emphasizes the transferability of environmental attributes and continuous landscape gradients, rather than the direct international generalization of findings from specific park types.



A standardized scene-sampling method was used to establish 500 sampling units along park paths and within representative landscape areas, with 50 units selected from each park. The sampled scenes included open grasslands, dense woodlands, waterfront spaces, and ornamental planting areas. Adequate distances were maintained between sampling locations to minimize visual repetition. All photographs were taken horizontally at an eye level of 1.5–1.6 m under standardized field-of-view, weather, and lighting conditions. Images substantially affected by dense pedestrian flows, vehicles, or construction activities were excluded, resulting in a standardized image dataset of horticultural landscapes.



A total of 150 participants were recruited from the general public through an open recruitment process to undertake the visual perception assessment. The inclusion criteria were an age of ≥18 years, normal or corrected-to-normal vision, the ability to independently complete the image-viewing and questionnaire tasks, and voluntary participation in the study. The visual perception survey was conducted in November 2024. Before the formal assessment, researchers explained the study purpose, evaluation procedure, and scale-completion method to the participants. The survey was conducted in a relatively quiet indoor environment with stable lighting, using a standardized image-display and evaluation procedure. No feedback was provided by the researchers during the assessment, and participants were not permitted to discuss their ratings with one another. Brief breaks were scheduled according to a predefined procedure to reduce visual fatigue and attention decline caused by continuous image evaluation.



The participants had a mean age of 28.22 ± 5.16 years; 74 were women (49%) and 76 were men (51%).



All participants provided written informed consent. The study protocol was reviewed and approved by the Ethics Committee of Sichuan Forestry Central Hospital (Approval No. 002; 15 September 2024). An a priori statistical power analysis was conducted using G*Power 3.1. With an effect size of 0.50, a significance level of α = 0.05, and statistical power of 0.85, the minimum required sample size was 146 participants. The final sample size therefore met the analytical requirement.




2.2. Multidimensional Characterization of Horticultural Configurations


To address the limited ability of conventional greenness indicators to characterize the spatial organization of vegetation, this study developed a horticultural configuration indicator system comprising four dimensions: vegetation quantity, spatial organization, landscape geometry, and spatial scale. Vegetation quantity was represented by greenspace coverage and the normalized difference vegetation index (NDVI). Spatial organization metrics, calculated using FRAGSTATS 4.2, included fragmentation, aggregation, connectedness, and mean patch area. Landscape geometry was characterized by shape complexity and fractal dimension, while spatial scale was represented by park area (Figure 2).



High-resolution spatial data were used to identify vegetation coverage and generate raster-based vegetation patches. The structural metrics were subsequently calculated at the sample-unit scale. This indicator framework comprehensively captured vegetation quantity, patch continuity, spatial aggregation, and boundary complexity, enabling the identification of horticultural scenes with similar greenness levels but distinct spatial configurations. Prior to multivariate analyses, all continuous structural indicators were standardized using Z-score transformation to eliminate differences in measurement units and value ranges. Park area was used to represent park-level spatial scale and was excluded from clustering and predictive modeling conducted at the sample-unit level.




2.3. Identification of Structural Gradients and Representative Configuration States


2.3.1. Multivariate Structural Gradient Analysis


Spearman correlation analysis was conducted to examine associations among structural indicators, with false discovery rate (FDR) correction performed using the Benjamini–Hochberg procedure. Variance inflation factors (VIFs) were additionally calculated to assess potential multicollinearity among variables. Subsequently, principal component analysis (PCA) was performed based on standardized structural indicators to identify latent structural gradients underlying horticultural configurations, with principal components interpreted according to explained variance and variable loadings.



Based on a Euclidean distance matrix derived from standardized structural variables, permutational multivariate analysis of variance (PERMANOVA; 9999 permutations) was applied to test differences in multivariate structural composition among parks. The F statistic, explained variance (R2), and permutation-based significance level (P_perm) were reported. PERMDISP was further conducted to evaluate the homogeneity of multivariate dispersion among groups, thereby distinguishing differences in group centroids from within-group dispersion effects. In addition, omega squared (ω2) was calculated using park identity as the grouping factor to quantify the effect size of individual structural indicators in differentiating horticultural configurations among parks.




2.3.2. Identification of Representative Configuration States and Stability Assessment


K-means clustering was performed on standardized structural indicators at the sample-unit level to identify representative horticultural configuration states along the continuous structural gradients. The candidate number of clusters was set from K = 2 to 6, and clustering performance was evaluated using the Silhouette coefficient, Calinski–Harabasz index, and Davies–Bouldin index to assess within-cluster cohesion and between-cluster separation. The K-means algorithm was initialized using the K-means++ strategy, and multiple random initializations were conducted to reduce the influence of local optima.



Cluster robustness was evaluated through 500 repeated subsampling tests. In each iteration, 80% of the samples were randomly selected without replacement and reclustered. The resulting clustering assignments were compared with the original clustering solution using the overlapping samples, and clustering consistency was quantified using the Adjusted Rand Index (ARI) and Normalized Mutual Information (NMI). After optimal matching of cluster labels, cluster-wise Jaccard similarity was further calculated to assess the stability of individual clusters. Considering the combined evidence from internal validation metrics, resampling stability, sample size balance, and interpretability of structural profiles, K = 3 was retained as the representative configuration-state solution for subsequent analyses. These states were interpreted as representative positions along horticultural structural gradients rather than universal discrete classification categories.





2.4. Quantification of Multidimensional Visual Perception


2.4.1. Perceptual Assessment


This study developed a visual perception assessment framework consisting of three components: basic landscape evaluation, Perceived Sensory Dimensions (PSD), and restorative perception, comprising a total of 17 indicators. Basic landscape evaluation included complexity, openness, enclosure, spatial depth, and color richness, which characterized the visual organization and spatial attributes of landscape environments. PSD assessment included serenity, naturalness, species richness, spatiality, prospect, refuge, sociality, and culturality, capturing the multidimensional perceptual attributes of horticultural environments. Restorative perception consisted of being away, fascination, coherence, and compatibility, which were used to evaluate the potential psychological restorative functions of landscape environments.



All indicators were measured using a 7-point Likert scale, where 1 indicated “strongly disagree” or extremely low perceived intensity, and 7 indicated “strongly agree” or extremely high perceived intensity. Approximately 5% of randomly missing values were imputed using the median value. Internal consistency of the scales was assessed using Cronbach’s α. For each visual sample unit, valid ratings from participants were averaged to generate sample-level perceptual evaluation scores.




2.4.2. Extraction of Latent Perceptual Domains


Principal component analysis (PCA) was performed on the standardized mean ratings of 17 perceptual attributes across the 500 landscape samples. PCA was selected instead of exploratory factor analysis (EFA) because the purpose of this study was not to validate the latent measurement structure of the perceptual scale, but to reduce correlated perceptual indicators to a small number of orthogonal composite dimensions. This approach reduced multicollinearity, retained overall information, and provided stable composite scores for subsequent configuration comparisons and predictive modeling. In contrast, EFA is primarily used to identify latent constructs underlying the common variance among observed variables and to distinguish common variance from specific variance and measurement error, which differs from the data-reduction objective of this study.



Before analysis, the Kaiser–Meyer–Olkin (KMO) test and Bartlett’s test of sphericity were used to assess data suitability. The number of principal components was determined jointly from the eigenvalues, scree plot, and cumulative explained variance. The components were interpreted according to their loading patterns and conceptual consistency with landscape perception theory. Three data-driven functional perceptual dimensions were ultimately extracted: restorative immersion, spatial openness, and affective richness. Each dimension was represented by the standardized sample scores of the corresponding principal component and used in subsequent between-group comparisons and predictive modeling. Importantly, these dimensions represent empirical composite structures derived through PCA rather than latent psychological constructs confirmed through confirmatory factor analysis.





2.5. Perceptual Differentiation Among Configuration States


Because the perceptual domain scores did not satisfy the assumption of normality, the Kruskal–Wallis test was used to compare differences in restorative immersion, spatial openness, and emotional richness among the three representative horticultural configuration states. Effect sizes were quantified using η2H. When significant overall differences were detected, Dunn’s post hoc test was performed for pairwise comparisons, with Benjamini–Hochberg false discovery rate (FDR) correction applied to adjust for multiple comparisons.




2.6. Predictive Modeling and Nonlinear Interpretation of Horticultural Configurations


2.6.1. Model Construction


Extreme gradient boosting regression (XGBoost) was employed to predict scores of the three perceptual domains, thereby characterizing potential nonlinear relationships and interaction effects between landscape variables and visual perception. Three types of models were constructed: the greenness model, which included only the NDVI and green space coverage; the configuration model, which incorporated fragmentation, aggregation, connectedness, shape complexity, fractal dimension, and mean patch area; and the full model, which included all variables from both greenness and configuration models.



The models were trained using a squared error loss function. The main hyperparameters were set as follows: n_estimators = 500, max_depth = 3, and learning_rate = 0.03. The three candidate models were implemented using identical hyperparameter settings and data partitioning strategies to ensure comparability of model performance.




2.6.2. Cross-Validation and Incremental Predictive Contribution


Ten-fold cross-validation was applied to evaluate model performance, with the coefficient of determination (R2) on the test sets used as the primary measure of predictive capability. The three candidate models were evaluated using exactly the same training and testing partitions to enable paired comparisons of predictive performance. The incremental predictive contribution of horticultural configurations beyond traditional greenness metrics was quantified as


  Δ   R   2   =   R   full   2   −   R   green   2    








where     R   full   2     and     R   green   2     represent the cross-validated R2 values of the full model and the greenness model, respectively.



The 95% confidence intervals and empirical p values of ΔR2 were estimated using 1000 iterations of park-level bootstrap model refitting. In each bootstrap iteration, parks were resampled with replacement as the sampling unit, while all samples within the selected parks were retained. The models were then refitted and their predictive performance was reevaluated using the same cross-validation procedure.




2.6.3. Explainable Machine Learning Analysis


Shapley Additive Explanations (SHAP) was applied to interpret the prediction outcomes of the full models. The overall importance of each predictor variable was quantified using the mean absolute SHAP value. SHAP dependence analysis was further conducted to characterize how variations in predictor values influenced the direction and magnitude of their contributions to model outputs, thereby identifying the dominant structural predictors associated with the three perceptual domains.




2.6.4. Identification of Nonlinear Response Points


Nonlinear response points were identified based on the SHAP dependence relationships of the dominant predictive factors. Locally weighted regression (LOWESS) was used to fit the SHAP dependence curves, and the zero-crossing points where the smoothed contribution curve consistently shifted from negative to positive effects were defined as response points.



The robustness of identified response points was evaluated through 200 iterations of park-level bootstrap model refitting. In each iteration, parks were resampled with replacement as the sampling unit, while all samples within the selected parks were retained. The models were then refitted, SHAP values were recalculated, and response points were reidentified. The 95% confidence intervals were estimated using the 2.5th and 97.5th percentiles of the bootstrap distribution, and the detection frequency of each response point was used to evaluate its stability.






3. Results


3.1. Horticultural Configurations Occupy Multidimensional Structural Gradients Across Urban Parks


3.1.1. Structural Gradients Underlying Horticultural Configurations


Across the 500 sampled scenes, overall greenness varied relatively little among the ten parks: green space coverage ranged from 73.8% to 77.8% and NDVI from 0.497 to 0.563. In contrast, fragmentation, aggregation, connectedness, shape complexity, fractal dimension, and mean patch area varied substantially. Thus, parks with similar amounts of vegetation could still differ markedly in how vegetation was spatially organized.



Most structural indicators showed weak-to-moderate correlations (Figure 3), with the strongest relationship occurring between fragmentation and aggregation (ρ = −0.534, FDR-adjusted p < 0.001). No substantial multicollinearity was detected, so all indicators were retained.



PCA summarized these indicators into three main structural gradients explaining 65.2% of total variation (Figure 4). The first represented a continuity–fragmentation gradient, separating continuous, aggregated vegetation from fragmented vegetation. The second primarily represented geometric complexity, while the third captured differences in patch scale and spatial extent.



The ten parks occupied different positions along these continuous gradients rather than forming completely discrete structural categories. Multivariate analysis confirmed significant differences among parks (PERMANOVA, p < 0.001), with fragmentation, aggregation, shape complexity, and fractal dimension contributing most strongly to this differentiation. Overall, the main structural distinction among horticultural scenes was therefore not vegetation quantity itself, but how vegetation was connected, fragmented, and geometrically organized.




3.1.2. Stability of Representative Configuration States


Evaluation of the candidate numbers of clusters showed that K = 2 achieved the highest silhouette coefficient (0.301) and Calinski–Harabasz index (293.943), together with the lowest Davies–Bouldin index (1.255), indicating the statistically optimal partition according to the internal validation metrics. Although the K = 3 solution showed moderate internal performance (silhouette coefficient = 0.205, Calinski–Harabasz index = 214.789, and Davies–Bouldin index = 1.598), it offered greater ecological interpretability by distinguishing three representative configuration states with distinct structural profiles. Specifically, K = 3 produced dense woody, open heterogeneous, and impervious fragmented states, each with a clearly differentiated structural profile and a relatively balanced sample distribution. Bootstrap resampling further yielded Jaccard similarities of 0.86–0.93 across the three clusters and high overall agreement (ARI = 0.853 ± 0.111; NMI = 0.837 ± 0.102), indicating good resampling stability of the three-state structure.



The dense woody configuration was characterized by higher aggregation, connectedness, and mean patch area, together with lower fragmentation, indicating a highly continuous vegetation structure. The open heterogeneous configuration exhibited greater shape complexity and fractal dimension, reflecting increased geometric complexity and spatial heterogeneity. In contrast, the impervious fragmented configuration was characterized by higher fragmentation and lower aggregation and connectedness, indicating a highly fragmented vegetation structure.



Bootstrap resampling demonstrated high stability of the three-state solution. Cluster-wise Jaccard similarities ranged from 0.86 to 0.93 across the three configurations (Figure 5b), while overall clustering consistency remained high (ARI = 0.853 ± 0.111; NMI = 0.837 ± 0.102). Considering structural distinctiveness, sample-size balance, and resampling stability, K = 3 was retained as the representative horticultural configuration typology for subsequent analyses.





3.2. Multidimensional Visual Perception Is Organized into Functional Perceptual Domains


3.2.1. Latent Structure of Multidimensional Visual Perception


Principal component analysis was conducted on the 17 visual perception indicators. The data showed high suitability for factor analysis (KMO = 0.958; Bartlett’s test of sphericity, p < 0.001). The first three principal components explained 81.64% of the total perceptual variance, with PC1, PC2, and PC3 accounting for 55.63%, 15.04%, and 10.96%, respectively (Figure 6a).



PC1 was primarily defined by restoration-related indicators, including nature, serene, being away, refuge, and coherence, and was interpreted as restorative immersion. PC2 was dominated by spatial-organization indicators, including openness, prospect, space, and compatibility, and was interpreted as spatial openness. PC3 was primarily associated with experiential attributes, including color richness, culture, fascination, diversity, and complexity, and was interpreted as affective richness.




3.2.2. Perceptual Differentiation Across Representative Configuration States


Differences in restorative immersion, spatial openness, and affective richness among the three representative horticultural configurations were assessed using Kruskal–Wallis tests, followed by Dunn’s post hoc pairwise comparisons with Benjamini–Hochberg FDR correction (Figure 7).



Significant differences among the three configurations were observed for restorative immersion (H = 38.495, p < 0.001, η2H = 0.073), spatial openness (H = 39.858, p < 0.001, η2H = 0.076), and affective richness (H = 68.327, p < 0.001, η2H = 0.133). Affective richness showed the strongest differentiation across configuration states.



For restorative immersion, the dense woody and open heterogeneous configurations did not differ significantly (    P   F D R     = 0.334), whereas both exhibited significantly higher scores than the impervious fragmented configuration (both     P   F D R     < 0.001). Spatial openness followed a clear gradient, with the open heterogeneous configuration scoring highest, followed by the dense woody configuration and then the impervious fragmented configuration; all pairwise differences were significant (    P   F D R     ≤ 0.005). Affective richness exhibited the same ordering—open heterogeneous, dense woody, and impervious fragmented—with all pairwise comparisons reaching statistical significance (    P   F D R     ≤ 0.021).





3.3. Configuration Predicts Perception Beyond Greenness


To assess the predictive contribution of horticultural configuration beyond conventional greenness measures, three models were constructed: a greenness model including NDVI and greenspace coverage; a configuration model including fragmentation, aggregation, connectedness, shape complexity, fractal dimension, and mean patch area; and a full model including all predictors. Model performance was evaluated using cross-validated     R   2    . Incremental predictive contribution was quantified as the difference in cross-validated     R   2     between the full and greenness models (  Δ   R   2    ), with 95% confidence intervals estimated using model-refitting bootstrap resampling (Figure 8).



3.3.1. Incremental Predictive Contribution of Horticultural Configuration


The greenness model showed limited predictive performance, with cross-validated     R   2     values of 0.130, 0.053, and 0.116 for restorative immersion, spatial openness, and affective richness, respectively (Figure 9a). The configuration model achieved higher predictive performance for restorative immersion (    R   2   = 0.271  ) and affective richness (    R   2   = 0.303  ), but remained weak for spatial openness (    R   2   = 0.069  ).



The full model performed best across all three perceptual domains, with cross-validated     R   2     values of 0.387, 0.235, and 0.357 (SD = 0.120, 0.124, and 0.120, respectively) (Figure 9b). Relative to the greenness model, the corresponding   Δ   R   2     values were 0.257, 0.181, and 0.241. None of the confidence intervals included zero, indicating robust incremental predictive contributions from horticultural configuration. Consistently, the in-sample     R   2     values increased from 0.303, 0.155, and 0.193 for the greenness model to 0.659, 0.501, and 0.591 for the full model, respectively.




3.3.2. Perceptual Domain-Specific Structural Predictors


SHAP analysis identified distinct dominant predictors across the three perceptual domains (Figure 9c). Restorative immersion was primarily predicted by aggregation (mean (|SHAP| = 0.202)) and connectedness (0.162), whereas spatial openness was predominantly predicted by mean patch area (0.371). Affective richness was mainly predicted by shape complexity (0.291), NDVI (0.197), and fractal dimension (0.176). These results indicate that the three perceptual domains were primarily associated with vegetation aggregation and connectivity, patch scale, and boundary geometric complexity, respectively.




3.3.3. Stable Nonlinear Response Points


SHAP dependence analysis showed monotonic positive responses for all three dominant structural predictors (Figure 9d). The SHAP contribution of aggregation to restorative immersion shifted from negative to positive at 73.477. The corresponding zero-crossing points were 2.832 for the association between mean patch area and spatial openness, and 1.531 for the association between shape complexity and affective richness. All three response points were detected in 100% of 200 whole-park bootstrap model refits, indicating high positional stability.






4. Discussion


4.1. Horticultural Configuration Extends Visual Assessment Beyond Greenness


This study demonstrates that vegetation quantity and horticultural configuration capture different aspects of the visual environment. Conventional greenness indicators primarily describe “how much vegetation” is present, whereas fragmentation, aggregation, connectedness, patch size, and geometric complexity further reveal “how vegetation is organized.” Consequently, even when overall greenness is similar, different forms of spatial organization may produce substantially different visual environments and perceptual experiences [50,51,52].



The multidimensional structural analysis further indicates that urban parks do not follow a single “greenness–structure” gradient; instead, their spatial characteristics are jointly shaped by vegetation continuity, spatial scale, and geometric form [53]. The three representative configuration states should therefore be interpreted as typical spatial-organization prototypes rather than absolutely discrete park categories. Their value lies in translating complex continuous structures into horticultural configuration patterns that practitioners can recognize and apply.



These findings suggest that relying solely on the NDVI, vegetation coverage, or similar greenness indicators may overlook important spatial structural information. Horticultural landscape assessment should therefore extend beyond vegetation quantity to jointly consider both vegetation quantity and spatial organization, bringing visual environmental evaluation into closer alignment with actual design practice.




4.2. Representative Configuration States Correspond to Distinct Perceptual Functions


This study found that the three representative horticultural configurations exhibited distinct perceptual profiles across restorative immersion, spatial openness, and affective richness, with the strongest differentiation occurring in affective richness. This indicates that visual quality is not a single overall preference but comprises multiple relatively independent experiential dimensions. This finding is consistent with previous research recognizing the multidimensional structure of restorative, spatial, and aesthetic experiences [54,55,56,57,58,59,60,61].



The dense woody configuration was characterized by greater vegetation aggregation, connectedness, and mean patch area and received higher ratings for restorative immersion. In conjunction with previous studies [62,63,64,65,66], these findings suggest that continuous and relatively enclosed vegetation structures may support restorative experiences by strengthening perceived naturalness, tranquility, refuge, and being away. However, this configuration received lower ratings for spatial openness and affective richness than the open heterogeneous configuration. This may reflect the constraints imposed by continuous vegetation on visual extension and spatial variation [67,68,69,70,71,72].



The open heterogeneous configuration exhibited greater shape complexity and fractal dimension and received the highest ratings for spatial openness and affective richness. Consistent with previous studies [73,74,75], diverse boundary forms, spatial layering, and visual transitions may enhance perceived openness, opportunities for exploration, and landscape diversity. Notably, no significant difference in restorative immersion was found between the open heterogeneous and dense woody configurations. This empirical result indicates that similar restorative experiences may correspond to different structural conditions: the dense woody configuration primarily provides continuity, refuge, and spatial coherence, whereas the open heterogeneous configuration may support restoration through spatial variation, visual attraction, and opportunities for exploration [76,77,78].



The impervious fragmented configuration exhibited lower vegetation aggregation and connectedness and received the lowest ratings across all three perceptual domains. In light of previous research [79,80,81,82], fragmented vegetation organization and frequent spatial interruptions may weaken environmental coherence, immersion in nature, and visual richness. These findings therefore indicate that perceptual benefits depend not only on the quantity of vegetation but also on the spatial relationships among vegetation elements [83].




4.3. Configuration–Perception Relationships Are Domain-Specific and Nonlinear


Different perceptual functions depend on distinct structural cues. Restorative immersion was more closely associated with vegetation aggregation and connectedness, suggesting that a continuous and coherent vegetation background may provide an important structural basis for environmental coherence, perceived refuge, and immersion in nature [84,85,86].



Spatial openness depended more strongly on patch scale and spatial integrity. Larger continuous patches may reduce spatial subdivision and maintain a more coherent field of view. An open experience therefore does not simply require “less vegetation” but depends on whether vegetation and open spaces are organized at an appropriate scale [87,88,89,90].



Affective richness was more closely associated with boundary and geometric complexity. Moderate variation in form may increase visual information, spatial layering, and exploratory cues, thereby strengthening landscape interest and experiential richness [83,91,92,93]. Different structural attributes therefore perform distinct perceptual functions: continuity supports restoration, scale shapes openness, and complexity enhances richness [94]. Using a single greenness or structural indicator to represent overall visual quality may obscure these functional differences.



The nonlinear responses observed in the models further indicate that structural associations do not necessarily strengthen continuously as indicator values increase. However, the observed response points should be interpreted as empirical reference points under the present sample and modeling conditions, rather than as causal or universally applicable design thresholds. Their specific ranges may still be influenced by correlations among variables, landscape type, urban context, and sample coverage.




4.4. From Greenness Targets to Function-Oriented Configuration Strategies


These findings support a shift in urban park horticultural design from simple greenness targets toward function-oriented configuration. Conventional planning often uses vegetation coverage, vegetation indices, or the green view index as control targets, yet similar levels of greenness do not guarantee comparable visual experiences [95,96,97]. Design decisions should therefore address not only “how much vegetation to provide,” but also “how to organize it” and “which experiential function the organization is intended to serve”.



For restorative spaces, priority should be given to maintaining vegetation continuity and connectedness—for example, by connecting isolated patches, preserving continuous tree canopies or vegetated backgrounds, and reducing repeated fragmentation by paths and impervious boundaries [98,99,100]. The objective is not merely to increase the number of trees, but to create an integrated natural structure that can be visually perceived [101].



For spaces intended for activities, social interaction, and extended views, emphasis should be placed on the scale and integrity of open patches [102,103]. Entrances, activity lawns, and public gathering areas can enhance perceived openness by maintaining major view corridors, avoiding excessive fragmentation, and coordinating edge planting with the scale of open spaces.



For strolling and experience-oriented spaces, visual richness can be enhanced through moderate variation in planting boundaries, layered compositions, and landscape sequences [104,105,106]. However, greater complexity is not necessarily better; a balance should be maintained among heterogeneity, spatial legibility, and maintenance feasibility [107].



Accordingly, this study does not support pursuing a single “optimal configuration” that maximizes all types of experience. A more appropriate strategy is to create a sequence of complementary spaces within the same park: continuous vegetation supports restoration, coherent open patches facilitate activity and perceived openness, and organized structural heterogeneity enhances visual and affective richness [108,109,110,111,112,113]. For existing park renewal, this means first identifying specific structural deficiencies and then reconnecting vegetation, adjusting the scale of open spaces, or optimizing boundary forms, rather than automatically increasing overall greenness.




4.5. Limitations and Future Directions


This study has several limitations. First, the samples were drawn from only ten urban parks in Chengdu, with sampling units nested within parks. Leave-one-park-out cross-validation reduced within-park information leakage but could not substitute for external validation across cities. The spatial generalizability of the findings therefore remains limited.



Second, visual perception may vary with season, weather, vegetation condition, intended use, and cultural background. Future research should include multiple seasons, cities, and population groups and apply multilevel models to distinguish variation among sampling units, parks, and cities.



Third, SHAP identifies predictive associations rather than causal effects. The identified zero-crossing locations represent model-specific response points within the present sample and should not be interpreted directly as universally applicable design thresholds. Further validation using independent datasets, field experiments, or configuration-based interventions is required.



Finally, the three configurations represent characteristic states along continuous structural gradients rather than a fixed classification system. Their boundaries and structural meanings may vary across study areas, sample compositions, and indicator systems. Future studies should examine the stability and transferability of these configuration states and their perceptual functions across different urban contexts.





5. Conclusions


This study demonstrates that horticultural configuration in urban parks is not determined by a single greenness gradient but is jointly structured by relatively independent dimensions, including vegetation continuity–fragmentation, geometric complexity, and patch scale. Dense woody, open heterogeneous, and impervious fragmented configurations should be understood as representative states within a continuous structural space rather than as fixed design styles or universally applicable park types. Within their existing design language, historical context, and functional framework, different parks may generate different perceptual outcomes by adjusting these structural dimensions. This study therefore does not advocate replacing naturalistic, formal, waterfront, cultural, or other established design styles with a uniform spatial form. Instead, it provides a set of structural diagnostic dimensions that can be incorporated into different design styles.



Compared with greenspace coverage and the NDVI, which describe “how much vegetation” is present, configuration metrics further reveal “how vegetation is organized” and the perceptual significance of this organization. Vegetation aggregation and connectedness were primarily associated with restorative immersion, patch scale with spatial openness, and geometric complexity with affective richness. Thus, design style defines a park’s overall spatial language, whereas configuration metrics can further indicate whether that language effectively supports its intended use and perceptual functions. The same greenness target may therefore be achieved through different configurations, while different design styles may attain similar functional performance through structural adjustment.



For planning and professional practice, these findings provide a framework applicable across master planning, functional zoning, detailed design, and renewal assessment. At the planning stage, the dominant perceptual function of each area can first be determined according to objectives such as restoration, activity and social interaction, or recreational experience. During design development, alternative spatial schemes can then be evaluated using vegetation continuity, patch scale, and geometric complexity rather than greenness alone. For existing park renewal, specific structural deficiencies—such as fragmented vegetation, excessively subdivided open spaces, or monotonous boundary structures—can be identified to guide interventions such as reconnecting vegetation patches, adjusting open-space scale, or optimizing planting boundaries. These metrics can therefore support not only the interpretation of perceptual differences but also design comparison, design review, and renewal prioritization.



Accordingly, this study supports a shift in urban park planning from a uniform greening objective toward design-style-sensitive and function-oriented configuration. While preserving the distinctive design style and sense of place of each park, continuous woody structures can support restoration, appropriately scaled open patches can sustain openness and activity functions, and organized variation in boundaries and spatial layers can enhance experiential richness. The identified model response points may inform scheme testing and scenario comparison but should not be directly treated as universal design thresholds. Their applicability requires further validation across different design styles, urban contexts, and field-based intervention studies.
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Figure 1. Describes the geographic locations and site distribution. 
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Figure 2. Description and Calculation of Green Space Morphology a. a Some images in this table are directly adopted from a previous paper, with additional images created and provided by the authors of the current study for the purpose of enhancing the comprehensiveness of the data presentation [49]. 
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Figure 3. Pairwise relationships among horticultural structural metrics. 
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Figure 4. Multidimensional structural gradients of horticultural configurations. 
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Figure 5. Structural distinctiveness and stability of the three horticultural configuration states. (a) Distribution of configuration states in the first two principal-component dimensions; large points indicate cluster centroids and ellipses represent cluster dispersion. (b) Cluster-wise bootstrap Jaccard similarity across 500 resamples, with error bars indicating 95% confidence intervals; the dashed line denotes the 0.80 stability reference. (c) Distributions of within-cluster Silhouette coefficients; black points indicate cluster means and the dashed line indicates the overall mean. (d) Pairwise Euclidean distances between cluster centroids, with darker shading indicating greater structural separation. PC, principal component. The different colors in (a) represent the three horticultural configuration types: dense woody, open heterogeneous, and impervious fragmented configurations. 
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Figure 6. Latent structure of multidimensional visual perception revealed by PCA. (a) PCA biplot showing variable loadings and perceptual domain structure. (b) Loading coefficients of perception variables across the first three principal components. (c) Standardized domain loadings with 95% confidence intervals. 
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Figure 7. Perceptual differentiation among horticultural configuration states. Standardized scores of restorative immersion, spatial openness, and affective richness across the dense woody, open heterogeneous, and impervious fragmented configurations. Boxes indicate the interquartile range, horizontal lines indicate medians, whiskers extend to 1.5 times the interquartile range, and circles denote outliers. Overall differences were tested using Kruskal–Wallis tests, followed by Dunn’s pairwise tests with Benjamini–Hochberg FDR correction. *     P   F D R   < 0.05  ; ** PFDR < 0.01; ***     P   F D R   < 0.001  . 






Figure 7. Perceptual differentiation among horticultural configuration states. Standardized scores of restorative immersion, spatial openness, and affective richness across the dense woody, open heterogeneous, and impervious fragmented configurations. Boxes indicate the interquartile range, horizontal lines indicate medians, whiskers extend to 1.5 times the interquartile range, and circles denote outliers. Overall differences were tested using Kruskal–Wallis tests, followed by Dunn’s pairwise tests with Benjamini–Hochberg FDR correction. *     P   F D R   < 0.05  ; ** PFDR < 0.01; ***     P   F D R   < 0.001  .



[image: Horticulturae 12 01041 g007]







[image: Horticulturae 12 01041 g008] 





Figure 8. Cross-validated predictive performance of greenness, configuration and full models across perceptual domains. (a) Model predictive performance across the three perceptual domains. (b) Incremental predictive contribution of configuration beyond greenness across the three perceptual domains. 
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Figure 9. Incremental predictive contribution and nonlinear effects of horticultural configuration beyond greenness. (a) Cross-validated incremental (R2) of the full model relative to the greenness-only model, with model-refit bootstrap 95% confidence intervals. (b) Cross-validated (R2) of greenness-only, configuration-only and full models. (c) Mean absolute SHAP values showing domain-specific predictor importance. (d) SHAP dependence relationships for the dominant configuration predictor in each perceptual domain. Dashed lines indicate stable SHAP zero-crossings; shaded bands indicate bootstrap 95% confidence intervals. 
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