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Editorial on the Research Topic
 Greening urban spaces and human health, volume II





Introduction

Urbanization continues to transform the global landscape, with more than half of the world's population now living in cities and that proportion expected to rise to nearly 70% by 2050 (1). While urban living offers many benefits—economic opportunity, cultural vibrancy, and innovation—it also brings significant public health challenges, such as exposure to pollution, rising temperatures, and reduced access to natural environments (2). In this context, urban green spaces have been increasingly recognized for their potential to contribute to healthier, more sustainable cities (3, 4). However, while evidence on their benefits continues to grow, critical questions remain about how, when, and for whom these benefits are realized.

This second volume of the Research Topic Greening Urban Spaces and Human Health brings together 28 studies that extend our understanding of the relationship between urban nature and health. The contributions span diverse geographies, disciplines, and methods. Rather than summarize each individual paper, we take this opportunity to highlight a few key themes and persistent challenges that emerge from this body of work.



Urban green spaces as health interventions: promise and complexity

Several studies in this Research Topic support the health-promoting potential of green spaces. Evidence links green infrastructure to reductions in stress, improved mental health, and increased physical activity. However, translating these benefits into effective health interventions is not straightforward. Benefits vary depending on the quality, accessibility, and perception of green spaces, as well as on individual and contextual factors. As such, green space interventions must be carefully designed, tailored, and evaluated within specific urban contexts. The idea that green spaces “may” serve as essential infrastructure for health—depending on multiple mediating factors—must guide future research and policy.



Measuring what matters: methodological gaps and opportunities

This volume also highlights ongoing challenges in defining and measuring both green space and health outcomes. Some reviews and empirical studies point to inconsistencies in how greenery is quantified (e.g., street-level greenery, park proximity, and biodiversity) and how health is assessed (e.g., self-reports, physiological markers, and hospital admissions). These inconsistencies complicate comparisons across studies and limit the generalizability of findings. Future research would benefit from greater methodological rigor, transparency, and the use of standardized metrics, as well as mixed-method approaches that account for subjective experiences and community preferences.



Equity and justice in urban greening

A recurring issue across multiple papers is the uneven distribution of urban greenery and the resulting disparities in health benefits. Lower-income and marginalized communities often have less access to high-quality green spaces, reinforcing environmental injustices. Some articles explore concepts like Green Space Justice and advocate for planning strategies that prioritize equity in both green space provision and design. These insights underline the importance of aligning urban greening initiatives with social justice goals and inclusive community engagement.



Integrating nature into urban systems: interdisciplinary and policy implications

The collected studies point to the importance of interdisciplinary thinking in urban sustainability. Contributions address not only the direct effects of greenery on health, but also its roles in economic resilience, mobility, public communication, and climate adaptation. Several papers examine how urban green infrastructure intersects with broader policy frameworks, such as environmental taxation, industrial innovation, or crisis response strategies. This reinforces the notion that greening efforts must be embedded within wider urban systems thinking and governance.

Taken together, the contributions in this volume deepen our understanding of the diverse ways urban nature intersects with human wellbeing. They also point to critical areas for future work: refining measurement tools, addressing equity, contextualizing interventions, and fostering interdisciplinary collaboration. Urban green spaces may offer a powerful means of promoting health and sustainability—but only when their planning, design, and implementation are informed by nuanced, evidence-based, and context-sensitive approaches.

We thank all contributors for their important work and encourage readers to explore the individual articles in this Research Topic. We hope that the insights offered here stimulate further dialogue, research, and action toward greener, healthier, and more equitable urban futures.
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Background: This study aimed to explore the relationship between air pollution and hospital admissions for asthma in older adults, and to further assess the health and economic burden of asthma admissions attributable to air pollution.
Methods: We collected information on asthma cases in people over 65 years of age from nine cities in Sichuan province, as well as air pollution and meteorological data. The relationship between short-term air pollutant exposure and daily asthma hospitalizations was analyzed using the generalized additive model (GAM), and stratified by gender, age, and season. In addition, we assessed the economic burden of hospitalization for air pollution-related asthma in older adults using the cost of disease approach.
Results: The single pollutant model showed that every 1 mg/m3 increase in CO was linked with an increase in daily hospitalizations for older adults with asthma, with relative risk values of 1.327 (95% CI: 1.116–1.577) at lag7. Each 10 μg/m3 increase in NO2, O3, PM10, PM2.5 and SO2, on asthma hospitalization, with relative risk values of 1.044 (95% CI: 1.011–1.078), 1.018 (95% CI: 1.002–1.034), 1.013 (95% CI: 1.004–1.022), 1.015 (95% CI: 1.003–1.028) and 1.13 (95% CI: 1.041–1.227), respectively. Stratified analysis shows that stronger associations between air pollution and asthma HAs among older adult in females, those aged 65–69 years, and in the warm season, although all of the differences between subgroups did not reach statistical significance. During the study period, the number of asthma hospitalizations attributable to PM2.5, PM10, and NO2 pollution was 764, 581 and 95, respectively, which resulted in a total economic cost of 6.222 million CNY, 4.73 million CNY and 0.776 million CNY, respectively.
Conclusion: This study suggests that short-term exposure to air pollutants is positively associated with an increase in numbers of asthma of people over 65 years of age in Sichuan province, and short-term exposure to excessive PM and NO2 brings health and economic burden to individuals and society.


Keywords
 air pollution; asthma in older adults; economic cost; generalized additive model; time-series study


1 Introduction

Bronchial asthma (abbreviated as asthma) is a common chronic respiratory disease with clinical manifestations of wheezing, shortness of breath, chest tightness, and cough (1, 2). So far, about 330 million people worldwide are suffering from asthma, which causes a heavy medical burden (3). Meanwhile, the pace of population ageing is much faster than the past, and the number of older patients with asthma is expected to increase significantly (4). The prevalence of asthma in people over 65 years of age is currently reported to be 4%–13% globally (5), and this is likely to be an underestimate (6). Asthma surveillance data released by the US Centers for Disease Control and Prevention (CDC) showed that the asthma prevalence among those aged ≥65 years in the US in 2020 was 7.8% (7). Notably, the 2010 to 2012 China Asthma and Risk factors Epidemiologic survey (CARE) reported that the prevalence of asthma in China was 2.26% in people aged 61–70 years and 3.10% in those aged ≥71 years (8). while the data from 2012 to 2015 China Pulmonary Health (CPH) study showed that asthma prevalence increased to 6.0% in people aged 60–69 years and to 7.4% in people aged ≥70 years (9).

Asthma results from the combined action of genetics and environment, with air pollution being an important factor in triggering asthma (10) and its exacerbation (11, 12). Even when the pollutant concentrations are lower than guideline levels, there are still have serious effects on susceptible individuals (13). Several mechanisms reasonably explain how air pollutants contribute to the development and exacerbation of asthma, including eosinophilic and neutrophilic inflammation through stimulation of airway epithelium, increased production of pro-inflammatory cytokines, oxidative stress, and deoxyribonucleic acid (DNA) methylation changes (14, 15), these changes subsequently induce sensitization to airborne allergens and allergic inflammation (14). With the increase of age, lung function appears physiological decline (16). Compared with young patients with asthma, older adults patients with asthma show more severe symptoms and have an increased risk of frequent medical visits and even death (17), which indicates that they are more likely to consume medical resources due to air pollution (18) and have a greater economic burden (19).

Asthma in children and adults has long been a concern (20, 21). However, numerous studies have shown that the prevalence of asthma increases with age (8, 22, 23). So far, there is limited evidence that air pollution increases the risk of medical visits in older adults with asthma (24, 25). Studies in China have indicated that air pollutants have adverse effects on asthma in older adults. A study in Beijing (26) found that for every 10 μg/m3 increase in PM2.5, hospitalizations for asthma increased by 0.67%. In contrast, Zhang et al. (27) analyzed daily records of respiratory disease hospitalizations and air pollution data in Shenzhen during 2015–2016 and did not identify an association between asthma hospitalization and PM10 or PM2.5. Analysis by Luo et al. (18) found that every 10 μg/m3 increase in SO2 was associated with a corresponding 7.27% increase in hospitalizations among older adults patients with asthma; whereas PM2.5, PM10, and NO2 were not associated with asthma exacerbation. Noticeably, these studies were primarily conducted in economically developed areas (20, 28), and most of them were single-city studies. Sichuan has become one of the regions with the worst combined air pollution in China (29), and there are large differences in concentrations of different pollutants temperature and humidity in different cities (30). However, current researches mainly focused on the provincial capital city Chengdu (31, 32), with studies in multiple cities in this province lacking.

To fill this data gap, in this study, we aimed to assess the associations between short-term exposure to air pollutants and hospital admissions (HA) of asthma in older adults people over 65 years of age, and quantify the corresponding health and economic loses of asthma caused by PM and NO2 pollution, with these two hypothesis: (1) short-term exposure to air pollution is positively associated with acute exacerbation of asthma in older adults patients in Sichuan province resulting in being hospitalized; (2) excess air pollutants may increase the economic burden of asthma-related diseases among older adults.



2 Materials and methods


2.1 Study area

Sichuan province is located in the southwestern region of China and consists of two major parts, the Sichuan Basin in the east and the western Sichuan Plateau. Sichuan province is ranked as one of the most heavily polluted areas in China due to high pollutant emissions and its unique topography which is not conducive to atmospheric dispersion (33). Meanwhile, Sichuan has a large older adults population with 14.168 million people aged ≥65 years, ranking second in China following Shandong (34).

Sichuan province has a total of 21 cities/prefectures, including 18 cities in the Sichuan Basin and 3 autonomous prefectures in the West Sichuan Plateau. Medical institutions in nine cities and prefectures across Sichuan province, including Chengdu, Mianyang, Nanchong, Guang’an, Meishan, Zigong, Yibin, Luzhou and Liangshan Yi Autonomous Prefecture, were selected for the study, of which 8 were from the Sichuan Basin and 1 from the West Sichuan Plateau, and medical institutions are all types of hospitals in the area, including general hospitals, Chinese medicine hospitals, specialist hospitals and private hospitals, representing the overall situation of Sichuan province to a certain extent covering different economy and population (Figure 1).

[image: Map of Sichuan Province, China, highlighting the study area in red. City boundaries and provincial boundaries are marked. Elevation is shown with a color gradient from green (115 meters) to brown (7404 meters). A smaller inset map shows Sichuan's location within China.]

FIGURE 1
 Geographical distribution of the study areas, 9 cities in Sichuan province.




2.2 Data sources

Information on asthma patients aged ≥65 years between January 1, 2017 to December 31, 2019 was collected from hospital electronic health records (EHRs) of 273 hospitals in 9 cities of Sichuan province, with data variables including gender, age, home address, date of birth, hospitalization and discharge dates, and total cost of hospitalization. The International Classification of Diseases tenth edition (ICD-10) codes, including J45 (asthma) and J46 (status asthmaticus) were used to identify asthma-related hospitalization cases. Additionally, hospitalization data for 6,092 asthma patients aged ≥65 years were identified. This study was approved by the Ethics Committee of Hospital of Chengdu University of Traditional Chinese Medicine (Approval No. 2020KL-001).

Daily average levels of CO, NO2, SO2, O3, PM10, and PM2.5 during the study period were obtained from the Sichuan Environmental Monitoring Center. During this period there were 82 air monitoring stations in the 9 cities and prefectures: 19 in Chengdu, 9 in Mianyang, 9 in Nanchong, 6 in Guang’an, 6 in Meishan, 6 in Zigong, 17 in Liangshan Prefecture, and 10 in Yibin. Meanwhile, meteorological data, including daily average temperature, daily average relative humidity, atmospheric pressure, and wind speed were obtained from Sichuan Meteorological Bureau.1

We adopted inverse distance weighting (IDW) method to estimate the exposure levels of the individual cases (35). Specifically, the locations of all monitoring stations and home addresses of hospitalized asthma patients were geocoded using the Gaudet Map API,2 the next, for each older asthma patient, the inverse distance (1/d2) weighted average of the concentrations from all monitoring stations was used to assess the air pollutant exposure for a specific period of hospitalization, including single-day lag exposure (lag0–lag7) and multi-day moving average lag exposure (lag01–lag07).



2.3 Study design and statistical analyses


2.3.1 Effects of air pollutants on asthma HAs

The collected patient information, pollutants and meteorological data were statistically described. Spearman’s rank correlation coefficient was used to analyze the correlation between air pollutants and meteorological factors, with absolute values of the correlation coefficient r closer to 1 indicating a stronger correlation.

The relationships between asthma hospitalization and explanatory variables are mostly nonlinear (20). Therefore, we use generalized additive model (GAM) to evaluate the association between ambient air pollutants and hospitalizations of older adults patients with asthma. Amongst the entire population, hospitalization for asthma is a low-probability event, and its actual distribution approximates a Poisson distribution. Therefore, a GAM with quasi-Poisson regression was used to analysis the associations between the six air pollutants (CO, NO2, PM10, PM2.5, SO2, and O3) and the daily asthma hospitalizations, while controlling for the effects of confounding factors such as long-term and seasonal trends, meteorological factors, and day-of-week effects. Previous studies have shown that the lagged effect of air pollutants were usually short (36, 37). In this study, single-day lags (from lag0 to lag7) combined with multiple-day lags (from lag01 to lag07) were applied to evaluated the lagged effects of air pollutants. The model is as follows Equation (1):

[image: Mathematical equation representing a logarithmic model: log of expected value of Y_t equals alpha plus beta Z_t plus smooth functions of time, temperature, relative humidity, pressure, and wind, each with degrees of freedom plus one. It also includes day of the week and holiday variables.]

where [image: The image depicts the mathematical variable \( Y_t \), where \( Y \) is a capital letter and \( t \) is a subscript.] is the number of asthma hospitalizations on day t; [image: Mathematical notation representing the expected value of the variable \( Y_t \).] is the expected medical visits for asthma on day t; β is the regression coefficient; [image: The image shows the mathematical symbol "Z" with a subscript "t".] is the pollutant concentration at a certain lag day, (unit μg/m3or mg/m3); [image: Mathematical symbol representing an integral sign.] is the smooth function; [image: Italic lowercase letter "k".] is the degrees of freedom [image: The mathematical expression "df plus 1".]; DOW is the day of the week; [image: The word "Holiday" is displayed in a serif font.] is a binary variable for national holidays in China; [image: The word "time" is displayed in a serif font against a white background.] is the date, and the degrees of freedom in the model are taken according to the literature and the principle of minimum AIC value in the Akaike information criterion (AIC) (38). The degrees of freedom corresponding to the date, daily average temperature, daily average relative humidity, atmospheric pressure, and wind speed are 7, 6, 3, 3, and 5, respectively (21, 26, 39).

After establishing the basic model, the pollutant concentration data were introduced to estimate the regression coefficient β for the air pollutants. The relative risks (RR) and their 95% confidence intervals (CI) were calculated for each 10 μg/m3 (NO2, O3, PM10, PM2.5, SO2) or 1 mg/m3 (CO) increase in pollutant concentrations, using the following equations Equations (2,3):

[image: Equation depicting RR equals exp, parentheses beta times delta C, close parentheses, labeled as equation two.]

[image: Formula for risk ratio with a 95 percent confidence interval: RR(95%CI) equals exp of delta C multiplied by the quantity beta plus or minus 1.96 times SE, labeled as equation three.]

To identify potential high-risk groups and to further consider the effects of temperature, subgroup analyses were carried out for gender (male and female), age (65–69 years, ≥70 years), and seasonal factors (warm season: April to September; cold season: October to March), respectively. We analyzed each subgroup using a single-pollutant model, and then selected the exposure response coefficients of the maximum impact estimates in the single-pollutant model for comparison. Differences in effect estimates between subgroups were assessed using Z tests using the following equation (40) Equation (4):

[image: Formula for calculating the Z-score: Z equals the difference between Q-hat subscript one and Q-hat subscript two, divided by the square root of the sum of SE-hat subscript one squared and SE-hat subscript two squared.]

where [image: The mathematical notation \(\hat{Q}_1\) with a caret symbol above the letter Q and the subscript 1.] and [image: A mathematical symbol representing "Q sub two" with a circumflex accent above the letter Q.] are the RR estimates for different categories in each subgroup (e.g., male and female), and [image: A mathematical expression displaying "SE sub one" with a square symbol on top, indicating an estimate or prediction, followed by the exponent two.] and [image: Mathematical expression showing the symbol "SE" with a hat on top, and subscript two, squared.] are their respective standard deviations.

All statistical analyses in this study were conducted using R4.2.0, and the quasi-Poisson regression model was constructed using the “mgcv” and “splines” packages. The statistical tests were two-sided, and associations with p < 0.05 were considered statistically significant.



2.3.2 Economic costs of asthma hospitalization attributable to air pollution

In general, exceeding air quality guideline levels is associated with significant risks to health. Since the concentrations of pollutants CO, O3and SO2 at lag0 to lag7 days are far lower than the WHO air quality standard (CO 24 h mean value is 4 mg/m3, O3 8 h mean value is 100 μg/m3, SO2 24 h mean value is 40 μg/m3) (41). Therefore, we did not measure the burden related to CO, O3 and SO2. Although previous research suggests that most of the burden from air pollution is attributed to PM pollution, the effects of NO2 cannot be ignored (42). Based on the expose-response coefficient analyzed by GAM model, we included NO2, PM2.5 and PM10 whose pollutant concentrations exceeded the reference standard (24 h averages for NO2 of 25 μg/m3, PM10 of 45 μg/m3, and PM2.5 of 15 μg/m3) into the burden analysis range. We used the attributable risk method to calculate the number of HAs for asthma patients over 65 years old due to exposure to air pollutants (40, 43), the formulae are as follows Equations (5,6):

[image: AR sub i equals open parenthesis exp open parenthesis beta sub s times delta AP sub i close parenthesis minus one close parenthesis divided by exp open parenthesis beta sub s times delta AP sub i close parenthesis. Equation five.]

[image: Equation representing AN as the sum from i equals 1 to 1076 of the products of AR sub i and N sub i.]

where [image: Mathematical notation showing the variable "i" with a horizontal line above it, indicating the complex conjugate of "i".] is the number of days in the study period (from 1 to 1,076). [image: Greek letter beta with a subscript "s".] is equal to the sum of the β coefficients of the lag days with significant effects (for example: the effect of PM2.5 is significant only from lag5 to lag7, and the coefficient βs is equal to the sum of the coefficients from lag5 to lag7) (44, 45). In this study, the β values of PM2.5, PM10 and NO2 were 0.0044, 0.0041and 0.0043, respectively. [image: Text showing the mathematical expression "AR" subscript "i".] is the attributable risk on day [image: A lowercase italic letter "i".]. [image: Delta A P sub i.] is the difference between the observed concentrations of pollutants on day [image: It appears there was a problem with the image upload. Please try uploading the image again, and I will assist you with the alt text.] and the reference concentrations. [image: The image shows the mathematical notation "N" with a subscript "i".] is the number of asthma hospitalizations on day [image: Stylized letter "i" with a diagonal stroke across the top.]. [image: Text showing the capital letters "AN" in a serif font.] is the total number of asthma inpatients attributable to air pollution.

The next, based on the [image: The letters "AN" in uppercase, written in a serif font.], we used the cost of illness method to estimate the economic cost of HAs for asthma due to PM and NO2 exposure, which involved with direct medical cost and indirect economic cost (40, 46) Equations (7,8).

[image: Equation showing total discounted cost (DC) is equal to annual number (AN) multiplied by total cost (Cost\(_{total}\)). Equation number is seven.]

[image: Mathematical formula showing IC equals AN multiplied by dPCDI multiplied by mean H subscript d. Equation number eight.]

[image: Text in serif font displaying the letters "DC".] is the direct medical cost attributable to air pollution. [image: The text "Cost" with a subscript "total".] is the average direct medical cost per patient during the study period. [image: Text "IC" in a serif font style.] is the indirect economic cost attributable to air pollution. [image: The expression "mean H sub d" is shown in a stylized mathematical font.] is the average number of hospitalization days per case. [image: The text "dPCDI" is displayed in a serif font.] is the per capital daily disposable income of residents in Sichuan province, since our research object is the people over 65 years old, most of whom may be in the state of retirement, we introduced the Labour force participation rate (47) of people aged 65 years or over of China reported by the International Labor Organization3 to adjust [image: The text "dPCDI" is shown in a serif font.].




2.4 Sensitivity analysis

First, according to the lag day corresponding to the maximum adverse effect in the single-pollutant models, the pollutants at the corresponding lag days were introduced into the model individually to enable the fitting of two-pollutant models. To avoid collinearity, air pollutants with a correlation coefficient r > 0.60 were excluded from the multi-pollutant model. Second, the model was fitted by varying the degrees of freedom of the temporal trends (df = 5–9) to assess temporal stability (48).




3 Results


3.1 Basic situation

From January 1, 2017 to December 31, 2019, a total of 6,092 older adults asthma patients were admitted to the participating hospitals. Among them, 39.3% (n = 2,394) were male, and 60.7% (n = 3,698) were female. Meanwhile, 36.10% (n = 2,199) of the patients were aged 65–69 years, while 63.90% (n = 3,893) were aged ≥70 years. Compared with the warm season, slightly more patients (58.32%, n = 3,553) were admitted during the cold season.



3.2 Statistical description of pollutants and meteorological variables during the study period

The daily average concentration of CO was 0.80 mg/m3, NO2, O3, PM10, PM2.5, and SO2 during the study period were 28.72, 77.26, 72.07, 47.40, and 11.46 μg/m3, respectively. The average daily temperature and relative humidity were 16.17°C and 77.90%, and the average daily atmospheric pressure was 956.78 Pa, with an average wind speed of 1.73 M/s. These data are detailed in Table 1.



TABLE 1 Statistical description of air pollutants and meteorological variables in the 9 cities of Sichuan province, 2017–2019.
[image: Table showing air pollutant concentrations and meteorological factors with their mean, standard deviation, minimum, and various percentiles. Pollutants listed include CO, NO₂, O₃, PM₁₀, PM₂.₅, and SO₂. Meteorological factors include temperature, relative humidity, pressure, and wind speed. Values are presented for each category across specified statistical measurements.]



3.3 Correlations between air pollutants and meteorological factors

The results of the Spearman correlation analysis between air pollutants and meteorological factors are shown in Supplementary Table S1. We can observe significant positive correlation between CO and NO2, PM10, PM2.5 and SO2, with the correlation coefficient ranging from 0.4006 to 0.7464, and the correlation coefficient r between CO and O3 is −0.2311. NO2 and PM10, PM2.5 and SO2 with the correlation coefficient ranging from −0.172 to 0.7252. In addition, O3 is negatively correlated with PM10 and PM2.5. PM10 is positively correlated with PM2.5 and SO2. The correlation coefficient r between PM2.5 and SO2 is 0.4902. The temperature was significantly negatively correlated with all six pollutants, while relative humidity was significantly negatively correlated with the remaining five pollutants excluding CO. Atmospheric pressure was negatively correlated with O3 and positively correlated with CO, PM10, and PM2.5, while its correlation with NO2 was not significant. Wind speed was negatively correlated with CO, NO2, PM10, and PM2.5, and positively correlated with O3 and SO2.



3.4 Relationship between air pollution and risk of hospitalization for asthma

The results of the single-pollutant model analysis indicated that short-term exposure to pollutants was positively associated with asthma hospitalization among the older adults. According to the single-day lag (lag0–lag7) results, CO exposure increased the risk of asthma hospitalization in the older adults except at lag0, and the maximum risk was identified at lag7 with an RR of 1.327 (95% CI:1.116–1.577). There is obvious association of NO2 with hospitalization for asthma at lag 7, with an RR of 1.044 (95% CI: 1.011–1.078). PM10 increased the risk of asthma hospitalization among the older adults at lag4, lag5, lag6, and lag7, and the adverse effects of PM2.5 exposure were observed at lag5, lag6, and lag7, the maximum RR values were observed at lag5 for both PM10 and PM2.5, being 1.013 (95% CI: 1.004–1.022) and 1.015 (95% CI: 1.003–1.028), respectively. The effect of O3 on asthma hospitalization at lag1, with an RR value of 1.018 (95% CI: 1.002–1.034). And SO2 increased hospitalization risk for asthma at lag1, lag6, and lag7 with an RR value of 1.13 (95% CI: 1.041–1.227) at lag7. Among the moving average multi-day exposure (lag01–lag07) results, CO had a significant effect on asthma hospitalizations at lag03, lag04, lag05, lag06, and lag07, with a maximum RR of 1.372 (95% CI: 1.095–1.72) at lag07. SO2 had a significant effect on asthma hospitalizations at lag01, with a maximum RR of 1.094 (95% CI: 1.002–1.195). These results are shown in Figure 2 and Supplementary Table S2.

[image: Six bar graphs illustrating relative risk with 95% confidence intervals for pollutants CO, NO₂, PM₁₀, PM₂.₅, O₃, and SO₂ over lag days. Each graph shows red bars for direct days and blue bars for lag days. Risk mostly increases with lag days, peaking towards the end of the lag period.]

FIGURE 2
 Relative risks (95% CI) of older adults HAs for asthma per 10 μg/m3 increase in concentrations of air pollutants (1 mg/m3 increase in CO) for different lag days in the single pollutant models in Sichuan province, China, during 2017–2019.




3.5 Stratified analysis

In gender stratification, the effects of CO, PM2.5, PM10, and SO2, exposure were significant on female, only CO and SO2 had significant effects on male, but the difference between the genders was not statistically significant (p > 0.05). In age stratification, CO and PM10 have a significant impact on the population aged 65–69, however, we did not observe differences in the effects of air pollutants on different age groups (p > 0.05). As for the effects in different seasons, CO, NO2, PM10 and PM2.5 had positive and significant effects on asthma HAs in the warm season, but the difference between the cold and warm seasons was not statistically significant (p > 0.05) as shown in Figure 3 and Supplementary Table S3.

[image: Forest plots showing relative risk estimates with 95% confidence intervals for various pollutants. Panel A displays risks for CO, NO₂, and O₃ by gender, age, and season. Panel B shows risks for PM₁₀, PM₂.₅, and SO₂. Gender is indicated in red, age in blue, and season in green.]

FIGURE 3
 Stratified analyses by age, season and gender for each air pollutant in Sichuan province, China, 2017 to 2019. (A) Results of stratified analysis of CO, NO2 and O3. (B) Results of stratified analysis of PM10, PM2.5 and SO2.




3.6 Economic costs attributable to air pollution

Table 2 listed the attributable number of HAs and the related economic cost due to exceeding PM and NO2 exposure involving WHO air quality standard in Sichuan province 2017–2019. Based on the reference concentrations, 764, 581 and 95 total cases of HAs for asthma could be attributable to PM2.5, PM10 and NO2, separately. The total economic cost caused by exposure to particulate matter (PM, includes PM2.5 and PM10) was 10.952 million CNY, including a direct medical cost of 10.788 million CNY, and an indirect economic cost of 0.164 million CNY. Exposure to PM2.5 caused the highest economic cost of 6.222 million CNY, while that attributable to NO2 exposure was 0.776 million CNY.



TABLE 2 The attributable number of hospitalizations and economic cost due to pollution in Sichuan province, 2017–2019.
[image: Table displaying variables related to hospitalizations attributable to pollution, with columns for PM2.5, PM10, NO2, and Total. Rows include AN (attributable number of hospitalizations), AR (attributable risk), DC (direct medical cost), IC (indirect economic cost), and Costs with corresponding values. Footnotes explain abbreviations and units are in million CNY.]



3.7 Sensitivity analysis

In our sensitivity analyses, we found that the associations between air pollution exposure and asthma exacerbation remained almost unchanged in magnitude and remained statistically significant. Upon introducing other pollutants one by one into the single-pollutant model for adjustment, the effect of the original pollutant was somewhat affected. The effects of some pollutants were weakened. For example, the inclusion of NO2, O3 and SO2 reduced the RR of hospitalization for asthma attributable to CO exposure among the older adults, but the effect of CO remained significant. Conversely, the inclusion of O3 in analyses increased the risk of hospitalization for asthma attributable to particulate matter among the older adults. Overall, except for O3 and SO2, there was little change in the effect of the primary pollutant on asthma admissions in older adults after the introduction of another pollutant. This suggests a strong correlation between pollutants, and that the effects of air pollutants on asthma are not simply additive or subtractive, but that complex antagonistic or synergistic effects between pollutants may exist (49, 50). These results are shown in Supplementary Table S4. When the temporal degrees of freedom varied from 5 to 9, no significant changes were observed in the daily asthma hospitalization rate for each 10 μg/m3 increase in air pollutant concentrations (1 mg/m3 increase in CO), indicating good model stability. The results are shown in Supplementary Table S5.




4 Discussion

Our study is one of the few multi-urban, multi-pollutant studies in heavily polluted areas in China, and the results enrich the empirical evidence of the positive association between short-term exposure to air pollution and asthma hospitalization among the older adults (51). Taking into consideration controlling factors such as temperature, humidity, atmospheric pressure, wind speed, and holiday effects, our study identified positive associations between short-term exposure to air pollution and the risk of hospitalization for asthma among the older adults, and the economic cost of asthma hospitalizations attributable to air pollution during the study period was calculated to be 11.727 million CNY in total during the study period, 2017–2019.

In the single-pollutant model, when the concentrations of pollutants increased by 10 ug/m3 (1 mg/m3 increase in CO), there were positive associations between CO, NO2, SO2, and O3, and the hospitalizations of older adult with asthma, with an RR of 1.327 (95% CI:1.116–1.577), 1.044 (95% CI: 1.011–1.078), 1.13 (95% CI: 1.041–1.227) and 1.018 (95% CI, 1.002–1.034), respectively, demonstrating a lag effect in the impact of air pollutants on asthma, which was consistent with previous researches. For CO, a study in Dongguan (52) reported that the per interquartile range (IQR) increase in ambient CO at lag03 day corresponded to 8.86% (95% CI, 4.89, 12.98%) increased risk in outpatient visits for asthma. This may be because exposure to CO can lead to tissue hypoxia to cause damage and can promote the development of airway inflammatory diseases (53, 54). As irritating air pollutants, NO2 and SO2 also have significant effects on respiratory health (55). The study of Raji et al. (25) from Iran Ahwaz discovered that each 10 μg/m3 increase in NO2, and SO2 concentrations was associated with an increase of 6.9 and 6.9% in the risk of hospitalization for asthma in people aged ≥60 years, respectively. NO2 is associated with the production of various free radicals that can trigger lipid peroxidation of cell membranes, and these effects can damage the structure and impair airway function, and exposure to NO2 can also promote the release of inflammatory mediators, leading to asthma (56, 57). Such as Stosic et al. (58) identified a 1.2% increase in the RR of daily asthma hospitalization among people aged ≥65 years in association with a 10 μg/m3 increase in daily NO2 concentration. Similarly, SO2 has been previously shown to cause bronchospasm and to increase the risk of hospitalization for asthma (18, 28). O3 is a highly oxidizing and reactive gas, which has been associated with a variety of adverse respiratory outcomes (59). Previous epidemiological studies have investigated the association between ozone pollution and acute asthma exacerbations (60, 61). For example, a study in Hong Kong (62) reported that an interquartile range increment in O3 (31.6 μg/m3) in a previous week (lag0-6) was associated with 13.2% (8.4%–18.2%) increases in asthma for elders. Although the associations between air levels and asthma admissions are different due to variations in regions, population, and social factors and so on, these epidemiological studies all support that the risk of asthma increases with the concentration of air pollutants.

PM is a complex mixture of solid and liquid particles suspended in the atmosphere, and includes PM10 (≤10 μm) and PM2.5 (≤2.5 μm). The former is mainly produced by construction activities and re-suspension of road dust and wind, while the latter arises mainly from combustion processes. Increasing studies reported the positive associations between PM pollution and HAs for asthma among older adults (24–26). For example, Park et al. (63) using adults as the referent, the relative rate (RR) of asthma admissions with 10 μg/m3 increase of PM10 is 1.3% (95% CI 0.7–1.9%) higher for the the people over 65 years old. Xie et al. (64) found that the older adults were more susceptible to PM10, with a cumulative RR of 1.066 (1.015–1.119) for hospitalizations at lag12, but our results indicate that PM2.5 is significantly associated with admission to hospital for asthma in the older adults, and RR at lag5 is 1.015 (1.003–1.028). The composition of PM may vary depending on the area where PM is generated, the season, and weather conditions (65). Upon entering the respiratory tract, PM deposits to exert toxic effects through mechanical damage and harmful substances on the surface, which cause pathological changes such as mucosal edema, epithelial cell proliferation, vasodilation, and eosinophilic infiltration, which lead to or aggravate airway inflammation and oxidative stress (66, 67), thus causing asthma. All of the above-mentioned processes play pivotal roles in the occurrence of asthma. However, this evidence comes primarily from observational studies, so future epidemiological studies and in vivo assays based on more precise environmental exposure data are needed to explore the biological mechanisms of air pollutants under the premise of better controls for confounding factors.

The identification of potentially susceptible populations plays a significant role in public health. In the stratified analysis, we observed stronger associations between air pollution and asthma HAs among older adult in females, those aged 65–69 years, and in the warm season, although all of the differences between subgroups did not reach statistical significance. Previous studies have reported stronger respiratory-related health outcomes in females compared to males (68, 69). Similar to our findings, a study conducted in Canadian found that only in females, short-term NO2 exposure was associated with increased risk of respiratory hospitalizations (70). As for the effects of the season, studies have shown a higher correlation between individual air pollutant exposure and ambient air pollutant concentrations in summer than in winter (71), which makes our findings somewhat reasonable. The above discussion highlights some potential reasons why the associations between air pollution and asthma among older adults in this paper may differ from gender, season. However, our results were inconsistent across pollutants, making it more difficult to explain the biological or physiological mechanisms of effects. In order to better understand the health hazards of air pollution in older adults, future studies need to focus on more information such as individual activity patterns, occupations and regional economy and development situation, etc.

Finally, the present study analyzed the burden attributable to air pollution-induced asthma hospitalizations, which is central for cost-effective policy-making and asthma prevention. Assessing the corresponding economic burden of exposure to pollutants that exceed the limits also can shed more light on the potential link between air pollution and health. Previous studies have proved that PM and NO2 cause serious economic losses to the society (45, 72, 73). For example, Moradi et al. (74) found that in conditions of PM2.5 concentration above 5 μg/m3, attributed proportion, the total number of attributable cases, and the number of attributable cases per 100,000 population (with moderate relative risk and confidence of 95%) for the admission of respiratory diseases have been estimated at 97.1%, 68 persons and 3 persons, respectively. Guo et al. (20) assessed the economic burden of medical visits for air pollution-induced asthma in Shanghai in 2014, and the economic costs attributable to PM10, PM2.5, and NO2 were 30.18, 34.50, and 17.15 million USD annually, respectively. Gao et al. (75) evaluated the economic costs associated with the haze event of January 2013 and found that PM2.5 caused asthma-related economic costs of 7.1 million USD. These studies all show a positive correlation between air pollution and burden. Meanwhile, we found that the number of asthma hospitalizations attributable to PM2.5, PM10, and NO2 pollution was 749, 409 and 101, respectively, which resulted in a total economic cost of 5.94 million CNY, 3.5 million CNY and 0.63 million CNY, respectively. These findings suggest that more hospitalizations and economic lost could be avoided if recorded PM and NO2 levels is at lower levels. Our study only assessed people over 65 years of age, which is different from other population-wide assessments, despite this, it cannot be ignored that the impact of air pollution on the health of the older adults population in Sichuan remains a more serious public health challenge compared with other regions.


4.1 Strengths and limitations

This study has made two contributions. First, data were collected from nine cities and prefectures across Sichuan province, which can represent the overall characteristics of the province to some extent. Second, the relationships between air pollutants and asthma hospitalization among the older adults were examined and discussed, and the economic burden was assessed, providing empirical evidence for the association between air pollutants and asthma among the older adults. Meanwhile, this study has certain limitations. First, this is an ecological study, although it was adjusted for several confounding factors such as the day of the week, public holidays, and weather conditions, asthma has multiple etiologic factors, and the interference and influence of confounding factors such as environmental chemicals, personal health status, and individual lifestyle habits were unavoidable in this study. Second, the air pollutant concentration data were obtained from fixed monitoring sites and measurement bias of exposure levels was inevitable. Finally, in calculating the economic costs, we may be underestimating the burden of air pollution because we only consider the number of people treated in hospital and use the number of days in hospital to measure lost productivity.

Based on these findings, first, strategies for prevention of asthma should focus on providing educational health messages in older adults (≥65). Second, because there is no completely safe level of air pollutants, more stringent regulations on industry and automobiles, and a more active notification system for high levels of air pollutants, may help to prevent asthma. Third, reduced air pollution from industrial upgrades, vehicle and fuel renovations, better public transportation and increasing green space (76) can prevent respiratory diseases. Finally, we need a comprehensive pre-warning system to help patients with asthma diseases prepare and take preventive measures in advance, and reduce the social and economic burden of air pollution.




5 Conclusion

We found that short-term exposure to air pollutants was significantly associated with increased the risk of asthma hospitalization in people aged ≥65 years with a lag effect. Additionally, the number of asthma hospitalizations attributable to PM and NO2 pollution during the study period was 1,345 and 95, respectively, with a total economic cost of 10.952 and 0.776 million CNY, respectively. These findings are of great importance to the formulation of health care policies for the older adult population and the direction of public health development.
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Carbon risk may have potential influences on the green transition of enterprises. This paper thoroughly investigates the effect and mechanism of carbon risk on the transition towards sustainability. We use quantitative regression models and a panel of Chinese manufactural listed companies from 2011-2020. There is strong evidence manifesting that the effect of carbon risk on corporate green transition is positive and statistically significant. The green transition is marked by the overall encouragement of exploratory, exploitable, autonomous, and collaborative green innovation. The mechanism test indicates that the enhancement of internal R&D transformation and the pressure of external stakeholders are two fundamental pathways by which carbon risk influences the green transition. Additional examination reveals that the beneficial impact is particularly noticeable for companies that have limited capital intensity, minimal governmental assistance, reduced financial limitations, and are state-owned enterprises. These results are robust to resolve the problem of endogeneity by means of instrumental variables, Heckman two-step, placebo test, propensity score matching and difference-in-difference ways. Against the background of carbon neutrality, it is of great significance to examine the relationship between carbon risk and corporate green transition. The conclusion complements the knowledge of carbon risk and green transition, as well as provides theoretical insights and practical enlightenment for the green transition of manufacturing enterprises in emerging economies.
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1 Introduction

Green development has become a hot issue under discussion of the international community (1). Green transition has become an inevitable choice for sustainable development of emerging market countries (2). As a major component of the economy, manufacturing enterprises serve as a pivotal player in the green transition (3). This paper empirically investigates how enterprise’s carbon risk influences the green transition of Chinese manufacturing listed companies from 2011 to 2020 based on 2,163 samples and 12,939 enterprise-year observations. Considering that the entry into force of China’s environmental protection tax law in 2018 is an exogenous event, we test for changes in the relationship between carbon risk and green transition. On this basis, we further identify the underlying paths mechanism of carbon risk affecting the green transition. To make sure the robustness of the result, we carried out decomposition mechanism test and heterogeneity analysis.

As a potential environmental disadvantage, carbon risk signifies the risk of uncertainty linked to climate variation or fossil energy excessive use (4). This uncertain risk related to current and future environmental policies and regulations may have an enormous influence on the company’s business activities and financial performance by means of supererogatory costs of compliance or emission trading mechanisms. Latest studies have tried to investigate the effect of carbon risk on different levels of investment or financing of enterprises. According to Bolton and Kacperczyk (5), the presence of carbon risk has a beneficial effect on the performance of stocks. Certain studies indicate that the release of carbon contributes to the vulnerabilities faced by businesses, including elevated credit risk (6), increased loan expenses (7, 8) and additional financial burdens (9). The presence of carbon risk may cause enterprises to decrease their investments and dividends, resulting in a certain degree of reduction in investment efficiency (10, 11). Furthermore, the company’s valuation will be adversely impacted by carbon risk, leading to an increase in capital cost and causing deviation from the optimal leverage ratio (12, 13). However, some studies have found that the intensification of carbon risk prompts the reinforcement of ecological governance, thereby incentivizes businesses to engage in eco-friendly technological advancements. This, in turn, helps offset a portion or even more of the expenses incurred due to environmental regulations. Consequently, the compensatory effect of such innovation can drive the transition toward sustainability for enterprises (14). Relevant studies indicate that implementing moderate environmental regulations can reduce the overall pollution degree of society by affecting the environmental behavior of enterprises (15). This can result in a multi-win condition of regional environmental, economic, and social benefits (16). Stringent regulations on the environment can incentivize enterprises to engage in innovative activities such as environmental technology innovation and ecological innovation. This can enhance the green overall productivity of enterprises by means of promoting environmental research and development (R&D) (17–19) as well as venture-backed innovation (20). Conversely, the escalation of environmental regulations due to increasing carbon risks exacerbates the business risks and associated management expenses of companies (10). When faced with higher carbon risk and more stringent environmental policy, both production cost and emission reduction cost will experience a significant rise. This will limit the innovation resources available, hinder the green innovation efforts of businesses, decelerate the progress of transitioning toward sustainability, and introduce higher levels of uncertainty in future business activities (9). Based on the perspective of stakeholders, higher carbon risks will bring greater pressure from stakeholders, and enterprises will actively respond to stakeholder pressure and adopt green practices to meet stakeholders’ demands for environmental concerns (21, 22). To date until now, there are no consistent conclusions about whether and how carbon risks affect the green transition. What is more, the current research sample primarily consists of companies that provide data on carbon emissions. The predicament of self-selection and small-sample bias may be encountered by these research designs.

Carbon emissions have become a hot issue and have attracted extensive attention from academia and industry. China, being the biggest developing nation and the largest industrialized country globally, currently holds the record for having the highest carbon emissions within a single country. Consequently, in the context of carbon neutrality, China is confronting with immense pressure to cut down carbon emissions, which leads to challenges in transitioning toward a greener future. As a key component of China’s economy, manufacturing industry accounts for a large proportion of China’s carbon emissions. Hence, the achievement of carbon neutrality heavily relies on the successful green transitioning of manufacturing enterprises in China. How does carbon risk affect the green transition of enterprises is an important issue worth studying. The government employs stringent regulation measures and direct tax policy to facilitate the green transition of firms. China implemented its environmental protection tax law in the year 2018. The implementation of this tax policy encourages firms to undertake environmentally friendly measures and decrease their carbon footprint. Hence, the public policy in China offers an exceptional situation for investigating how carbon risks affect the transition of enterprises toward sustainability. At the same time, as a representative of emerging market countries, China’s theory and practice of green transition of manufacturing enterprises provide important reference significance for other emerging market countries.

Hence, three marginal contributions are made in this study. Firstly, we expand the related knowledge on carbon risk and transition toward sustainability at the micro firm-level, both in terms of theoretical connotation and empirical evidence. A quasi-natural experimental environment is designed to preferably recognize the causal association between carbon risk and green transition behavior with finer granular firm-level sample data. In addition, the paper also provides initial proof for the effect of carbon risk in emerging markets and the impact of public policies in enterprise behavior. Secondly, we proposed a new measurement method of green transition, used the number of green patent applications as the proxy variable of green transition, as well as identified four novel types of green transition: exploitative, exploratory, autonomous and cooperative green transition for the first time. Thirdly, we opened the black box of the relationship between carbon risk and green transition, and revealed for the first time that internal R&D transformation and external stakeholder pressure are underlying path mechanisms through which carbon risk affects corporate green transition.

The study is organized as follows. Section2 exposes theoretical analysis and hypothesis. Section 3 describes methods. We discuss results in section 4. Section 5 reveals paths mechanism and heterogeneity tests. Finally, the conclusion is drawn.



2 Theoretical analysis and hypothesis development


2.1 Carbon risk and green transition

Carbon risk generally refers to the influence of society’s sustainable transition to a low-carbon economy paradigm on firm value due to policy, legal, technology, market and reputation changes (23). In fact, carbon risk is a transition risk. Many existing studies on carbon risk primarily examine how carbon risk affects various aspects of investment and financing in businesses. For instance, implementing stringent carbon supervision policy will increase the uncertainty of future cash flow and lead to financial default of enterprises (7); the carbon risks lead to the increasing of financial predicament risks, which propel firms to lower financial lever (Nguyen and Phan 2020); the carbon risk will increase the income uncertainty of enterprises, significantly increase the bank loan cost of enterprises, and reduce the dividend payment ratio (8, 10). However, institutional and stakeholder theories suggest different views on this. Within institutional theory, it is argued that “stakeholder engagement” is important for companies to establish social legitimacy (24). As posited by stakeholder theory, stakeholder pressures result in significant motivation for organizations to adopt various environmental practices (25–27). The rising carbon risk has aroused the concern of stakeholders on environmental issues and brought about greater stakeholder pressure, which can force enterprises to introspect their own shortcomings in carbon emission reduction, overcome organizational inertia, and turn external pressure into the driving force for companies to actively seek green product and process innovation (28). To date until now, there is still no consistent conclusion between carbon risk and green transition. “Porter Hypothesis” holds that the rise of carbon risk will result in stronger environmental supervision, and more stringent environmental constraint may urge companies to carry out green innovation, resulting innovation compensation effect can propel the green transition of enterprises (14). The opposite viewpoint argues that rising carbon risk will increase the environmental regulation compliance cost of enterprises, squeeze out R&D resources and inhibit their innovation activities, thus hindering the green transition of enterprises (9).

According to the “Porter Hypothesis,” the rising of carbon risk will result in stronger environmental supervision, which can propel firms to engage in green innovation and facilitate the transition toward sustainability. To a certain degree, the entry into force of China’s environmental protection tax law increases the carbon-related risks faced by businesses. This could potentially discourage the utilization of carbon-intensive technologies, encourage a voluntary shift toward more carbon-efficient technologies, and motivate enterprises to actively transition toward greener practices (29). Simultaneously, enterprises will be compelled by the escalating carbon risk to redirect their scarce R&D resources toward the development of eco-friendly technology, aiming to acquire environmental credibility and facilitate the transition to green practices through R&D diversion (30). Considering all the aforementioned factors, we may reach the conclusion that companies with elevated carbon risks are inclined to undergo a shift toward sustainability. Therefore, we put forward the subsequent conjecture:

 H1: Carbon risk positively promotes the green transition of enterprises.





2.2 Paths mechanisms of carbon risk on green transition

In terms of Porter Hypothesis, moderate environmental constraint is conductive to induce firms to implement green technology innovation. This can lead to an innovation compensation effect that outweighs the expenditure of environmental policy compliance (14). Companies that implement eco-friendly innovations in their production and operations can overcome the entrenched reliance on high-carbon practices and reduce the expenses associated with environmental monitoring (31). According to the Porter Hypothesis, the remarkable benefits of eco-friendly innovation motivate leaders to adopt a green transition as their primary business strategy. The driving forces of corporate green transition come from internal and external sources, respectively. From the internal perspective, the main burden of the green transition lies on capital formation, accumulation, and transfers facilitated by full R&D investment in the green sector’s productivity (32). From the external perspective, based on institutional theory, Yang and Chi argue that green transition is a strategic choice for the purpose of obtaining legitimacy; According to stakeholder theory, the need to adhere to stakeholder green demands if a firm seeks to attain superior competitive positions and sustained performance (21). Based on the above analysis, companies facing internal and external pressures have a higher probability of generating sustainable green value and gaining a competitive edge over their rivals. Carbon risk impacts the green transition by influencing both the internal production structure optimization and the external stakeholders’ pressure. To begin with, in the internal R&D transformation, carbon risk propels R&D transition of enterprises, boosts the number of R&D staff, enhances the overall level of highly skilled individuals, and reallocates scarce R&D resources toward green technology advancement, consequently, gear up green transition of firms. Furthermore, stakeholder theorists have argued that stakeholder pressures can prompt a firm’s motivation to carry out green practices (21, 33). While carbon risk increases, it attracts greater focus from stakeholders which include analysts and institutional investors, stakeholders’ demands for environmental issues will bring great pressure to enterprises, the pressure is likely to promote corporate more transparent governance and higher commitment to ESG. As a company facing significant stakeholder pressure from stakeholder, its higher commitment to ESG will propel enterprises to actively exploit low-carbon technologies and carry out green transition initiatives, ultimately shaping a positive environmental reputation. Thus, this document puts forward the subsequent conjecture:


H2: The green transition is influenced by carbon risk through the internal R&D transformation and the pressures from external stakeholders.
 



2.3 Decomposition mechanism of green transition

Considering the theory of organizational learning, the exploration mainly composed of searching, adventure, experiment, innovation, and primarily concentrates on the invention and creation of new things. Exploitation consists of improvement, selection, production, implementation, etc., with more emphasis on the improvement of existing things (34). Given the administrative characteristics of green technology patent in China (35), we categorize green patents into invention green patents and utility green patents. The first one emphasizes innovation and creation, whereas the second one emphasizes enhancement and progress. The green transition in terms of invention and utility green patents is redefined as exploratory green transition (GPI) and exploitative green transition (GPA) (36, 37). The primary focus of the exploratory green transition is to innovate and develop advanced green and low-carbon technologies. This involves venturing into uncharted territory with longer time frames and higher levels of uncertainty regarding potential outcomes. The exploitative green transition primarily involves enhancing and advancing current green technologies and production processes, along with optimizing and utilizing existing technologies. It can achieve short-term results and relatively stable expected return. The green transition is categorized as either autonomous green transition (IGP) or cooperative green transition (UGP), depending on whether the green patent is filed independently or jointly. According to the above analysis, we formulate the subsequent hypotheses:


H3: The green transition of exploratory, exploitative, autonomous, and cooperative types is positively influenced by carbon risk.
 

Figure 1 shows the theoretical framework of this study.
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FIGURE 1
 Theoretical framework.





3 Methodology and identification strategy


3.1 Samples and data collection

We describe the process of data collection in this section. The first dataset is green patents data, obtained from China Research Data Service Platform (CNRDS). The second dataset is carbon emissions data, collected from China Industrial Economic Statistical Yearbook and China Energy Statistical Yearbook. To test the relationship between carbon risk and corporate green transition, we use two measures of carbon risk. The first carbon risk measure is carbon emission amount, measured by the CO2 equivalent emissions in tons. The second measure is carbon intensity, measured as the ratio of CO2 emissions scaled by a firm’s operating cost. The third dataset includes control variables collected from CSMAR and WIND databases. Considering that Chinese manufacturing enterprises began to pay attention to environmental issues and carry out green transformation practices since 2010, and taking into account the availability of data, we select listed companies in China’s manufactural industry from 2011 to 2020 as the initial sample set. To address potential biases, The initial samples are treated as follows: (1) Eliminate the samples of IPO year, listing ST and delisted companies during the investigation period; (2) Wipe out the samples with missing key variable data and abnormal profit rate and asset-liability ratio; (3) In order to avoid the influence of potential outliers, we winsorize all continuous variables at the 1st and 99th percentiles. In the end, a total of 12,939 “firm-year” observation samples were obtained from 30 manufacturing sub-industries and 2,163 listed companies.



3.2 Empirical model

Following prior studies (8, 38–41), we probe the causal correlation between carbon risk and the green transition using the following regression model:
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Firms i, years t, industries k, and random interference terms ε are involved in the equation. The measured variable GPi,t represents the extent of green transformation of i firm during the t time frame, evaluated through variables related to green patent applications. CRi,t is the carbon risk of i firms in t period. ΣControlsi,t are related control variables, ΣIndustryk is the fixed effect of industry, ΣYeart is the year-fixed effect. Heteroscedasticity is used to adjust standard errors. α1 is the regression coefficient we care about, and we predict it to be significantly positive. In order to alleviate the potential heteroscedasticity and sequence-related problems, standard errors of regression coefficients are adjusted by means of clustering at the firm level.



3.3 Variables


3.3.1 Dependent variable: green transition

According to the existing research, the number of enterprise patents is a commonly used indicator to measure innovation performance (42),this paper uses the number of enterprises’ green patent applications as an indicator to measure green transition, and the number of green patent applications plus 1 to take the natural logarithm, and the log is utilized as the proxy variable for gaging green transition.



3.3.2 Independent variable: carbon risk

Based on existing literature, carbon intensity is taken as the proxy variable of enterprise carbon risk (4, 8, 43). The advantage of using this proxy is not only its ability to represent the connotation and significance of carbon risk, but also better data availability. Carbon intensity is measured by dividing carbon emissions by operating income (6, 44). The precise calculation formula for carbon risk at the corporate level is as stated below.

[image: Mathematical formula for \( CR_{k,i,t} = \left(\frac{COC_{k,i,t}}{IOC_{k,t}}\right) \times \frac{ICE_{k,t}}{SR_{k,i,t}} \), labeled as equation (2).]

CRk,i,t is the carbon risk of firm i, in t year and k industry, COCk,i,t presents the operating cost for firm i, in year t and in industry k based on CSMAR database. IOCk,t is the total operating cost of k-industry in year t based on WIND database, ICE is the total carbon emission of k-industry in year t, and its calculation formula is as follows: ICE = (total energy consumption of industry) × (carbon conversion coefficient). SR is the sales revenue of firms based on CSMAR database. The carbon conversion coefficient used is based on the carbon calculation standard of Xiamen Energy Conservation Center, where 1 ton of standard coal has a carbon conversion coefficient of 2.493. Equation (2) thus gives a quantifiable firm-specific carbon risk exposure.



3.3.3 Control variables

To account for the potential impact of factors outside of this model, we controlled for the variables that may influence the green transition of firms. For instance, firms that are lager may have more resources to carry out green transition (45), so firm scale is controlled. Similarly, older firms may have had longer exposure to isomorphic processes related to green transition (46), so firm age is controlled. Along with the same logic, following previous studies on the green transition of corporate (33, 45), the control variables of our study include: firm scale (staff), age of listing (age), ratio of fixed assets (tang), asset-liability ratio (lev), sustainable growth rate (grow), profitability (ebit), operating cash flow (ocf), capital intensity (density), market value (Q), ownership concentration (top1), board size (board), duality (dual) and state-owned enterprises (soe). Given the skewed data, the logarithms of some variable values were taken. The detailed variable definitions are displayed in Table 1.



TABLE 1 Main variable definition.
[image: Table listing variables related to enterprise analysis. It includes types such as dependent, independent, and control variables. Each row provides the variable name, abbreviation, and a definition detailing calculations or descriptions, such as carbon risk and enterprise scale. Definitions explain calculations involving natural logarithms and ratios.]





4 Empirical results


4.1 Descriptive statistics and correlation analysis

Descriptive statistics of the main variables from 2011 to 2020 are shown in Column A of Table 2. It reveals that the mean value of green transition (GP) is 1.3784, the median value is 1.0986, and the standard deviation is 1.4861. The average value is higher than the median value, suggesting significant variations in the extent of green transition among manufacturing companies. The average carbon risk is 0.4444, which implies that firms in the sample emit 0.4444 kg of carbon per 1 China Yuan of sales. The median value of carbon risk is 0.1497, which indicates that the carbon risk of most sample firms is relatively low. The minimum value of carbon risk is 0.0417, and the maximum value of carbon risk is 2.3507, which demonstrates that carbon risk varies significantly among different enterprises. The values of other control variables are within a reasonable range, which are generally consistent with the values of previous studies. In Column B of Table 2, according to the median value of carbon risk, the samples are divided into lower carbon risk group and higher carbon risk group. The findings from the average T test and the median Wilcoxon Z test show that firms with higher carbon risk have superior level of green transition, and significant statistical differences preliminarily confirm the research hypothesis H1.



TABLE 2 Descriptive statistics of main variables.
[image: Panel A displays descriptive statistics for main variables, including observations, mean, standard deviation, minimum, 25th percentile, median, 75th percentile, and maximum values. Variables listed are GP, CR, staff, age, tang, lev, grow, ebit, ocf, density, Q, top1, board, dual, and soe. An additional panel shows descriptive statistics grouped by carbon risk, comparing low and high carbon risk categories using mean differences, P50 differences, T test, and Z test results for GP. Asterisks indicate statistical significance at different levels.]



4.2 Baseline regression

To accurately explore the influence of carbon risk on the green transition, the benchmark regression test employs the model (1), and the findings are displayed in Table 3. Column (1) displays the influence of carbon risk (CR) on green transition (GP) without adding control variables. As seen from the table that the carbon risk coefficient (CR) exhibits a highly positive significance at the level of 1%, which reveals that carbon risk significantly promotes the green transition of enterprises with fixed effects for both year and industry. Column (2) report the effect of carbon risk (CR) on the green transition (GP) after controlling for other variables. The explanation of the model is further enhanced and still shows that carbon risk significantly promotes the green transition of firms, the hypothesis H1 is proved. Particularly, the coefficient of regression (0.2083) in column (2) holds significant economic importance. It suggests that a rise of one-standard-deviation (0.5785) in carbon risk results in an average increase 0.1205 (0.5785 × 0.2083) in the green transition. This increase is equivalent to 8.74% (0.1205/1.3784) of the dependent variable sample mean in terms of economic significance.



TABLE 3 The impact of carbon risk on the green transition.
[image: Table displaying OLS regression results examining the effect of carbon risk on green transition. Two columns labeled GP show coefficients and t-values for variables like CR, staff, age, tang, lev, grow, ebit, ocf, density, Q, top1, board, dual, soe, and constant. Significance levels are noted by asterisks: one, five, and ten percent levels. Controls, year FE, and industry FE are indicated, along with R-squared and sample size.]



4.3 Endogeneity check


4.3.1 2SLS instrumental variable method

The regression results demonstrate that firms with a high carbon risk are likely to carry out green transition. However, the relationship between carbon risk and green transition may have errors due to omitted variables and bidirectional causality. For instance, the corporate carbon risk may be related to unobservable factors such as industry, region and other potential factors. In addition, firms with a high degree of green transition may belong to high-carbon pollution industries, which generally have high carbon risks, and this potential bidirectional causality may produce certain endogeneity. We employ the heteroscedasticity instrumental variable to address potential endogeneity (47). The specific construction method of heteroscedasticity instrumental variable is as follow: the heteroscedasticity instrumental variable = (firm carbon risk value minus carbon risk mean value by industry and year as well as province)3 (expressed by IVCR). The rationale behind this is that the instrumental variable is associated with the current carbon risk, and it is unrelated to the current random error term. Specifically, the heteroscedasticity instrumental variable satisfy relevance and exclusivity criteria, thereby avoids weak instrumental variable problem.

Table 4 displays the two-stage regression outcomes of the heteroscedasticity instrumental variable. According to Column (1), the IVCR coefficient is positively significant at the 1% level, and the F statistic exceeds critical value of 10. It states clearly that the heteroscedasticity instrumental variable is highly related with current carbon risk and conforms with the correlation conditions. The second-stage estimation in column (2) still reflects that carbon risk significantly promotes the green transition of firms. These checks mitigate endogeneity concerns to a certain extent.



TABLE 4 Endogeneity and exclusivity tests.
[image: A table compares regression results from different models: 2SLS IV, Heckman two-step, and a placebo test. Columns represent first and second-stage regressions, displaying coefficients and standard errors for variables CR, IVCR, YPCR, and IMR. Significance levels are indicated by asterisks. Controls, year fixed effects, industry fixed effects, F-statistics, R-squared values, and sample sizes are noted.]



4.3.2 Heckman two-stage model

The Heckman two-step approach is employed to investigate the possible issue of sample self-selection in hypothesis H1. In the initial step of the Probit model, the dummy variable DCR is set in terms of the median value of annual industry carbon risk. Additionally, the instrumental variable YPCR, representing the average value of yearly industry and provinces, is utilized. Using these variables, the regression outcomes enable the computation of the inverse Mills coefficient (IMR). During the second phase, IMR is utilized as a replacement for forecasting the value, and the outcomes that have been approximated are presented in Table 4. The positive regression coefficient of CR remains significant at the 1% level even after incorporating IMR and accounting for self-selection error, confirming the validity of the core conclusion.



4.3.3 Placebo effect test

The above analysis confirms that carbon risk can propel the green transition of firms and consider potential endogenous problems such as omitted variables in samples and measurement errors. However, these results may simply be a placebo effect, given the limitations of factors that were not considered. Exclusive interpretation test was conducted by means of referring to the methods of previous studies (48). The carbon risk (CR) values of all sample data are extracted and randomly assigned to each observation value one by one for re-regression. If the placebo effect exists, the carbon risk (CR) after treatment is still positively correlated with the green transition. The carbon risk (CR) coefficient in column (5) of Table 4 is not significant, which is significantly different from the baseline regression results, from above analysis, we can exclude the existence of placebo effect.



4.3.4 Propensity score matching

Considering possible distinction of initial conditions of firms with different carbon risk levels, we adopt a propensity score matching approach to alleviate potential endogeneity due to possible sample self-selection. The samples of firm-year observations were categorized into a treatment group and a control group. Firm-year observations that exceed the industry mean are included in the treatment group, on the contrary, the control group consisted of those with a carbon risk lower than the industry average. We employ annual matching to avoid sample selection bias arising from matching across years. To ensure that the two groups of samples have similar observable firm characteristics, we conduct the matching based on firm scale (staff), listing age (age), asset-liability ratio (lev), sustainable growth rate (grow), market value (Q), ownership concentration (top1), and R&D intensity (RDI) with a radius of 0.01. To assess the dependability of the PSM approach, one can observe the absolute value of the standard deviation of the variables that have been matched. A smaller absolute value of standard deviation leads to a more favorable matching effect. After matched, the equilibrium test results indicate that the standardized deviations of both the treatment group and the control group are substantially reduced, in terms of absolute value, they are all less than 5% in the post-match sample. Additionally, the T test results demonstrate that there are no significant differences among the characteristic variables post-match, which indicates that the results are robust after PSM matching.

Panel A in Table 5 demonstrates the test results of average treatment effects (ATT) of the treatment group in the pre- and post-match samples. We find that the differences are statistically significant, implying that the positive relationship between carbon risk and the green transition supports hypothesis H1. Next, we perform a regression analysis based on the matched sample using Equation (1), and the corresponding regression outcomes are presented in Panel B. Table 5 clearly states that the CR regression coefficient is highly positive at a significance of 1% level, both with and without control variables, which indicates that firms with a high carbon risk are more likely to carry out green transition. This finding aligns with the previous outcomes. All the results suggest that our main effects are robust.



TABLE 5 Propensity scores matching approach.
[image: Panel A shows the average treatment effect for GP with unmatched and matched samples. Differences are 0.1954 and 0.0663, respectively. T-statistics are significant. Panel B presents regression results with CR and cons as variables, both significant. Controls include Year FE and Industry FE. The number of observations is 12,901. Significance levels are marked by asterisks.]



4.3.5 Exogenous shock test


4.3.5.1 Model and regression analysis

To assess whether carbon risk promotes the green transition more steadily, we adopt the official entry into force of Environmental Protection Tax Law of the People’s Republic of China on January 1, 2018, as an exogenous shock, and evaluate the impact of the policy by means of difference-in-difference (DID) method. DID model can avoid the two-way causal problem to a great extent and can well eliminate the interference of other factors except policies. In addition, the model can alleviate omitted variables bias by means of time- and industry- fixed effect. The regression model is constructed as follows:

[image: Mathematical equation representing a regression model: \( GP_{i,t} = \beta_0 + \beta_1 \times CR_{i,t} + \beta_2 \times Treat + \beta_3 \times Post + \beta_4 \times Treat \times Post + \sum Controls_{i,t} + \sum Industry_k + \sum Year_t + \epsilon_{i,t} \).]

The enterprise is represented by i, the year is represented by t, the industry is represented by k, and the random error term is represented by ε. Treat serves as a fictitious treatment variable, signifying its association with a treatment group. The carbon-intensive enterprises (treatment group) have a value of 1, while the other enterprises (control group) have a value of 0. The post serves as a placeholder for time, while the year of implementation of the Environmental Protection Tax Law in the People’s Republic of China marks the year of significant policy change. The value of Post is 1 in 2018 or later, otherwise it is 0. This paper identifies the carbon-intensive industries based on the carbon emissions of the manufacturing sub-industries in which the enterprise is situated. Regarding the industry’s carbon emission and energy consumption level, the carbon-intensive enterprises encompass those in six sub-industries: paper making, petrochemical, chemical industry, non-metallic mineral products, ferrous metals, and non-ferrous metals. On the other hand, the remaining enterprises are classified as non-carbon-intensive. The control variables, denotes as ΣControls
i,t, are variables that are related to control conditions; ΣIndustryk represents the industry-fixed effect; ΣYear
t represents the year-fixed effect.

The core coefficient in Equation (3) is β4. Our prediction is that the β4 will have a positive and statistically significant outcome. The results of the regression are shown in Table 6. The first column displays the regression outcome without control variables and without controlling year- and industry-fixed effects. The second column shows the corresponding outcome without control variables but with the inclusion of year- and industry-fixed effects. In the third column, the regression result includes control variables but does not account for year- and industry-fixed effects. Finally, the fourth column presents the regression result with both control variables and the simultaneous control of year- and industry-fixed effects. The regression coefficient(β4) of the interaction term (Treat*Post) in Table 6, specifically in columns (1)–(4), exhibit significant positive values of 0.2593, 0.1836, 0.2858, and 0.2289, respectively, at a significance of 1% level. The outcomes suggest that regardless of the inclusion of control variables or the control of year-and industry-fixed effects, the environmental sustainability of businesses will be remarkable enhanced by corporate carbon risk, thus confirming research hypothesis H1.



TABLE 6 DID regression.
[image: A table displays regression results across four models with the dependent variable labeled "GP." Each model presents coefficients and t-values (in parentheses) for various variables, including "Treat × Post," "Post," "Treat," "CR," and others. Statistical significance is indicated by asterisks: *, **, and ***. Rows indicate whether controls, year fixed effects, and industry fixed effects are included. R-squared values and sample sizes are also noted, with each model containing 12,939 observations.]



4.3.5.2 Parallel trend test

To ensure the accuracy of DID regression model, it is requisite for both the treatment group and the control group to exhibit similar trends prior to exogenous policy shocks. This implies that the DID model should adhere to the hypothesis of parallel trend. The insignificance of the interaction coefficient can be observed in Figure 2 prior to the implementation of the exogenous policy. This suggests that there is no notable distinction between the treatment group and the control group prior to 2018, and the model aligns with the hypothesis of parallel trend. Following the implementation of the policy, the coefficient of interaction shows a notable positive trend, suggesting that the policy has greatly facilitated the green transformation of firms.

[image: Line graph showing policy effect from 2012 to 2020, with values generally increasing. Error bars indicate variability in estimates, peaking in 2018. Both positive and negative effects are displayed, with a reference line at zero.]

FIGURE 2
 Parallel trend test.






4.4 Robust check


4.4.1 Alternative explained variable

The proxy variable for re-measuring the degree of sustainable transition is obtained by taking the logarithm of the count of green patents granted and adding 1. Table 7 displays the projected outcomes in columns (1) and (2). The CR’s regression coefficient is markedly positive at the level of 1%, both without and with control variables. The outcomes stay strong using an alternative dependent variable.



TABLE 7 Alternative variables regression.
[image: A table displays statistical regression results with four columns labeled (1) AGP, (2) AGP, (3) GP, and (4) GP. It includes variables CR, WCR, and cons with corresponding coefficients and standard errors in parentheses. The significance levels are indicated by asterisks: *, **, and *** for the ten, five, and one percent levels, respectively. Controls are either NO or YES. Year FE and Industry FE are present in all columns. R-squared within ranges from 0.0006 to 0.2434, and all columns have a sample size (N) of 12,939.]



4.4.2 Alternative core independent variable

The carbon emissions of different industries and different energy forms are classified and weighted, the carbon risk level of enterprises is re-calculated (8), and the carbon risk variable is replaced by WCR (Weighting CR). Table 7 displays the projected outcomes in columns (3) and (4). By including control variables, the CR regression coefficient exhibits a statistically markedly positive at the level of 10%. The conclusion is consistent with the above results by replacing the core independent variables.



4.4.3 Multi-dimensional control of omitted variables

First, in view of the influence of industry, province and government subsidies and other aspects on the green transition of enterprises, we re-estimate model (1) based on the above-mentioned variables. Secondly, considering that the bidirectional fixed model of year and industry is not strict enough to control endogeneity, the high-order joint fixed effect method of controlling “Year*Province” is adopted for testing. Table 8 displays the projected outcomes in columns (1)–(3).



TABLE 8 Robustness test.
[image: A table with six columns labeled (1) Subs, (2) Indus/Prov, (3) Year*Prov, (4) Balance panel, (5) Sub samples, and (6) Lag1. The row labels include CR, L.CR, and cons, with values indicating coefficients and t-statistics in parentheses. Controls, Year FE, Industry FE, R2_within, and N are also listed with respective values. Asterisks denote statistical significance at the 10, 5, and 1 percent levels.]



4.4.4 Subsample regression

First, considering the impact of self-selection bias caused by enterprises entry and exit on green transition, the balanced panel data is retained for inspection. Secondly, eliminate the samples containing the words “environment,” “environmental protection,” “green” and “ecology” in the enterprise name, and at the same time eliminate the samples involving “environment,” “environmental protection,” “green” and “ecology” in the business scope of the enterprise. Table 8 displays the projected outcomes in columns (4) and (5).



4.4.5 Lag one phase

To alleviate the possible endogeneity of bidirectional causality in regression, the core explanatory variables are treated with one-stage lag, and the estimated results are indicated in column (6) of Table 8. Based on Table 8, it can be inferred that the fundamental finding of H1, which states that the promotion of enterprise carbon risk has a positive impact on its green transition, remains unchanged, indicating a strong and reliable conclusion.





5 Expansive research


5.1 Path mechanism test

The empirical findings confirm the beneficial impact of carbon risk on the transition toward sustainability. In order to further examine theoretical hypothesis and path mechanisms by which carbon risk affects the transition to green, we have constructed the model outlined below:

[image: Equation (4) depicts a regression model: Path_{i,t} equals gamma_0 plus gamma_1 times CR_{i,t} plus the sum of Controls_{i,t} plus the sum of Industry_k plus the sum of Year_t plus epsilon_{i,t}.]

In the above Equation (4), Path represents the specific Path mechanism between carbon risk and green transition, which corresponds to internal R&D transformation and external stakeholder pressures, respectively. The internal R&D transformation is realized by means of improving R&D capitalization rate (RDCAP) and optimizing human capital of R&D. The R&D capitalization rate is measured by the ratio of capitalized R&D costs divided by overall R&D expenditures. Referring to the existing studies, the optimization of internal human capital can promote the sustainable growth of enterprises (49). The optimization of human capital is measured by the ratio of R&D staff (RDH) and the ratio of individuals with postgraduate degrees or higher (MD). According to stakeholder theory (25, 50–52), the behavior of a firm is significantly influenced by the demands and pressures from external stakeholders. The need to adhere to stakeholder demands if a firm seeks to attain superior competitive positions and sustained performance (21, 53, 54). In this paper, external stakeholder pressures are measured by investor attention (INVES) and institutional investor shareholding ratio (INS). The remaining variables are identical to those in Equation (1) and are not explicitly mentioned.

According to Table 9, the concrete path mechanisms are displayed. In column (1), the carbon risk regression coefficient is positively significant at the 5% level. This suggests that firms with higher carbon risk have higher R&D capitalization rates, which are likely to propel firms to implement R&D transformation. The carbon risks regression coefficients in columns (2)–(3) exhibit significant positive effects at the 1% level. Regression coefficients indicate that firms with higher carbon risk are more likely to increase the proportion of R&D personnel and the proportion of highly educated employees. The findings reveal that carbon risk promotes corporate green transition through R&D transformation which includes increasing R&D capitalization rate, increasing the proportion of R&D personnel and the proportion of highly educated employees. The regression coefficients of (4) and (5) are both statistically significant, which demonstrate that carbon risk can propel firms to carry out green transition through the pressures from external stakeholders. The results are consistent with previous studies (21, 24, 55–57). The hypothesis H2 is verified by the regression findings presented in Table 9.



TABLE 9 Path analysis.
[image: Table showing regression results for internal R&D transformation and external stakeholder pressures across five models. Variables CR and cons have coefficients with varying significance levels. Controls, year, and industry fixed effects are indicated. The table includes R-squared within values and sample size (N) of 12,939 for all models. Significance is noted with asterisks: one for 10 percent, two for 5 percent, and three for 1 percent significance levels.]



5.2 Decomposition mechanism test

Furthermore, to examine the underlying mechanism of how carbon risk affects the shift toward sustainability, we categorize the transition into four types: exploratory green transition (GPI), exploitative transition (GPA), independent green transition (IGP), and cooperative green transition (UGP). Proxy variables such as the count of green invention patent applications, green utility patent applications, independent green patent applications, and joint green patent applications replace the explained variable (GP) in model (1). The findings presented in Table 10 suggest that the carbon risk associated with corporations positively influences exploratory, exploitative, independent, and cooperative green transitions. These results align with the findings and support hypothesis H3.



TABLE 10 Decomposition mechanism.
[image: A table shows regression results for different relation and innovation types: Autonomous, Cooperative, Exploration, and Exploitation. It includes coefficients, standard errors, and significance levels for CR and cons. Controls, Year FE, and Industry FE are all indicated as yes. R2 within and N are also specified. Significance is marked by asterisks for ten, five, and one percent levels.]

The corporate carbon risk has a more remarkable impacts on promoting exploitative and cooperative green transition. This conclusion shows that the positive effects are not balanced. Against the background of carbon risk, enterprises are more inclined to carry out exploitative and cooperative green transition with low difficulty, high certainty, and fast short-term returns. Enterprises is likely to cooperate with other enterprises in order to carry out green transition and engage in incremental improvement of existing technologies or processes. The enthusiasm for exploratory and independent green transition with high uncertainty, great difficulty and no clear expected return in the short term is not high. The innovation of cutting-edge low-carbon technologies is insufficient, and the balance and quality of green transition need to be further improved.



5.3 Heterogeneity analysis

Based on analyzing internal mechanism of carbon risk affecting the green transition of firms, in view of the typical negative externalities of carbon risk, which are closely related to the characteristics of capital density, property rights, government subsidies and financing constraints, the following models is constructed to analyze the heterogeneous impacts of carbon risk as follows:

[image: Equation for GP_i,t: φ_0 + φ_1CRI_i,t × GRp_i,t + φ_2CRI_i,t + φ_3GRp_i,t + Σ Controls_i,t + Σ Industry_k + Σ Year_t + ε_i,t, labeled as equation 5.]

In the above Equation (5), Grp corresponds to the grouping variables of capital density, government subsidies and financing constraints, respectively. If the value of the variable is higher than the median, assign 1; otherwise, assign 0. Where capital density is measured by dividing total assets by operating income. The determination of property rights is assessed based on whether it pertains to a government-owned establishment, with a value of 1 assigned to state-owned enterprises; otherwise, it is assigned a value of 0. The level of financing constraints is gaged using the KZ index. Other variables are the same as Equation (1).

Table 11 displays the heterogeneous effects of carbon risk on the density of enterprise capital, property rights, government subsidies, and financing constraints. The positive impacts of carbon risk on the green transition of enterprises are evident in columns (1)–(4) of Table 11, aligning with previous findings. In column (1), the interaction coefficient for capital density is markedly negative at the level of 1%. This indicates that compared with high capital-intensive enterprises, the carbon risk of low capital-intensive companies has more remarkable positive influence on promoting green transition. Regarding the essence of ownership rights, the interaction coefficient in column (2) exhibits a highly positive significance at the 1% level. This implies that the advancement of the green transition through carbon risk mitigation holds greater importance within state-owned enterprises. The coefficient of interaction in column (3) shows a remarkable negative effect at the 1% significance level. This suggests that, in comparison to enterprises receiving high government subsidies, low government subsidy enterprises exhibit a more pronounced promotion of green transition in terms of carbon risk. In column (4), the interaction coefficient is highly negative at a significance level of 1%, suggesting that the impact of carbon risk on green transition is more markedly for enterprises with low financing constraints compared to those with high financing constraints. According to the heterogeneity test findings, carbon risk has a greater impact on driving the transition toward sustainability in companies that have limited capital density, minimal government subsidies, few financing constraints, and are state-owned. The interaction coefficient in column (3) is markedly negative at the level of 1%, which indicates that compared with high government subsidy enterprises, the carbon risk of low government subsidy enterprises promotes green transition more obviously.



TABLE 11 Heterogeneity analysis.
[image: Statistical table presenting regression results across four models labeled (1), (2), (4), and (5). Each model contains coefficients for variables: CR*Grp, CR, Grp, and cons. Significance levels are indicated by asterisks (*, **, ***), and each model includes controls for Year FE, Industry FE, R2_within values, and sample size (N). The values and significance indicate varying effects of the variables on different dependent variables labeled Capd, Soe, Subs, and KZ.]




6 Conclusion

Derived from the data of Chinese manufacturing companies listed between 2011 and 2020. By utilizing industry energy consumption, we calculate the carbon risk data at the firm-level and thoroughly examine the influence of enterprise carbon risk on the transition toward sustainability. The conclusions mainly include: (1) Carbon risk at the firm level exhibits a strong positive correlation with the green transition. This transition is characterized by the overall advancement of exploratory, exploitative, autonomous, and collaborative efforts toward sustainability. The outcome remains consistent after undergoing a range of examinations. (2) The mechanism examination indicates that the enhancement of internal manufacturing framework and the consideration of external stakeholders are the pathways through which carbon risk affects the transition toward sustainability of a firm. (3) According to the analysis of heterogeneity, enterprises with low capital density, low government subsidies, low financing constraints, and state ownership are more influenced by carbon risk in driving the transition toward green practices. The robustness of the regression results using different indicators for green transition and carbon risk is evident. To tackle potential endogenous issues, we employ various techniques including instrumental variable approach, Heckman two-step method, placebo examination, PSM test, and DID measure. From a finer-granularity perspective, the research findings confirm the validity of the ‘Porter Hypothesis’ and contribute to the existing body of knowledge on carbon risk and the transition toward sustainability within individual companies.


6.1 Theoretical and practical implications

Our study is a strong foundation and crucial stepping-stone for further understanding the relationship between carbon risk and corporate green transition. The link between carbon risk perspective and green action is something that benefits both carbon neutrality and green transition literature. We believe that the joint consideration of internal R&D transformation and external stakeholder pressures provides a number of additional insights into why and how firms are motivated to carry out green transition in the context of achieving carbon neutrality. Our study also provides insights into the green transition of manufacturing firms in emerging economies. To begin with, companies ought to enhance their investment in eco-friendly innovation, increase the ratio of research and development staff and top-notch professionals, improve the overall R&D human capital level, optimize the internal production structure by means of R&D transformation. Secondly, firms should pay attention to the balance of green transition. To ensure the short-term survival and long-term sustainable development of businesses, it is crucial to enhance investment in both innovative and autonomous green transformation. This entails maintaining a harmonious equilibrium between exploratory and exploitative approaches, as well as independent and collaborative efforts toward green transition. Third, optimize the government’s environmental policy. Timely revisions to environmental regulation standards, implementation of rational fiscal and tax support measures, enhancement of government subsidy distribution methods, and augmentation of green finance assistance for advanced low-carbon technologies.



6.2 Research limitations and prospects

Even though the results of our paper overwhelmingly indicate that the relationship is strong positive between carbon risk and corporate green transition, there are still some limitations to this study. The single-industry, single-country limitations point to the need to investigate whether other industries and countries have the same experience. Due to the selection of listed manufacturing companies in China, the sample companies are all large enterprises, and the conclusions have certain limitations and may not be applicable to small and medium-sized enterprises. In the future, we can choose other emerging market scenarios or developed countries in Europe and the United States to explore the relationship between carbon risk and corporate green transition. The composite sample method can also be adopted to select cross-country samples or cross-scale enterprise samples, so as to make the conclusions more universal. As for the mechanism test between carbon risk and enterprise green transition, our study only explores the path mechanism of internal R&D transformation and the pressure of external institutional investors. Future research can explore other path mechanisms through which carbon risk affects corporate green transition.
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Introduction: The shifting living and working conditions have profound impacts on the residents’ mental health. However, current research in this field has not remarkable investigated.
Methods: This study used the China Labor-force Dynamic Survey (CLDS) dataset from 2018 and relied on a regression model to examine the effects of the built environment, work environment, and subjective perception on the mental health of Chinese citizens. It also considers the circumstances of both migrants and local residents.
Results: This study revealed significant correlations between mental health and greening space rate, road network density, commuting time, work feelings, community trust, economic satisfaction, and other factors. Additionally, the mental health of local residents was shown to be significantly affected by community security, while it shows no significance in migrants. Furthermore, a significant spatial autocorrelation was found in terms of mental health within the central and eastern regions of China.
Discussion: The findings of this study offer valuable insights that can be used to facilitate measures aimed at improving the mental health of residents and promoting the development of healthy cities.


Keywords
 mental health; migrants; built environment; work environment; subjective perception


1 Introduction

In recent years, urbanization in developing countries has rapidly accelerated owing to the significant growth of the global economy. Urbanization has a positive impact on residents’ quality of life by enhancing the quality of medical services and infrastructure available to them. However, the ongoing influx of people into urban environments means that it is estimated that by 2050, most of the global population will reside in cities; indicating citizens may suffer more pressures resulting in some potential mental problems, with the increasing living costs and employment competition, as well as the less opportunities of visiting green spaces and accompanying families. According to the World Health Organization (WHO), more than 700,000 people die due to suicide worldwide, and mental health problems are one of the major contributors (World Health Organization [WHO], 2021). Meanwhile, some research has also shown that approximately 792 million individuals worldwide experience mental illness, accounting for approximately 10.7% of the global population (Ritchie and Roser, 2023). On one hand, the continuous growing of mental problem results in a series of bad influences on medical system, including the rising loads of mental treatment services (Lozano et al., 2012). On the other hand, it is reported that mental health issues result in a minimum annual cost of US$1 trillion to the global economy (World Health Organization, 2019). The main goal of the 2030 Agenda for Sustainable Development (SDGs) is to “Ensure healthy lives and promote well-being for all at all ages,” including reducing one-third premature mortality from non-communicable diseases through prevention and treatment and promoting mental health and well-being (Transforming our World: The 2030 Agenda for Sustainable Development|Department of Economic and Social Affairs, n.d.). Thus, in light of the significant social and economic implications, it is crucial to thoroughly investigate the factors that affect the mental health of urban residents.

Previous research has extensively examined the impact mechanisms affecting mental health across various multidisciplinary fields, including sociology, psychology and geography. This has included investigating the driving factors, methods, and differences associated with mental health. First, studies on driving forces have mainly focused on environments (e.g., social, built, and work environments) (Lin and Yang, 2015; Silva et al., 2016; Shen et al., 2021) and perceptions (e.g., subjective environmental perception and satisfaction) (Mehrabian and Russell, 1974; Liu et al., 2019a). Similarly, certain researchers have endeavored to investigate different methods for measuring mental health and implementing new technologies (Cuijpers et al., 2009; Liu et al., 2021). Furthermore, research interest has been drawn to the examination of mental health disparities, encompassing distinctions between urban and rural areas and sex-based disparities (Shen et al., 2021). Although existing research has drawn some important conclusions regarding the impact mechanism of mental health, significant gaps remain. Prior research of mental health has mainly focused on specific groups, such as the elderly or the migrants, and has limited exploration of the feature of geographical spatial distribution. Thus, this study examines the spatial correlation and influencing mechanisms affecting residents’ mental health in different regions of China, based on large-scale population data obtained from the China Labor-force Dynamic Survey (CLDS). A variety of influencing factors of objective environment and subjective perception were employed, including the built environment, work environment, and economic satisfaction, etc. Furthermore, the analysis also considered the comprehensive effects of random groups, as well as the varying effects on migrants and local residents. The findings of this study will serve as a valuable resource for urban planners and decision makers, contributing to the enhancement of mental health among urban residents and helping to enable the further progress of cities in China.



2 Literature review


2.1 Urbanization, transition and mental health

Urbanization has made cities becoming the ultimate destination for population agglomeration (Vearey et al., 2020). As a result, the labor force characteristics of China’s population are undergoing gradual changes. Urbanization and demographic transitions often lead to a range of health issues. Some studies have suggested that individuals in good health are typically the primary participants in this transition (Chen, 2011). Nevertheless, health risks do not manifest immediately but rather accumulate over time due to low adaptability or ongoing exposure to high-risk environments. Migrant workers often tend to find themselves in low-paying, dirty, harsh, and dangerous jobs compared to local permanent residents. This disparity can be attributed to differences in educational levels and household registration systems (Yue et al., 2013; Shen, 2017). In contrast to physical health issues, mental health concerns are often less apparent and more challenging to detect. Mental health disorders can generate various challenges and risks, including financial difficulties (Anand et al., 2018; Richardson et al., 2021), lethargy (Fibbins et al., 2018), depression, and shorter lifespans (Stubbs and Rosenbaum, 2018). Thus, exploring the mechanisms that influence mental health has important practical implications. Sweetser first introduced the concept of mental health (Sweetser, 1850). This definition has since been further developed through ongoing research (Gamm et al., 2010). As per the definition put forward by the World Health Organization in 2019, mental health in this study is defined as a state of well-being in which an individual can realize their own potential, cope with the normal stresses of life, work productively, and contribute to the community.



2.2 Measurement of mental health

As an abstract concept, most researchers generally choose to express mental health using multiple indicators. Consequently, psychological scale tools have emerged as the primary method for diagnosing mental health conditions. Internationally recognized scales that are frequently used include the Symptom Checklist-90 (SCL-90), the Positive and Negative Affect Schedule (PANAS) and the Self-Rating Depression Scale (SDS), etc. On the above mental health scales, the reliability and validity of SCL-90 which is recognized as a classical scale have been tested in China (Zhong et al., 2013), while SDS is difficult to evaluate depression with severe retardation symptoms, and the evaluation effect is poor for people with low educational level or slightly poor intellectual level (Guan et al., 2022). Meanwhile, PANAS has the limitations of an ordinal scale such as low precision and unsuitability for using with parametric statistics (Medvedev et al., 2023). In addition, with the development of data acquisition technology and hardware matching, the information collection mode of mental health has expanded to include wearable electronic devices with sensors (e.g., watch, helmet) and other devices to monitor ecological instantaneous assessments, physiological functions, environmental parameters, physical behavior (Fahrenberg et al., 2007), ultimately forming a longitudinal dataset that allows for the real-time collection, but it needs a long cycle of time consumption. Finally, after comparing the features of the previous scales, Depression Self-Assessment Scale (CES-D20) is employed in this paper to measure mental health, because of its high quality of operability, reliability and recognition degree (Bharadwaj et al., 2017).



2.3 Determinants of mental health

The determinants of mental health in previous researches have been mainly summarized into three aspects: built environment (e.g., land development intensity, greening space rate, road network density), work environment (e.g., commuting time, employment status), and subjective perception (e.g., community trust, economic satisfaction, and community security). The influence of these factors is usually related to the unequal distribution of social resources (Marmot et al., 2013). Especially the living conditions of the public, including built environment by which residents are surrounded and the working environment where activities are carried out may make people prone to exert different psychological feelings, thereby affecting people’s mental health (Braveman et al., 2011). Therefore, it is important to study the influencing mechanism of built environment, work environment and subjective perception on mental health.

On the one hand, the built environment, as an activity platform for residents’ daily lives, not only directly affects physical activity and active transportation (Smith et al., 2017), but is also indirectly related to the potential mental health risks caused by unreasonable housing and infrastructure. This has been confirmed in several studies (Melis et al., 2015; Kim and Yoo, 2019; Stone et al., 2022). At the same time, green space can provide important health and environmental services, reduce economic and social inequalities, reduce the mental stress of urban residents, and provide people with better well-being and mental health (Nutsford et al., 2013; Barton and Rogerson, 2017). On the other hand, the impact of the work environment has also gradually come to receive greater attention with regard to its impact on mental health. Poor working conditions (e.g., working overtime, basic salary) can generate stress, fatigue and other negative emotions (Novaco et al., 1979; Evans, 2003; Gatersleben and Uzzell, 2007); while long-term exposure to dangerous workplaces (e.g., to air and noise pollution) can lead to increased health risks (Lundberg, 1976; Feng and Boyle, 2014; Böcker et al., 2016). Long working or commuting hours also reduce the time available for exercise, relaxation, and communication with family and friends, and increase feelings of isolation (Lyons and Chatterjee, 2008; Christian, 2012; Mattisson et al., 2015). Therefore, the improvement of environmental factors is crucial not only to promoting healthy physical activity and reducing the risk of chronic diseases such as obesity and cardiovascular disease, but also to providing people with the opportunity for psychological recovery and spiritual release, thus promoting better mental health and improving overall happiness (Zhao et al., 2022).

Furthermore, subjective perceptions are also important to mental health. It is believed that subjective environmental perceptions affect people’s emotions and behavioral choices (Wang et al., 2019; Liu et al., 2019a). If an environment can promote positive perceptions, people will be more inclined to continue engaging in activities in that environment (Mehrabian and Russell, 1974). Previous research has shown a correlation between subjective environmental perception and healthy activities (e.g., physical activities and social interactions) (Astell-Burt et al., 2014; Cohen-Cline et al., 2015). However, it is worth noting that subjective environmental perception is usually based on the objective environmental conditions, which guide individuals to produce corresponding behaviors (Atari et al., 2009; Liao et al., 2015). Thus, subjective environmental perception may act as a mediator between the environment and behavior, a fact that has been further verified across a number of different theoretical frameworks (Kremers et al., 2006; Sallis et al., 2006). From previous studies, it can be seen that the influencing factors of mental health mostly lie in the relationship between environment and mental health or subjective perception and mental health, and rarely have the relationship between various aspects and mental health at the same time. Therefore, this paper starts from the three aspects of built environment, work environment and subjective perception, and discusses the relationship between these variables and mental health. I hope it can provide some help for future research.




3 Data and methodology


3.1 Study area and data sources

This study uses data from the 2018 CLDS (Liu et al., 2019b; Huang et al., 2023) conducted by the Centre for Social Science Investigation at Sun Yat-sen University. The CLDS project was the first interdisciplinary large-scale tracking social survey on labor status in China, focusing on the status quo and changes in China’s labor force. The project covers education, work, migration, health, social participation, economic activities, grassroots organizations, and other research topics. The project sample population covers 28 provinces and cities in China (with the exceptions of Hong Kong, Macao, Taiwan, Tibet, Hainan, and Xinjiang), and the survey object is the entire labor force (family members aged 15–64 years) within the sample households. This study used survey data from the CLDS in the 2018 specifically as the total sample. The investigation included individual self-assessments of mental health, lifestyle, work environment, and economic status. Based on the needs of the study, the study initially excluded samples with missing or invalid self-rated mental health scale, number of Hukou transfer, and other key indicators. Among the remaining samples, there were 623 missing values for the variable “fun to work” (9.63%) and 481 missing values for the variable “part-time job” (7.44%). Subsequently, multiple imputation was employed to address the missing values, resulting in a complete database with a sample size of 6,464. The sample size distributions in different regions are shown in Figure 1.

[image: Map of the People's Republic of China showing sample counts by region. Areas are shaded in five color intensities, representing sample counts ranging from less than 25 to 165. The western part is marked as a non-study area with diagonal lines. An inset map provides a broader location context. A north arrow and a distance scale are included.]

FIGURE 1
 Study areas.


Table 1 shows the sociodemographic characteristics of the total sample and subsamples (migrants and local residents) used in this study. This study defines the local residents are those who have not relocated in the previous 6 months, while migrants are those who have left their current place of residence over 6 months. First, in the total sample, the mean value of age was 46.5, and the proportions of male and female respondents were 53.6 and 46.4%, respectively, of which 86.6% were married and 75% had zero Hukou transfers. Based on the socioeconomic characteristics of the research participants, the proportion of people satisfied with their employment status was relatively high (92.6%). The proportion of people who did not have part-time jobs was 92.7%. Among them, the proportion of respondents with higher education qualifications was generally low, at only 8.4%. In the subsample, the average age among the migrants and the local residents were 46.41 and 47.73. The proportion of female among the migrants was relatively high (72.8%), as was the proportion of male among local residents (60.4%). In terms of marital status, a high proportion of both the migrants and the local residents were married, 91.5 and 86.5%, respectively. Furthermore, both migrants and local residents reported a relatively high level of their employment status, at 91.8 and 92.8%, respectively.



TABLE 1 Sociodemographic characteristics of the total sample and subsamples.
[image: Table comparing demographic and socioeconomic variables between total, migrants, and local residents. Variables include number of samples, age, gender, marital status, hukou status, employment status, part-time job, and education level. Notable differences include higher percentages of females, unmarried status, and high education level among migrants compared to local residents.]



3.2 Variables

Based on previous research, we selected three aspects that impact alterations in individuals’ mental health: built environment, work environment, and subjective perception. These dimensions were taken directly from the CLDS 2018 questionnaire and government-accessible data (National Bureau of Statistics Urban Socioeconomic Survey Department, 2019).


3.2.1 Dependent variable

The dependent variable in this study was mental health. This study used the Depression Self-Assessment Scale (CES-D20) to measure mental health (Qiu et al., 2019). The Kaiser-Meyer-Olkin (KMO) value of the scale in this study was 0.971, with a significant Bartlett’s test of sphericity. Five of the 20 items on the mental health scale were daily behaviors that indicated poor mental states, and 15 of the items were frequent negative emotions that could have happened in the previous week. The scale uses a four-point scoring system 1 = Almost Always, 5–7 days per week; 2 = Often, 3–4 days per week; 3 = Rarely, 1–2 days per week; and 4 = Almost Never, less than one day per week; Higher scores on the overall scale, which range from 20 to 80, indicate that respondents’ mental health has improved over the previous week. Cronbach’s [image: Greek lowercase letter alpha, represented by the symbol "α".] of the mental health subscale was 0.947, indicating the reliability of the research measurement (Table 2).



TABLE 2 Measured variables of mental health.
[image: Table showing the constructed dimension of "Mental health" with Cronbach's alpha values of 0.947 and 0.950. It lists 20 variables related to mental health concerns, including worrying about small matters, poor sleep, feeling unhappy, feeling life is meaningless, and feeling nervous.]



3.2.2 Explanatory variable

This study divided the explanatory variables into three dimensions: built environment, work environment, and subjective perception. Built environment factors mainly include greening space rate, the number of hospitals, land development intensity, road network density and particulate matter 2.5 (PM2.5) index. Land development intensity refers to the proportion of total construction land in the administrative area. The work environment includes the variables of commuting time, employment hours (part-time vs. full-time), and employment status. Commuting time is expressed as the time it takes for a respondent to commute daily during their current or most recent job, while employment status is defined as either employed or unemployed. In addition, we divided participants’ subjective perceptions into work feelings, community trust, economic satisfaction, and community security. Work feelings refers to a 5 items scale related to work. The scale uses a five-point scoring system (1 = Not Satisfied; 2 = Not very Satisfied; 3 = Generally Satisfied; 4 = Relatively Satisfied; and 5 = Very Satisfied;) Community trust refers to a 9 items scale related to the trust to other different people. The scale uses a five-point scoring system (1 = Totally Unreliable.; 2 = Relatively Unreliable; 3 = Hovering Between reliable and unreliable; 4 = Relatively Reliable; 5 = Totally Reliable). Community security refers to the respondents reporting feeling in their community. The scale uses a four-point scoring system (1 = very unsafe; 2 = not very safe; 3 = relatively safe; and 4 = very safe).The values of Cronbach’s [image: Lowercase Greek letter alpha in a serif font.] of work feelings ([image: Lowercase Greek letter alpha in italic font.]=0.846) and community trust ([image: Lowercase Greek letter alpha in italics.]=0.735) are presented in Table 3.



TABLE 3 Measured variables of work feelings and community trust.
[image: Table displaying constructed dimensions, Cronbach's alpha values, and variables. "Work feelings" has values 0.846 and 0.849 with variables like "Safety at work" and "Overall job satisfaction." "Community trust" has values 0.735 and 0.743 with variables like "Family" and "Colleagues."]



3.2.3 Control variables

This study employs age, gender (male or female), marital status (married or unmarried), Hukou transfer, and education level (low, middle or high) as control variables. Hukou transfer refers to the frequency of migration. Low education refers that the respondent’s educational attainment was junior high school and below. Middle education refers that the respondent’s educational attainment was between senior high school and college. High education refers that the respondent’s educational attainment was bachelor’s degree and above. The scientific authenticity of this study was guaranteed by controlling the variables.




3.3 Research methods

Considering the possibility that mental health is affected by spatial differences in the environment and subjective perceptions (Zhao et al., 2022). In this study, a single-level linear regression model was used to measure the impact mechanism on mental health. This study selected mental health as the dependent variable, used the Ordinary Least Squares (OLS) (Choi and DiNitto, 2013; Mersky et al., 2013) method to establish a linear regression model, and measured the impact of the built environment, work environment, and subjective perception of mental health. The resulting expression is as follows:

[image: Mathematical expression representing a linear regression model: Y equals alpha sub zero plus the summation from i equals one to n of beta sub i times x sub i plus epsilon.]

In Eq. 1, where [image: Stylized letter "Y" in a serif font.]represents the dependent variable, that is, mental health, [image: Mathematical expression depicting the variable x with a subscript i.]represents the independent variables (including the built environment, work environment, and subjective perception) and control variables (including age, gender, marital status, hukou transfer and education level), [image: Greek letter beta with a subscript lowercase letter i.] represents its correlation coefficient. And[image: Greek letter alpha with subscript zero.] represents intercept, [image: Lowercase Greek letter epsilon.] is a normal distribution in which the error obeys a mean value of 0.




4 Results


4.1 Spatial distribution characteristics

The average mental health scores are shown in Figure 2. Overall, the average mental health scores gradually increased from the western to the central and eastern regions. The average mental health scores of Jinzhou, Yingkou, Tongling and Taizhou were relatively high, indicating that the residents of these areas have better mental health status, they are happier, more optimistic and more resilient. While respondents from Beihai, Jinchang and Yangquan had relatively low mental health score, they may face more stress and psychological barriers in their daily lives.

[image: Map of the People's Republic of China highlighting mental health values across regions. Darker green areas indicate higher values (≤60), while lighter greens (≤45) signify lower values. Hatched areas are non-study regions. A north arrow and a mileage scale are included.]

FIGURE 2
 Spatial distribution of average mental health levels.


To explore the spatial differentiation and autocorrelation characteristics of mental health in city scale, Global Moran’s I (Moran, 1950) and Local Moran’s I (Anselin, 1995) were implemented. The Moran ‘s I index was 0.103 with a Z-score of 4.162 and a value of p <0.01, indicating that the mental health in study area has a positive correlation. As shown in Figure 3, we further explored the spatial differentiation characteristics of mental health using Local Indicators of Spatial Association (LISA) clustering at the city scale in the study area. The results of the LISA clustering significance test showed that, first, eastern regions, for example, cities in Shandong province, Hangzhou, Suzhou, Nantong in Yangtze River Delta and Dalian, Yingkou in Liaodong Peninsula generally showed a positive local spatial correlation with mental health and belonged to high-high clustering areas. This indicates that the mental health scores of the residents in and surrounding cities were higher overall, and they may generally have a better mental health status. Second, cities such as Shanghai, Chengde, Zhengjiang and Huai’an are low-high clustering areas, indicating that people living in those areas may have worse mental health status than surrounding cities. The high-low clustering areas including Shuozhou and Qinzhou, indicating that the mental health scores in these areas were higher than those in the surrounding areas. Low-low aggregation areas mainly included in cities in Gansu and Qinghai provinces such as Wuwei, Zhangye and Xining, indicating that the residents in these areas have relatively poor mental health.

[image: Map of the People's Republic of China showing spatial clusters using LISA analysis. High-high clusters are marked in red, high-low outliers in pink, low-high outliers in light blue, and low-low clusters in dark blue. Areas with no significant clusters are shaded with diagonal lines. A legend explains the color coding.]

FIGURE 3
 Spatial autocorrelation of the mental health.




4.2 Results from baseline model

As shown in Table 4, regression analysis of the baseline model shows that there is a significant positive correlation in subjective perception factors, among which the coefficients of work feelings, community trust, economic satisfaction and community security are 0.235, 0.254, 1.525, and 0.921, respectively. This means that better subjective feelings contribute to better mental health status, because better work experiences, friendly interpersonal relationships, higher income and higher sense of security mean lower levels of work stress and greater enthusiasm for life, a finding which is consistent with those recorded in previous studies (Jakobsen et al., 2022; Shields-Zeeman and Smit, 2022). Second, in terms of the built environment, an increase in the greening space rate causes an increase of 0.001 point of mental health. Generally, a higher green space rate means higher environmental quality and more parks and other leisure places to promote social activities among residents, especially the elderly (Home et al., 2012; Bertram and Rehdanz, 2015). An increase of Road network density also causes an increase of 1.153 point of mental health. A higher road network density may reduce vehicle speed in the community, decreasing peoples’ concerns regarding traffic accidents. Higher road network density can also improve accessibility to the community, providing more walking options to make it easier to reach service facilities (Tao et al., 2020). In addition, in terms of the work environment, commuting time had a significant negative correlation (p < 0.001) with mental health. For control variables, age, marital status and low education have significant negative correlations with mental health with coefficients of 1.547, −0.055, and −0.830, respectively. This result indicates that mental health may decline when people get aged, get married or have a low education level.



TABLE 4 The results of regression for total sample.
[image: A table displays regression analysis results with coefficients, standard errors, and t-values for various factors affecting population attributes. Categories include sociological attributes, built environment, work environment, and subjective perception. Significant variables (p<0.01, p<0.05, p<0.10) include age, marital status, education levels, greening space rate, road network density, commuting time, work feelings, and community trust. The model's R-squared value is 0.104, based on a sample size of 6,464.]

The mean of the mental health scores for local residents and migrants are 52.52 and 51.58, respectively. The t-test results for the differences between local residents and migrants’ groups are statistically significant, as the significance (Sig.) of Hukou transfer is higher than 0.05 for Levene’s test and less than 0.001 in the t-test (Table 5). The mental health of local residents’ group (t = 3.417) seems higher than those of migrants group (t = 3.356). Thus, the following section further delves into the impact mechanism of mental health and explores the impact of the built environment, work environment and subjective perception on mental health between migrants and local residents.



TABLE 5 Independent sample t-test results for mental health.
[image: Table showing mental health statistics by demographic groups, including gender, marital status, employment, education, and hukou transfer. Columns include means, standard errors, Levene's test results, and t-test results. Significant differences are indicated at 0.1%, 1%, and 5% levels.]



4.3 Migrants vs. local residents

As shown in Table 6, by constructing a subsample model for migrants and local residents groups, we found that work feeling (p < 0.01), community trust (p < 0.01) and economic satisfaction were all significantly and positively correlated with mental health. However, there are some differences in the factors that affect the mental health of migrants and local residents. For the migrants group, the coefficient of economic satisfaction ([image: Greek letter beta in a serif font.]= 2.034, p < 0.001) is higher than the local residents group ([image: Lowercase Greek letter beta, written in a serif font.]= 1.393, p < 0.001). The reason for this phenomenon may be that migrants usually desire a higher level of income to settle down, so they face more pressure, creating a significant psychological burden (Zhao, 1999), especially for female migrants (Bardasi and Francesconi, 2004; Jackson et al., 2019). Better economic satisfaction may help migrants improve their mental health. Besides, among local residents, community security was found to be significantly related to mental health ([image: The Greek letter beta, shown in a slanted, lowercase form, resembling a curved line with a tail extending below the baseline.]= 1.095, p < 0.001), while the migrants group shows no significance among community security. Furthermore, for the local residents group, the coefficient of community trust ([image: Lowercase Greek letter beta in a serif font.]= 0.270, p < 0.001) is higher than migrants group ([image: Greek letter beta in a serif font style.]= 0.185, p < 0.01). The scope of activities among local resident communities is relatively stable, meaning where they live is a very important consideration. The safety and trust of the community are important requirements for local residents who usually have children, and children are usually more susceptible to potential artificial hazards (e.g., violence) (Jackson et al., 2019) or natural hazards (e.g., pollution) (Tortorella et al., 2022). For the built environment and work environment, both the migrants group and the local residents group show positive significance in the greening space rate and road network density to mental health. Previous studies found that community green spaces can alleviate the homesickness of the migrants by increasing social cohesion and have a positive effect on the mental health, and local residents may pay attention to the greening of their living environment due to their long-term stable living characteristics (South et al., 2018; Yang et al., 2020; Zhang et al., 2022). Commuting time has a negative impact on mental health. Commuting drains energy and attention. Long-time commutes to work are likely to be much more tiring and stressful than shorter time commutes (Evans et al., 2002). Excessively long commutes may reduce people’s mental health and may increase the risk of depression (Wang and Liu, 2022). For other variables, the number of hospitals, land development intensity, PM2.5 index, part-time or not and employment status show no significance.



TABLE 6 The results of regression for subsamples.
[image: A comparative table displays regression analysis results for migrants and local residents across various factors. Categories include sociological attributes, built environment, work environment, and subjective perception. Key variables like age, education, greening space rate, road network density, and work feelings are highlighted. Significant results are marked with asterisks, indicating levels of statistical significance, such as *p<0.10, **p<0.05, and ***p<0.01. Each factor lists the coefficient, standard error, and t-value for both groups, showing diverse impacts on employment and satisfaction factors. Sample sizes are 1,322 for migrants and 5,142 for local residents.]




5 Conclusion and discussions

Using the 2018 CLDS database, this study explored the impact mechanisms between the built and work environment, subjective perception, and mental health by constructing a regression model and exploring the differences between migrants and local residents while exploring the spatial correlates of mental health. The findings of this study are as follows. On the one hand, the increase of greening space rate, road network density, rework feelings, community trust, and economic satisfaction will benefit the mental health of both migrants and residents, while the increase of commuting time will be harmful to mental health. On the other hand, there are also some differences in the impact of different factors on the subsamples of migrants and local residents, respectively. Firstly, the greening space rate and community trust have a significant impact on residents’ mental health, especially for local residents. Meanwhile, it is noteworthy that community security is found to be significantly correlated with the mental health of local residents, and shows no significance in migrants. In addition, individuals’ mental health showed obvious spatial differences, with the areas with larger differences mainly located in central-eastern China.

Based on these results, the following measures are recommended to improve mental health status in China: First, individuals’ work experience and economic income must be improved. One means of achieving this is by gradually increasing the proportion of labor remuneration in primary distribution through national policy support, mobilizing the enthusiasm of workers across the whole of Chinese society, and further promoting workers’ level of income in the process (Li et al., 2022). However, enterprises also need to create a good work environment for employees, regularly conduct mental health examination activities, provide reasonable social security, and promote the mental health of workers(De Moortel et al., 2018). Second, infrastructure must be improved and the volume of community exchanges must be increased. Urban planning managers should conduct reasonable community planning and enrich public service facilities to provide residents with more space for interaction and to enhance their sense of security in the community (Liu et al., 2019a). Furthermore, green areas in urban public spaces should be increased to improve urban construction and management, especially the public health environment. Governments at all levels should pay more attention to healthy cities and increase support for health services, while increasing investment in community health service institutions, standardizing the management of public health institutions, and optimizing the construction of mental health workforces. In addition, community staff also need to strengthen the publicity of health service policies, popularize healthy lifestyles to the public, improve residents’ mental health awareness, and at the same time to meet the residents’ mental health needs, mobilize their motivation and participate in the community health service work. This improves the natural environment, social environment and health services in cities, creating better and healthier cities (Maas, 2006).

This study has a number of limitations. First, the data used were cross-sectional data from the year 2018, and the exploration of time evolution was limited. In future, spatiotemporal differences could be explored using CLDS data from different years. Second, this study used regression to explore the impact mechanisms affecting mental health status among Chinese residents; in the future, attempts can be made to assess these same variables from multiple perspectives using a variety of different models, such as the mediation model. Moreover, based on the data obtained, this study divides the independent variables into three dimensions: work environment, built environment, and subjective perception. Thus, the possibility of a different impact mechanism that affects mental health status can be explored through a more enriched dataset.
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Background: Street greenery may have a profound effect on residents’ active travel (AT), a mode of transportation involving walking and cycling. This study systematically reviewed the scientific evidence on the effects of street greenery on active travel.
Methods: A comprehensive search was performed using keywords and references in PubMed, Web of Science, Scopus, and Cochrane Library. The review included studies that met the following criteria: (1) Study design: experimental studies, cross sectional studies, (2) Participants: individuals of all ages, (3) Exposure variables: street greenery, including street vegetation (e.g., trees, shrubs, and lawns), (4) Outcomes: active travel behaviors (walking, cycling), (5) Article type: peer-reviewed articles, (6) Search time window: from the inception of relevant electronic literature database until 21 June 2023, (7) Geographic scope: worldwide; (8) Language: articles in English.
Results: Twenty-six cross-sectional studies met the inclusion criteria and were analyzed. These studies employed objective metrics for assessing street greenery and varied methodologies to measure AT, including 14 using subjective measurements (like self-reported surveys), 10 using objective data (such as mobile app analytics), and two studies combined both approaches. This review identifies a generally positive impact of street greenery on active travel in various aspects. However, the extent of this influence varies with factors such as temporal factors (weekdays vs. weekends), demographic segments (age and gender), proximity parameters (buffer distances), and green space quantification techniques. Street greenness promotes active travel by enhancing environmental esthetics, safety, and comfort, while also improving air quality, reducing noise, and fostering social interactions. In addition, the study suggests that variables like weather, seasonality, and cultural context may also correlate with the effectiveness of street greenery in encouraging active travel.
Conclusion: Street greenery positively influences active travel, contributing to public health and environmental sustainability. However, the findings also indicate the need for more granular, experimental, and longitudinal studies to better understand this relationship and the underlying mechanisms. These insights are pivotal for urban planners and policymakers in optimizing green infrastructure to promote active transportation, taking into account local demographics, socio-economic factors, and urban design.
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1 Introduction

Active travel refers to a mode of transportation that primarily involves physical activities such as walking and cycling during leisure activities or commuting. This modality offers multifaceted health benefits, including the mitigation of chronic disease prevalence, reduction in premature mortality, and alleviation of depression risk (1, 2). Beyond personal health, active travel yields substantial environmental advantages by diminishing air pollution and easing traffic congestion, thereby contributing significantly to environmental preservation (3–6). Furthermore, it enhances social cohesion by fostering community interactions, accruing extensive societal advantages (7, 8).

Although there exists a wide consensus on the benefits of active commuting, the prevalence of bicycle usage in developing countries like China has rapidly declined over recent decades. This decline is linked to a constellation of factors, including rapid urbanization, technological progress, and lifestyle shifts (9). The configuration of the urban environment exert a profound influence on patterns of active travel (10). Urban design elements, including the configuration of streets, the presence of sidewalks, and the availability of safe and comfortable pathways, are pivotal in shaping individuals’ decisions to engage in walking or cycling (11). In this vein, street greenery emerges as an integral element of urban green infrastructure, significantly contributing to the visual appeal of urban landscapes (12). Its role in encouraging active travel has gained recognition, drawing considerable scholarly interest (13). Consequently, many cities in various countries have been channeling investments into the enhancement and upkeep of green spaces, aiming to elevate residents’ quality of life (14).

Street greenery, which includes the integration of vegetation such as trees, shrubs, lawns, and green walls into the streetscape, enhance the esthetic and functional appeal of urban thoroughfares (15). Empirical evidence suggests that well-implemented street greenery initiatives significantly boost the duration and frequency with which residents engage in walking and cycling (15–18). The effectiveness of street greenery in promoting active travel is likely rooted in its capacity to enhance the visual appeal of urban environments, offering shade and cooler temperatures, which collectively contribute to increased comfort for pedestrians and cyclists (19, 20). This phenomenon can be understood through three key intermediary mechanisms. Firstly, street greenery contributes to creating an esthetically pleasing and comfortable environment, which has been shown to influence route choice and walking behavior positively. This is supported by research that highlights the importance of well-designed and high-quality community structures in encouraging active travel (21). By enhancing pedestrian pathways and beautifying community spaces, street greenery renders these areas more attractive, thereby fostering environments conducive to recreational and active travel behaviors. Secondly, the improvement of air quality and reduction of noise levels play a crucial role in facilitating active travel. A range of studies has demonstrated the adverse effects of subjective noise perception and PM2.5 exposure on individuals’ satisfaction with their travel experiences (22–24). A specific study elucidates how exposure to green streets can both directly and indirectly augment walking satisfaction among residents (25). It reveals that mitigating factors such as noise and PM2.5 levels are significant, underlining the direct positive influence of street greenery on walking satisfaction, as well as its indirect benefits through environmental enhancements. Improved air quality not only boosts energy levels and cognitive focus but also aids in mitigating the risk of neurological abnormalities (26). Moreover, a serene ambiance, achieved by reducing noise disturbances, provides a more enjoyable experience for active travelers, thereby encouraging them to incorporate active modes of transportation into their daily routines (27). Furthermore, street vegetation acts as a natural buffer against air and noise pollution, thereby creating an inviting and conducive environment for active travel (25). Finally, street greenery supports social interactions and fosters a sense of community, offering residents additional reasons to opt for walking, biking, and other active travel modes (28). Understanding these mediating mechanisms is crucial in discerning the multifaceted ways through which street greenery can influence active travel. By improving the esthetic appeal, environmental quality, and social cohesiveness of urban communities, street greenery initiatives can significantly promote sustainable active travel behaviors.

Nonetheless, the precise nature of the relationship between street greenery and active travel remains elusive, with the current body of research presenting a disjointed picture. Some studies assert a strong positive association (15, 29), while others report negligible or no correlation (30–32). These discrepancies could stem from methodological divergences, varying metrics for evaluating street greenery, or differing population demographics.

This review systematically examines the impact of street greenery on active travel. Our aim is threefold: First, we synthesize existing research to identify patterns and differences in findings, thereby elucidating the relationship between street greenery and active travel. Second, we critically analyze these studies to identify gaps and methodological limitations, setting the stage for future detailed investigations. Lastly, we aim to provide urban planners and policymakers with concrete insights about the role of street greenery in promoting pedestrian and cycling activities. This will assist in leveraging green infrastructure for active transportation, ultimately contributing to public health, environmental sustainability, and urban space enhancement. The primary purpose of this study, therefore, is to provide a comprehensive understanding of how street greenery influences active travel and to inform the development of effective urban planning strategies.



2 Methods

The current research adhered to the guidelines set by the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (33).


2.1 Study selection criteria

This systematic review included studies based on a comprehensive set of inclusion criteria: (1) study design: experimental design, cross-sectional studies; (2) participants: individuals from all age groups; (3) exposure variable: street greenness, street vegetation such as trees, shrubs and lawns; (4) outcome measures: active travel behaviors, such as walking, cycling; (5) article type: peer-reviewed articles; (6) retrieval time window: from the inception of the relevant electronic bibliographic database until 21 June 2023; (7) geographical scope: global scale; (8) language: articles written in English.

The exclusion criteria were as follows: (1) studies that did not directly address active travel behaviors, such as walking or cycling; (2) studies did not involve street greenness; (3) studies published in a language other than English, to maintain linguistic consistency and facilitate uniform analysis; (4) the document type was a letter, editorial, research or review proposal, or a review article, as these types of documents typically do not provide original empirical findings.



2.2 Search strategy

A search for relevant keywords was executed across four major electronic bibliographic databases, namely PubMed, Web of Science, Scopus, and Cochrane Library. The search strategy encompassed all potential permutations of keywords associated with the three specified categories: (1) “street,” “eye-level,” “streetscape,” “street-level,” “street-side”; (2) “greenspace,” “greenspaces,” “green-space,” “green space,” “green spaces,” “green infrastructure,” “green infrastructures,” “green area,” “green areas,” “green belt,” “green belts,” “green environment,” “green environments,” “greening project,” “green element,” “green elements,” “urban green,” “greenery,” “greenness,” “greenbelt,” “greener,” “natural element,” “natural elements,” “natural environment,” “natural environments,” “natural outdoor environment,” “natural outdoor environments,” “natural surroundings,” “natural space,” “natural spaces,” “natural area,” “natural areas,” “natural land,” “open space,” “open spaces,” “open land,” “open area,” “open areas,” “walkable area,” “walkable areas,” “vegetated area,” “vegetated areas,” “public space,” “public spaces,” “public area,” “public areas,” “public land,” “nature,” “vegetation,” “park,” “parks,” “parkland,” “garden,” “gardens,” “tree,” “trees,” “landscape,” “woodland,” “woodlands,” “walkability”; (3) “active travel,” “bike,” “biking,” “bicycle,” “bicycling,” “cycling,” “active school transport,” “active transport,” “active transportation,” “active transit,” “active commuting,” “travel mode.” In the PubMed database, we utilized the “[TIAB]” tag to execute a thorough keyword search, ensuring that the title and abstract of the articles were meticulously combed for relevant terms. For the Web of Science database, we engaged the TS = Topic search tool, which extends the search through the article’s title, abstract, keywords, and Keywords Plus fields, providing a broad sweep across diverse academic disciplines. This search strategy set the stage for an intensive initial review phase. During this phase, the articles retrieved via keywords underwent a detailed evaluation against our stringent study selection criteria, based on their titles and abstracts. Those articles exhibiting preliminary signs of relevance were advanced to the next level for an in-depth full-text review. To maintain objectivity and thoroughness, this preliminary filtering process was independently conducted by two of the co-authors involved in this review. The concordance rate between the reviewers was quantified using Cohen’s kappa statistic, which yielded a substantial agreement score of κ = 0.77. Any discrepancies were resolved by consulting a third co-author.

To ensure the exhaustive coverage of literature, we conducted a meticulous backward and forward reference search, examining the reference lists of the selected full-text articles and tracking their citation trails. This bidirectional search allowed us to identify and incorporate studies that may not have been captured through keyword searches alone. Each article surfaced from this recursive search underwent a stringent screening using the same selection criteria established for the initial review. This iterative process was repeated until saturation was reached, with no further pertinent articles emerging.



2.3 Data extraction and preparation

Data from each article was meticulously collated using a uniform data extraction template. The table facilitated the systematic collection of vital information, including the author(s)’ names, year of publication, country of study, design methodology, sample size, participant age range, proportion of female participants, sample characteristics, statistical model, control variables, type of street greenness measure, detailed measure of street greenness, type of active travel measure, and detailed measure of active travel.



2.4 Data synthesis

The data compilation for this review was meticulously orchestrated by two co-authors. Our report encapsulates a detailed synthesis of the prominent themes and insights derived from the analyzed studies. The methodical procedures of data acquisition, thematic delineation, and synthesis were independently executed by two co-authors. Encountered discrepancies were diligently reconciled through a consultative discourse involving a third co-author, thereby upholding the analytical coherence of our review.



2.5 Study quality assessment

We appraised the methodological soundness of each study using the National Institutes of Health’s Observational Cohort and Cross-sectional Study Quality Assessment Tool, which assesses studies against a set of 14 criteria. For each criterion met, a study was awarded a point (“yes”), with no points given for unmet criteria (“no,” “not applicable,” “not reported,” or “indeterminate”). The cumulative points for all criteria yield a study’s overall quality score, which ranges from 0 to 14. This quality assessment, while crucial for evaluating the strength of the evidence presented, did not influence the decision to include studies in our review. Discrepancies in the quality assessment conducted by two co-authors were resolved through a consultative process with a third co-author, ensuring an unbiased and consistent evaluation.




3 Results


3.1 Identification of studies

Figure 1 illustrates the study selection process. A total of 3,285 articles were initially identified through keyword searches and reference screening. After removal of duplicates (880 articles), the remaining 2,405 articles underwent title and abstract screening, resulting in the exclusion of 2,369 articles. Subsequently, a full-text review was conducted on the remaining 36 articles in accordance with the study selection criteria. Among these, 10 articles were excluded. The primary reasons for exclusion included a lack of street greenery data in the articles, absence of reported outcomes regarding active travel. As a result, the final analysis comprised 26 studies that investigated the influence of street greenery on active travel (13, 15–18, 25, 29–32, 34–49).

[image: Flowchart illustrating the identification, screening, and inclusion of studies via databases and registers. Initially, 3,285 records were identified from databases such as PubMed, Web of Science, Soupus, and Cochrane Library. After removing 880 duplicates, 2,405 records were screened, with 2,369 excluded. Thirty-six reports were sought for retrieval, all assessed for eligibility. Nine were excluded due to irrelevant outcomes or lack of original data. Ultimately, 26 studies were included in the review.]

FIGURE 1
 Study selection flowchart.




3.2 Basic characteristics of the included studies

Table 1 summarizes the fundamental characteristics of the literature incorporated in this study. All studies adopted a cross-sectional study design. In total, this review encompasses 26 studies, with 19 of them originating from China. Among these, 11 were conducted in mainland China, while the remaining 8 were carried out in Hong Kong, China. Additionally, 3 studies were conducted in the United States, with 1 study each conducted in the United Kingdom, Spain, the Netherlands, and Korea. All the included studies were published in 2015 or later, with 1 study published in 2015, 4 studies in 2018, 2019, 2020, 2022, and 2023, and 5 studies in 2021. Among the 26 studies included in the analysis, there is considerable variation in sample sizes. Eight studies had sample sizes ranging from 127 to 999 participants. Six studies had sample sizes between 1,000 and 9,999 participants, while five studies had sample sizes exceeding 10,000 participants. Five studies reported trip records as their sample size, ranging from nearly 140,000 to 20 million records. The remaining two studies did not report their sample sizes. Among these studies, one focused on a university student population, five concentrated on adults, and four specifically studied the older adults. Residents from various age groups, while seven studies did not report the characteristics of the study sample. With the exception of eight studies that did not report gender ratios, all studies included both male and female participants, with a generally balanced gender distribution. These studies applied a variety of statistical models, including logistic regression, continuous regression, spatial error regression, multilevel logistic regression, multilevel linear regression, geographically weighted regression, binary logistic regression, ordinary least square models, structural equation models, and multivariate Poisson regression models. Most studies utilized individual socio-demographic information, such as age, gender, occupation, household income, as control variables. Some studies also incorporated control variables such as population density, street intersection density, land use mix, and others.



TABLE 1 Basic characteristics of the studies included in the review.
[image: A table showcases various studies related to walkability. It includes columns for Study ID, First author, Country, Study design, Sample size, Age, Female percentage, Sample characteristics, Statistical model, and Control variables. The table details different studies conducted in countries like the UK, USA, China, and others, with various sample sizes and statistical models. Each study has specific remarks about sample demographics and statistical approaches used.]

Table 2 provides a comprehensive overview of the measurement methods used in the included studies for assessing street greenness and active travel. It also highlights the specific variables related to these street greenness and active travel. Across all 26 studies, objective measurement were employed to assess street greenness. In particular, 10 studies used data sourced from Google Street View images, nine studies relied on Baidu street view maps, two studies utilized Tencent street view Map, and the remaining five studies employed various other objective measurement, including data from EnviroAtlas, GPS tracking points obtained through the MOVES smartphone app, and information accessed from Amsterdam’s data portal. The specific indicators used to assess street greenness primarily focused on eye-level street greenness, evaluated using the Green View Index (GVI). Other indicators encompassed metrics such as street tree density, street tree cover, sidewalk tree cover, and greenway proximity. Regarding active travel, it primarily encompassed walking (n = 13), cycling (n = 6), and active transportation (n = 7). Data related to active travel were drawn from a variety of sources, including large-scale survey like the London Travel Demand survey (n = 1), the Hong Kong Travel Characteristics Survey (n = 5), survey of the Health of Wisconsin (n = 1), the National Household Travel Survey (n = 1), and the Dutch National Travel Survey (n = 1); self-reported questionnaire (n = 6), with two of them using the International Physical Activity Questionnaire; objective measurement (n = 8), with two utilizing smartphone app, five obtained from bike-sharing companies, and one obtained from Strava; Additionally, the remaining two studies adopted a combined approach, incorporating both objective data obtained from GPS tracking and subjective travel diaries.



TABLE 2 Measures of street greenness and active travel in the studies included in the review.
[image: A table listing studies with information on street greenness measures and active travel measures. It includes columns for Study ID, First Author (Year), Type of Street Greenness Measure, Detailed Measure of Street Greenness, Type of Active Travel Measure, and Detailed Measure of Active Travel. The table presents various methodologies, data sources, and outcomes used in different studies related to street greenness and travel activities.]



3.3 Key findings

Table 3 presents the key findings derived from the included studies, elucidating the intricate relationship between street greenness and active travel behavior. We provide a concise summary of how street greenness influences various facets of active travel, encompassing factors like active travel duration or distance, the probability of active travel engagement, active travel frequency, and active travel satisfaction.



TABLE 3 Estimated effects of street greenness on active travel in the studies included in the review.
[image: A detailed table presents data from multiple studies on the effect of street greenness on active travel. Columns include Study ID, first author and year, estimated effects of street greenness, and main findings. Each row summarizes individual studies, showing various confidence intervals, odds ratios, and coefficients related to walking and cycling. Results indicate a general positive association between street greenness and increased active travel. The table is densely packed with numerical data and references, offering comprehensive insights into the research findings.]


3.3.1 Street greenness and active travel duration, distance

Eleven studies were conducted to investigate the influence of street greenness on active travel distance or time (13, 15, 17, 18, 31, 34, 36, 39–41, 49). The findings revealed a positive correlation between street tree density and both walking distance (34) and walking duration (39). Notably, eye-level greenness, as indicated by the GVI, exhibited a significant relationship with extended walking durations within various buffer zones, including 400 m (13, 36), 500 m (41), 800 m (13, 15, 36, 40), and 1,600 m (47), for both utilitarian and leisure walking (45), particularly during weekends (49). Moreover, the cumulative GVI demonstrated a significantly positive correlation with active travel distance (31). However, it should be noted that the impact of street greenness on walking duration varies depending on the measurement, features, or weekdays/weekends. For instance, the mean Green View Index was found to have a significant negative effect on walking and bicycle travel distance (43). Furthermore, factors such as good greenway proximity and street-level betweenness did not show a significant association with walking distance or greenway utilization time (17, 34). Additionally, on weekdays, street greenness was not significantly related to walking duration (49), The impact of street greenery exhibits spatial variability, with a notably more pronounced effect observed in suburban areas (13).



3.3.2 Street greenness and the odds of active travel engagement

Nine studies have investigated the relationship between street greenness and the likelihood of active travel engagement. These studies have yielded significant findings, with five of them specifically examining the influence of street greenness on the probability of walking behavior (15, 34, 36, 40, 46), one focused on its impact on cycling behavior (38), and three shedding light on its effects on the likelihood of engaging in active transportation (16, 17, 45). The research results consistently demonstrate a positive association between various aspects of street greenness and active travel. Firstly, a higher density of street trees was found to be consistently linked to an increased likelihood of walking (34). Additionally, eye-level greenness or street greenery were significantly associated with a higher probability of walking, particularly within 150 m (46), 400 m (36), and 800 m buffers (15, 36, 40). In the context of cycling, the odds of cycling were positively correlated with eye-level street greenness across three buffer zones: 400 meters, 800 meters, and 1,600 m (38). Furthermore, the probability of participating in active transportation showed a positive relationship with sidewalk tree cover across various network buffers, including 500, 750, 1,000, and 1,250 m. Moreover, the mean GVI was found to significantly increase the likelihood of engaging in active travel (31). Interestingly, street tree cover exhibited a positive association with active transportation, particularly within network buffers spanning 750 to 1,250 m. However, it is worth noting that street tree cover did not show a significant association with active transportation within the 500-m buffer (30). Intriguingly, as the accumulated value of the GVI increased, it was inversely related to the probability of active travel engagement (31).



3.3.3 Street greenness and the frequency of active travel

Three studies have delved into the impact of street greenness on cycling frequency or greenway utilization frequency (16, 17, 47). Among these investigations, eye-level greenness emerged as a key factor, demonstrating a remarkable effect on cycling behavior. Notably, the effect of eye-level greenness on cycling frequency was found to be more pronounced on weekends than on weekdays (16). Additionally, street-view greenness and the level of greenway enclosure were positively correlated with increased cycling frequency, regardless of whether it was a weekday or a weekend (47). However, an intriguing finding emerged regarding the openness of the greenway. This factor seemed to yield divergent effects on cycling frequency depending on the day of the week. While high levels of greenway openness appeared to promote cycling on weekends, they potentially hindered it on weekdays (47). In contrast, greenway proximity demonstrated a somewhat unexpected trend. Greater proximity to greenways was negatively associated with greenway utilization frequency, implying that the convenience of access did not necessarily translate into higher usage of greenways (17).



3.3.4 Street greenness and active travel satisfaction

Two studies have undertaken an examination of the impact of street greenness on satisfaction related to active travel (25, 43). Notably, exposure to green spaces was discovered to wield a substantial influence on the walking satisfaction (43). Moreover, it was discerned that street greenness exposure not only carries a notable direct effect on the level of satisfaction associated with walking, but also yields a significant indirect effect on walking satisfaction through the mediation of physical activity, social interaction, and subjective environmental annoyances, including noise and PM2.5-related annoyances (25).




3.4 Study quality assessment

Table 4 presents the detailed and overall quality ratings derived from the study quality assessment. On average, the studies achieved a score of 8.19, with a range from 7 to 9. Each study rigorously formulated its research questions and objectives, clearly defined the study population, adjusted for crucial potential confounding variables that could impact the relationship between exposure and outcomes, and ensured a minimum participation rate of 50%. The attrition rate was uniformly recorded at 20% or less across all 26 studies. During the same time period, participants were recruited from populations that were comparable or similar, with strict adherence to a set of predefined inclusion and exclusion criteria that were applied consistently across studies. Most of the studies (n = 21) examined different levels of the exposure as related to the outcome. Worth noting is that none of the 26 studies assessed the exposure of interest before outcome measurement, provided a sample size justification, power description, or variance and effect estimates, maintained a blinded status concerning the exposure status of participants. The research methodologies employed by the studies featured in this comprehensive review predominantly adhered to a cross-sectional design, entailing a solitary assessment during the study period, thereby precluding the ability to discern any temporal association between exposure and outcomes.



TABLE 4 Study quality assessment.
[image: Quality assessment table for observational cohort and cross-sectional studies with 14 criteria, each evaluated across 26 study IDs. Criteria include clarity of research question, study population definition, participation rate, subject selection, sample size justification, exposure measures, outcome measures, follow-up loss, and confounding variables. Responses are marked as "Y" for yes or "N" for no, with a total score at the bottom for each study ID. Additional notes explain the scoring system.]




4 Discussion

This systematic review comprehensively examines the impact of street greenery on active travel, drawing insights from 26 cross-sectional studies. The term “street greenery” refers to a variety of urban design features, such as street trees, planting strips, lawns, flower beds, pedestrian pathways, hedges, and green barriers. Active travel is defined to encompass walking and cycling behaviors, with data derived from both objective measures, such as mobile app data and bike-sharing, and subjective measures, including self-reported questionnaires. The findings indicate that a substantial proportion of the studies report a positive impact of street greenery on active travel. Nonetheless, the strength of this relationship appears to be modulated by various factors, including day of the week, age demographics, gender, the proximity of greenery, and the method of quantifying green spaces. Mechanistically, street greenery is posited to promote active travel through the creation of visually attractive, safe, and comfortable green environments, coupled with improvements in air quality, noise reduction, and facilitation of social engagement.

In our comprehensive review of 26 studies, 19 of them revealed a positive correlation between street greenery and various aspects of active travel, including the duration and distance of travel, participation probability, frequency, and satisfaction. These findings align with prior research, emphasizing the positive impact of green spaces on physical activity among Chinese adults (50) and associating street greenery with increased active commuting (51). However, inconsistencies surfaced across different variables, primarily attributed to variations in measurement methods. The choice of cumulative GVI and Mean GVI resulted in conflicting outcomes regarding the influence of street greenery on walking distance (31). Similar discrepancies arose in the probability of active travel participation, influenced by the measurement approach used (31). Additionally, disparities related to measurement periods, such as the positive correlation of eye-level greenness with weekend walking time but not on weekdays (49), and varying outcomes in different buffer zones (16, 36, 38, 49), underscore the nuanced impact of street greenery on active travel behavior. These inconsistencies may be attributed to regional disparities in geography, climate, culture, transportation infrastructure, and local travel habits.

Research highlights significant seasonal variations in residents’ active travel behaviors (30). Notably, active travel participation is substantially higher during non-winter months as compared to winter. This trend is attributed to the challenging conditions posed by colder temperatures and inclement weather in winter, which deter residents from engaging in active transportation (52). The seasonal dynamics of street greenery, which involves a range of plants, grasses, and trees, also play a pivotal role. In temperate climates, the visual appeal of street greenery changes with the seasons; spring and summer showcase lush vegetation and a high density of greenery, enhancing eye-level green visualization. Conversely, fall and winter see a reduction in this green vibrancy, as most plants, barring evergreens, shed their leaves and enter dormancy, leading to diminished eye-level greenness. This seasonal fluctuation in greenery may contribute to the observed seasonal differences in active travel, necessitating further research to understand its impact more comprehensively. Moreover, studies in environmental psychology have identified cultural and racial variations in leisure activities within green spaces (53–55), in the types of leisure activities engaged in the landscape. For example, one study (56) indicates differing patterns of park usage among American ethnic groups, with Hispanics typically engaging in more sedentary activities, while Whites often prefer walking or jogging, focusing on the esthetic aspects of parks. In contrast, Chinese residents frequently view parks as social gathering spaces, showing a preference for larger green areas with extensive recreational amenities and high-quality design (57). This suggests that cultural backgrounds significantly influence how green spaces are utilized, as further evidenced by a study (58) indicating that park usage in urban Hong Kong contrasts markedly with Western norms, possibly due to ethnic influences on recreational choices (59). Finally, the relationship between environmental amenities and active travel is also influenced by socio-economic factors. Globally, the distribution and management of urban green spaces are often inequitable (60, 61), with affluent neighborhoods typically having greater access to public parks and woody vegetation (62, 63). This disparity leaves lower-income, disadvantaged, and ethnic minority groups with limited green space access and minimal participation in urban forestry decision-making (61, 64). Consequently, in environmentally disadvantaged areas, low-income individuals are more inclined to opt for active travel for short distances, whereas high-income individuals in similar areas are less likely to do so (65).

The influence of street greenery on active travel is nuanced and varies across demographic factors such as age and gender. Studies targeting older adults and college students indicate divergent travel preferences, with older adults favoring quieter routes to destinations like supermarkets and restaurants (66, 67), while college students predominantly navigate within college campuses, relying on walking or bicycling due to limited public transportation options (45, 68). Notably, a gender disparity exists, with a lower percentage of older adult females engaging in cycling, attributed to perceived health limitations and security concerns (67, 69, 70). Understanding these demographic-specific factors is crucial for tailoring street greenery strategies to meet the diverse preferences of different age groups and genders. In addition to demographic factors, street greenery’s impact on active travel behavior is associated with economic income. Positive correlations are observed between street greenery distribution and housing prices, as well as street network density. Conversely, a negative correlation exists between street greenery and the proportion of socially vulnerable populations (71). Low-income individuals in environmentally disadvantaged areas are more inclined toward active transportation, while high-income individuals in environmentally affluent areas demonstrate a lower propensity for active travel (65), potentially linked to the spatial distribution of green spaces and higher rates of private vehicle ownership among wealthier households (72, 73). Furthermore, a negative association between household income and total walking time suggests that individuals with higher incomes exhibit a decreased likelihood of walking compared to their low-income counterparts (36, 40, 46, 49). Comprehensive evidence gathering is imperative to further explore how street greenery interacts with socioeconomic factors, influencing active travel behavior across various economic strata.

As highlighted in the 2021 Vienna Declaration and the Pan-European Master Plan on Cycling endorsed by the United Nations, active travel significantly impacts public health, necessitating innovative approaches to develop transportation and mobility systems that are clean, safe, healthy, and inclusive, aiming to reduce overreliance on the automobiles. This review provides valuable insights for urban planners, guiding street greenery initiatives. In the initial phases of urban street greenery planning, a thorough understanding of local demographics, including age, gender, and daily travel patterns, is essential. Categorizing roads based on their functions, such as accommodating traffic or serving recreational purpose, allows for the implementation of diverse buffer distances and specific street greenery features aligned with these needs. Policymakers and urban planners should concurrently prioritize enhancing the esthetics, comfort, quality, and safety of green spaces at eye level. Initiatives addressing air quality, road noise reduction, and design of multi-functional green spaces that foster social support are crucial. By creating an appealing environment, street greenery initiatives can enhance residents’ active travel experiences. Encouraging active travel behavior can be achieved through thoughtful and targeted urban planning strategies.

There are several limitations that warrant further improvement. Firstly, all included studies used an observational research design, posing challenges in establishing causal relationships. The lack of an experimental design prevents us from determining whether street greenery directly influences active travel or whether other factors may play a role. Therefore, future research could explore more experimental studies to better understand the causal relationship between street greenery and active travel. Secondly, the 26 studies included in this review were cross-sectional, limiting our observation to short-term changes in the relationship between street greenery and active travel. To comprehensively understand this relationship, it is essential to conduct longitudinal studies, providing additional insights into the dynamics over time. Furthermore, the exploration of intermediary mechanism through which street greenery affects active travel has remained predominantly theoretical, lacking empirical data analysis support. To address this gap, future research should focus on empirical data collection to delve into the intermediary mechanism. Conducting empirical studies will enable a more precise understanding of how street greenery influences active travel, offering valuable insights for urban planning and policymaking. By gathering empirical evidence, researchers can facilitate the development of supportive policies and strategies to create green street environments that are both friendly and comfortable, fostering active travel behavior.



5 Conclusion

This study provides a comprehensive and systematic review of the scientific evidence on the influence of street greenery on active travel, affirming its positive impact. However, the extent of this influence varies with factors such as temporal factors (weekdays vs. weekends), demographic segments (age and gender), proximity parameters (buffer distances), and green space quantification techniques. Street greenness promotes active travel by enhancing environmental esthetics, safety, and comfort, while also improving air quality, reducing noise, and fostering social interactions. In addition, the study suggests that variables like weather, seasonality, and cultural context may also correlate with the effectiveness of street greenery in encouraging active travel. To gain deeper insights into these complex relationships, future research should pivot toward experimental and longitudinal methodologies. Empirical analyses focusing on the intermediary mechanisms and contextual factors influencing the impact of street greenery on active travel are recommended. Such research approaches can elucidate the multifaceted dynamics of street greenness and its role in shaping active travel behavior more comprehensively.
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Introduction: With China embracing a new people-centered urbanization stage, the problem of migrants “flowing without moving” has become increasingly prominent, and settlement intention has gradually garnered attention.
Methods: Our research, based on questionnaire data from the China Labor Force Dynamic Survey 2016, uses a multilevel linear regression model to explore the influence of mobility, social environment, built environment, and demographics characteristics on settlement intention in the migrants and discusses differences between settlement intention of new and old generations and their internal influence mechanism.
Results: The findings are as follows: (1) Compared to the old generation, the new migrant generation generally has higher settlement intention. (2) The migrants’ settlement intention is influenced mainly by mobility, social environment, built environment, and demographic characteristics. (3) For the new migrant generation, social and demographic characteristics significantly influence their settlement intention. (4) The floating and built environment of the old generation significantly influence their settlement intention.
Discussion: Finally, this paper argues that there are differences in the influence mechanism of the same factors on the settlement intention of the new and old generations of migrants. It proposes differentiated policy suggestions for the migrants to promote city social integration. Finally, this paper argues that there are differences in the influence mechanism of the same factors on the settlement intention of the new and old generations of migrants. It proposes differentiated policy suggestions for the migrants to promote city social integration.
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1 Introduction

Migrants have made important contributions to the countries and communities of origin and destination. How to promote the integration and residence of migrants has become a particularly complex topic, which has been studied by scholars all over the world (1). Since its reform and opening up, China’s urbanization has developed rapidly and is now in a critical period of transition from high speed to high quality. The migrants, that is, those who have lived outside the household registration area for more than six months in China, are an important factor in promoting China’s social development (2). However, owing to the household registration system and other reasons, the migrants cannot enjoy the same public services and social security as local people (3), and some migrants are in a weak and marginalized position in cities and in relation to finding work (4). “Cities that cannot be integrated, villages that cannot be returned” has become an accurate portrayal of many migrants. Therefore, the migrants’ settlement intention in cities has become an important factor affecting China’s new people-oriented urbanization strategy. China’s “14th Five-Year Plan” clearly indicates that people should enjoy a higher quality of urban life. In this context, studying the migrants’ settlement intention is of great significance, as it can provide a decision-making reference for improving the migrant management system in cities and promoting their integration into cities.

Western scholars have conducted many theoretical discussions on the factors influencing population mobility and migration decision making, such as push-pull theory (5), neoclassical models (5, 6), the theory of labor market segmentation (7), behavioral methods (8, 9), etc. With the deepening of globalization and the decline and reform of the welfare state, immigration has become increasingly common. New migrants are no longer refugees and poor people as in the traditional view, but may be high-quality technical talents and entrepreneurs who have better prospects in the labor market and are more likely to enter the upper class (6). In the context of the Western capitalist market, economic, social, and cultural factors are often emphasized, while institutional factors are ignored. However, China’s population mobility is also influenced by the household registration system, land policy, and social security (7–10).

At present, Chinese scholars’ discussions of the factors influencing the migrants’ settlement intention can be divided into four aspects: individual, family, economy, and society (11, 12). Early research regarded the household registration system as the main factor hindering migrants from settling in cities (8). However, with reform of the household registration system, the influence of household registration on the migrants has declined, and the market system has replaced it (13). At the same time, the migrants’ settlement intention is not only affected by economic and social factors but also by the characteristics of flowing cities (14). Intergenerational differences have become a popular topic in the study of migrants in recent years. Intergenerational differences have been identified between the new and old generations of the migrants in life experience, local identity, motivation to go out, social integration, and settlement intention (15).

In summary, existing studies have the following shortcomings: (1) Previous studies have mostly analyzed the impact of social and cultural factors on the migrants’ settlement intention from the perspective of sociology, and lack attention to urban built environment. Therefore, this study adds urban spatial elements and discusses their impact on the migrants’ settlement intention. (2) Previous studies have paid less attention to inter-generational differences between the new and old generations. This study compares the new and old generations of the migrants to analyze the differences in the influencing factors and mechanisms of their settlement intention. (3) In the context of new urbanization, urban agglomerations will become the main form of urbanization in China (16). On this basis, this paper takes the Pearl River Delta region as an example to explore the influencing factors and mechanisms of migrants’ settlement intention from three dimensions: mobility, demographics characteristics and urban environment. Differences in settlement intention can provides a reference for exploring the high-quality development of cities.



2 Literature review


2.1 Settlement intention and its measurement

Previous studies have widely discussed willingness to settle as an important factor of the migrants’ subjective feelings. Data acquisition is mainly through the CMDS (China Migrants Dynamic Survey) national migrants data monitoring platform, social research, interviews and other ways, and sampling surveys, and other ways to screen samples for research. Generally, the relevant discussions are conducted through the migrants’ demographic, social environment, mobility, and built environment (17). Among them, in terms of demographic characteristics, factors including gender, age, marriage, education level, and so on are selected for discussion. In the aspect of social environment, including household registration, income level, cultural identity, and other factors, the influence mechanism behind settlement intention is explored through the study of the social economy and culture of the migrants. The flow characteristics include its reasons, the number of people moving with them, and others, which are studied according to the migrants’ flow experience. In terms of built environment, the city’s built-up environment, including urbanization level, per capita GDP, public services, and other factors, also has an impact on settlement intention. Using mathematical models can quantify research indicators quickly, intuitively, conveniently, and accurately and make research results more rational and reliable, so as to infer the influence of various factors on the migrants’ living intentions. For example, Han et al. used a probability model and binary logic model to analyze the migrants of ethnic minorities in many aspects, to explore the influencing factors of their settlement intention, and to draw a conclusion that social and psychological interactions have a significant positive impact on such settlement intention (17).

In addition, with the expansion in the scope of discussion and the deepening of the research, the research direction and model methods of the factors influencing the migrants’ settlement intention have become more diverse. For example, to study the influence of the action of creating a civilized city on settlement intention, Guo et al. found that this creation process inhibited the migrants’ settlement intention. Research has shown that the settlement intention of the high-quality migrants has not been enhanced, but the low-quality migrants will reduce their settlement intention in the short term due to the rigid constraints of the city’s appearance and income reduction (18). Yue et al. used satellite remote sensing data of PM2.5 concentration in various cities to further test the relationship between subjective air pollution and migrants’ interest in settling down (19). In general, the more diverse research directions and data collection methods in the present era provide more research angles and methods to study the factors influencing the migrants’ settlement intention, allowing us to discuss their influence on settlement intention.



2.2 Determinants of migrants’ settlement intention

Previous studies have discussed the factors that affect the migrants’ settlement intention in many aspects, mainly focusing on the demographic, social environment, mobility, and built environment of such population. First, in terms of demographic characteristics, previous discussions have focused on the influence of the intrinsic characteristics of the migrants on the settlement intention, among which gender and education level are considered important influencing factors. Studies have shown that women are more willing to settle than men, which is related to their more staged migration (20). In addition, the education level has been proven to be related to human capital and to have a positive impact on the migrants’ settlement intention (21). Second, in terms of social environment, several studies have found that economic factors, household registration systems, and social culture have a substantial impact on migrants. The higher the income level of the migrants in the local area, the lower the cost of living, and the more the settlement of the migrants can be promoted (22). Many discussions in early studies have addressed household registration systems. Taking China as an example, Wang et al. found that its urban well-being policy is linked to the household registration system, and the difficulty of settling restrictions and the well-being enjoyed by household registration play an important role in the migrants’ willingness to settle (8, 23). At the same time, social culture mainly influences the migrants’ settlement intention through psychological identity, local attachment, and social integration (17, 23). The research shows that social psychological integration at the local level and the local attachment of the migrants have a positive impact on shaping its settlement intention (17, 24–27). For minority groups, identity is extremely important, and the migrants tend to stay in cities with higher cultural homogeneity (17).

In addition, in terms of mobility, family is an important factor affecting the migrants’ settlement intention. Many studies have shown that different migration patterns affect such willingness and that migration with family members can improve the migrants’ emotional sense of belonging. Parents with children moving with them are more willing to permanently settle in cities and towns compared to parents without children moving with them (28). In addition, in terms of built environment, Le et al. found that urban population density and housing prices have a significant U-shaped effect on settlement intention, which is one of the main factors affecting the settlement intention of the long-term migrants (29). Tan et al. also found that an inclusive and friendly living environment and an open and diversified housing market affect the migrants’ settlement intention (10). It is worth noting that the related research on air pollution also shows that health factors play an important role in the migrants’ willingness to settle down (19, 30–33). In general, the factors that affect such willingness are rich and varied, but the economic and cultural factors in social environment have an impact on it.



2.3 Intergeneration difference in settlement intention

The theory of intergenerational difference was proposed by German sociologist Mannheim in the 1950s, which defined “generation” as an identifiable group comprising individuals with common birth age, age stage, key growth stage, and major life events and emphasized its social and cultural characteristics (34). The difference in social experience and values between the new and old generations will affect their concern about settlement intention, which has led to academic research on its influencing factors. Studies have shown differences and the same influencing factors of settlement intention between the two generations. Although differences exist in the details of settlement intention between the two generations, no fundamental difference has been observed, and the new generation’s settlement intention is not stronger than that of the old generation (35). However, Tang and Feng draw the opposite conclusion, namely that the new generation of migrants is more willing to settle in existing cities- especially big cities. The new generation’s settlement intention is more significantly influenced by geographical and socio-economic characteristics, values its own development, obtains better experience opportunities, and has a stronger localization trend. Conversely, the old generation pays more attention to family factors and tends to live in stable conditions (36).

At the same time, attention has been paid to the influence of the different backgrounds of the two generations on settlement intention. The two generations of migrants holding land have different settlement intention in cities, and the migrants, with important assets and emotional reasons such as farmland and homestead in their hometown, have lower willingness to stay (37, 38). The equalization of farmland ownership between generations will gradually reduce the gap in rural migrants’ willingness to settle in China (37). Few studies have addressed intergenerational differences in the settlement intention of the two generations of migrants, and not enough studies have focused on the influencing factors of settlement intention between the two generations with different values. Thus, it is necessary to further explore the influencing factors of settlement intention between generations and provide suggestions for promoting high-quality urbanization development.




3 Research design


3.1 Case location and data source

The data used in this study originate from the China Labor-force Dynamics Survey (CLDS) 2016, which provides a tracking database at the individual, household, and community levels (available online at http://css.sysu.edu.cn/Data, accessed on May 1, 2019). The CLDS, a biannual follow-up survey of village dwellings and rural areas in China, was conducted by the Center for Social Survey of Sun Yat-sen University. It established a comprehensive database of labor based on demographic characteristics, socioeconomics, housing conditions, and community contexts in the survey, which is still used in many studies today (39–41). The Pearl River Delta is a region with a high level of economic development in China, which can provide a large number of employment opportunities and attract a large number of migrants. It is a representative city for the citizenization of migrants in China, so the Pearl River Delta region is chosen as the research site (21). We selected the sample data from nine cities (Figure 1): Guangzhou, Foshan, Zhaoqing, Shenzhen, Dongguan, Huizhou, Zhuhai, Zhongshan, and Jiangmen. The “migrants” of this study is defined as people who have lived outside the household registration place for more than six months, and these people mainly migrate within China. A total of 483 valid samples were obtained after screening. The CLDS-2016 questionnaire used in this study included information on workers’ backgrounds, educational experience, migration history, social participation and support, employment status, and health status.

[image: Map of Guangdong Province highlighting various regions, including Zhaoqing, Guangzhou, Huizhou, Foshan, Dongguan, Shenzhen, Jiangmen, Zhuhai, and Zhongshan. An inset shows the research area shaded in the province. Scale markers indicate distances, with north oriented upwards.]

FIGURE 1
 Location of the Pearl River Delta region.




3.2 Population attribute characteristics

According to data from the Seventh Population Census, the population growth of Pearl River Delta city clusters has accelerated, and the degree of agglomeration has increased, with Shenzhen, Guangzhou, Foshan, and Dongguan showing continued attraction to the migrants. This paper defines the new generation of migrants as “the migrants born in 1980 and later,” referred to as “the new generation,” and “the migrants born before 1980 has become the old generation” referred to as “the old generation” (36, 42, 43). The total number of samples counted was 483, of which 213 were new generation and 270 were old generation samples. The average age of the total sample was 38 years old, the male to female gender ratio is 44.31:55.69, married persons accounted for 86.75% of the total sample, whereas local households accounted for only 4.76% of the total sample. In terms of educational attainment, bachelor’s degree (college) and above accounted for only 5.59% of the total sample, which is a low level of education, whereas the proportion of party members was 3.11%. In terms of self-assessed health, the proportion of those who rated themselves as “healthy” was the largest, at 44.10%. The proportion of those with an annual household income of 25,000 to 50,000 RMB was 31.88% and the proportion of those with an annual household income of 50,000 to 100,000 RMB was 37.47%.

Table 1 shows the differences in the demographic characteristics of the new and old generations. The proportion of females in the new generation (61.50%) is larger than that of the old generation (51.11%); the old generation is mostly married, while the proportion of the new generation who are unmarried, divorced, or widowed (43.37%) is larger in relation to the old generation; the proportion of party members in the new generation (5.16%) is higher than that of the old generation (1.48%); in terms of educational attainment, the proportion of the new generation with a bachelor’s degree (junior college) and above was 11.74%, while the proportion of the old generation was only 0.74%; in terms of self-assessed health, the proportion of the new generation whose self-assessed health was “healthy” (51.64%) is larger than that of the old generation (38.15); in terms of total annual household income, both the new and old generation are in the range of 50,000–100,000 yuan, but in terms of 100,000–200,000 yuan of total annual household income, the proportion of the new generation (17.37%) is higher than that of the old generation (13.70%). The education level, proportion of party members, and income level of the new generation are higher than those of the old generation.



TABLE 1 Demographics characteristics of the sample.
[image: A table comparing characteristics of old and new generations. It includes sample size, age, gender, education, Hukou status, political affiliation, marital status, health status, and family income. Old generation: 270 samples, average age 46.41 years. New generation: 213 samples, average age 28.54 years. Higher percentage of middle and high school education in the new generation. Majority nonlocal Hukou and non-Communist Party members in both groups. Most are married, with a higher rate in the old generation. Health varies, with a larger percentage of the new generation reporting healthy status. Family income is detailed into five categories.]



3.3 Variable selection and measurement

According to relevant literature, we selected three dimensions that affect migrants’ settlement intention: mobility, demographic characteristics, and urban environment, among which urban environment includes social environment and built environment (Figure 2).

[image: Flowchart illustrating the factors influencing settlement intention. The independent variable is the urban environment, comprising social and built environments. The control variables are mobility and demographic characteristics. Intergenerational difference is divided into new generations and old generations. Both the urban environment and intergenerational difference lead to settlement intention, with mobility and demographic characteristics affecting this relationship.]

FIGURE 2
 Conceptual framework.



3.3.1 Settlement intention of migrants

The dependent variable in this paper is the settlement intention of the migrants, which is measured by the question, “Are you likely to settle in local in the future?” The responses measure the strength of the willingness of the migrant population to stay in the local area for the long term, with the scores ranging from 1 (“very unlikely”), 2 (“rather unlikely”), 3 (“uncertain”), 4 (“rather likely”), and 5 (“very likely”).



3.3.2 Mobility

According to existing research, mobility affect the settlement intention of the migrants (17). The longer the migrants move outside, the wider the scope and the stronger their settlement intention in the inflow area. Therefore, the variables selected in this study include whether parents have migrant experience, the number of migrations, and reasons for migration. Reasons for migration were grouped into three categories: work and study, marriage and relocation, and demolition and moving.



3.3.3 Urban environment

Specifically, we divided the urban environment into built environment and social environment. In terms of social environment, according to previous studies, social integration means that the immigrant population gradually accepts and adapts to the social culture of the immigrant location, and thus develops benign interactive communication (44). In addition to their economic aspirations, migrant populations aspire to establish wider social networks in the inflow area and hope to feel safe and comfortable in the social environment in the inflow area. Therefore, this study selected the number of friends, community trust, community safety, community participation, and other variables to analyze. Community trust is measured on a 5-point scale, ranging from 1 point to 5 points, which means “very high probability” to “very low probability.” The higher the score, the stronger the sense of community security. The overall score on the scale ranges from 6 to 30 points. The Community Participation Scale has a total of 9 indicators, and also adopts a 5-point scale, with scores ranging from 1 to 5, from “never participate” to “participate every day,” with higher scores indicating better participation in organizational activities, and with an overall range of scores from 9 to 45. Through the reliability test, the α value of the Community Safety Scale is 0.704, which indicates high reliability. The reliability of the Community Participation Scale was 0.525 (Table 2).



TABLE 2 Dimensions of community safety and participation in organizational activities.
[image: Table listing variables related to community safety and participation. Community safety includes likelihood of unemployment, crime, terrorism, fake medicines, infectious disease, and pollution in the next five years. Community participation involves frequency of engaging in neighborhood committees, social work, entertainment clubs, learning organizations, hometown associations, clansmen organizations, public welfare, and religious organizations.]

The built environment of the inflow locations, including their development level, environment, and public service facilities, has become the focus of the migrants (8). Therefore, the urbanization rate, population density, land use intensity, GDP per capita, green space coverage, number of hospitals, number of POI, and annual average concentration of PM2.5 of the nine PRD cities were selected to measure the built environment of the cities in this paper (Table 3). Among them, the data used for urbanization rate, population density, land use intensity, GDP per capita, greenery coverage, number of hospitals, and number of POI were obtained from the 2016 statistical yearbooks, the statistical bulletin on national economic and social development (45), and the data on the average annual concentration of fine particulate matter (PM2.5) were obtained from the “Ranking of PM2.5 Concentration of 366 Cities in China in 2016” (46). The data used are objective, comprehensive, and highly authoritative.



TABLE 3 Summary statistics of the sampled cities.
[image: Table comparing urbanization rate, population density, number of points of interest, land use intensity, GDP per capita, green space coverage, PM2.5 concentration, and number of hospitals across nine cities: Guangzhou, Foshan, Zhaoqing, Shenzhen, Dongguan, Huizhou, Zhuhai, Zhongshan, and Jiangmen. Data are presented in respective units for each category.]




3.4 Data analysis

The data analysis method used in this paper is the multilayer linear regression model, compared with the traditional statistical methods, the multilayer linear regression model can distinguish the impact of different levels on the explained variables, the assumptions in the model are more in line with the actual situation, and the results obtained can be more reasonable and correctly reveal the real relationship between things. The multilayer linear regression model in this paper is divided into two layers, which is based on the methodology mainly proposed by Joop Hox (47):

[image: Mathematical equation expressing \( Y_{ij} \) as a function of \( \alpha_1 \), the summation of \( \beta_{ij}Z_{ij} \) from \( j = 1 \) to \( n \), the summation of \( \gamma_jW_j \) from \( j = 1 \) to \( n \), plus \( \mu_{ij} \) and \( \varepsilon_j \).]

where: Yij represents the settlement intention of the floating population; α1 represents the intercept; Zij represents the individual level variable of i sample in j city, and βij represents the regression coefficient of i sample in j city; Wj represents the city-level variable of j city; γj represents the regression coefficient of j urban variable; μij is the error term at the individual level of the sample i in j city, and εj is the error term at the city level.

In this study, the suitability of a multilayer linear model was determined based on the intragroup correlation coefficient (ICC) of the null model (48).

[image: Intraclass correlation coefficient (ICC) formula: ICC equals the variance between groups (\(\sigma_b^2\)) divided by the sum of the variance between groups and the variance within groups (\(\sigma_w^2 + \sigma_b^2\)).]

Where [image: The image shows the mathematical expression "sigma squared subscript b."] represents the intergenerational variance; [image: Mathematical notation showing the symbol for variance, represented as sigma squared with a subscript "w".] represents the individual variance of the urban migrant population. According to the calculation results of Stata, the ICC value is as large as 0.14, which indicates that there are differences in the settlement intention of the migrants in different generations; therefore, it is necessary to set up a multilayer model to analyze the data.




4 Settlement intention of the migrants

In this study, five factors, namely, generation type, household registration type, political background, marital status, and parents’ mobility experience, were selected for the independent sample t-test (Table 4). The results showed that the p-value of generation type and parents’ mobility experience was significantly different less than 0.01, and the result was significant. In terms of generation types, the average settlement intentions of the old generation and the new generation are 2.21 and 2.56, respectively. The settlement intentions of the new generation are stronger than those of the old generation, which is due to the former’s lack of social experience, and their more urgent need to form a stable lifestyle to enhance their sense of stability and self-confidence. The migrants whose parents had floating experience had a higher settlement intention. Because they have similar family backgrounds, they have a deeper feeling of instability brought about by population mobility, which makes them want to break away from it. Moreover, parents’ floating experience can provide them with certain social experiences, which are helpful for the migrants in realizing their settlement needs (49). The differences between household registration type, political background, and marital status were not significant (all p > 0.05). In terms of household registration type, the settlement intention of the non-agricultural registered permanent residence migrants is higher than that of the agricultural household registration migrants; in terms of marital status, the settlement intention of the unmarried, divorced, and widowed migrants is higher than that of the married migrants, which is contrary to existing research (3, 50), and may be related to loneliness caused by a lack of marital companionship.



TABLE 4 Settlement intention of floating migrants in Pearl River Delta.
[image: Table comparing demographic characteristics with settlement intention, showing mean, T-value, and P-value. Generational type shows significance for the new generation (P-value 0.007). Parental migrant experience also significant (P-value 0.045). Other factors like marital status, hukou status, and political affiliation are not significant. Significance levels are noted with asterisks.]



5 Mechanism analysis of settlement intention

Based on the multilayer linear model proposed in the previous section, we analyzed the mechanism of influence of demographics characteristics, migrant, social environment, and built environment of the migrants in the Pearl River Delta region on their settlement intention, and compared the two sub-samples to analyze the differences in the mechanism of influence of the settlement intention of the new and old generations.


5.1 Analysis of total sample results

Several factors affect the migrants’ settlement intention. Table 5 presents the results of the model analysis for the entire sample. In terms of built environment, urbanization rate, population density, land use, green coverage rate, and settlement intention were significantly related. There was a significant negative correlation between urbanization rate and settlement intention; that is, the higher the urbanization rate, the lower the settlement intention. The urbanization rate is usually used as one of the standards to measure urban development, which mainly affects people’s settlement intentions through implied aspects such as household registration status, public services, and infrastructure. The higher the urbanization rate, the more developed the city. The higher cost of living and higher level of social exclusion in big cities make it difficult for the migrants to live there long-term, thus reducing their settlement intention (3). Population density has a positive impact on settlement intention; that is, the denser the population density, the stronger the settlement intention. This result is consistent with the relevant research conclusions (29). Higher population density indicates that the area has economic, political, and ecological advantages, which can bring corresponding benefits to the local population and attract population agglomeration (51).



TABLE 5 Model for floating migrants’ settlement intention of the sample.
[image: A table displays demographic characteristics with coefficients, standard errors, and p-values for a total sample. Categories include gender, education, household registration, political outlook, marital status, health, income, mobility, urban environment, and social environment. Significant coefficients, marked with asterisks, indicate greater relationships within education, number of family members, annual household income, number of migrations, matrimonial migration, urbanization rate, population density, land use situation, green coverage rate, and number of friends, suggesting their influence on the studied outcomes.]

In addition, the gathering of migrants with similar cultural backgrounds can promote the development of cultural identity, enabling the migrants to better adapt to the local area, and help improve their settlement intention (4, 17, 25). There was a significant negative correlation between land use and settlement intention, that is, the higher the land use intensity, the lower the settlement intention of the migrants. High-intensity land use competes with urban leisure and urban ecological spaces, reduces residents’ living comfort, and adversely affects their mental health (52). At the same time, higher land-use intensity reduces the leisure space for citizens’ communication, reduces the diversification of citizens’ lives, affects the promotion of urban vitality, and is not conducive to the formation of a good urban atmosphere; thus, the migrants’ settlement intention is reduced (53–55). Finally, there is a significant positive correlation between the green coverage rate and settlement intention; that is, the higher the regional green coverage rate, the higher the attraction for the migrants to settle down. The green coverage rate is related to the ecological environmental quality of the region. A higher green coverage rate is helpful for improving the absorption of carbon dioxide in cities and alleviating the impact of environmental pollution on people’s health (56). At the same time, it is helpful to improve the urban thermal environment, alleviate the urban heat island effect (57), promote the quality of the living environment, benefit the physical and mental health of local residents, and promote the migrants’ settlement intention.

In terms of social and demographic characteristics, higher education level, number of family members, and annual family income had a significant influence on settlement intention. Education is closely related to settlement intention. The higher the education level, the stronger the settlement intention. Education is an important way of improving human capital. Taking primary school and below as the reference group, junior college education level and above was positively correlated with settlement intention. This shows that higher education level helps the migrants to stay in the local area, which is consistent with existing research conclusions (3). Higher education means that migrants have richer human capital, are more likely to obtain better jobs and incomes, and are more psychologically confident, leading to an increase in their settlement intention. Simultaneously, the number of family members positively influenced settlement intention (10, 20). The increase of family members will enhance the willingness of floating population to settle down, which is consistent with existing research results (28, 50, 58), indicating that the more family members there are, the higher the immigration cost and the higher the intention to settle in the local area. In addition, families provide psychological support to the migrants, and the process of familization within the migrants increases the likelihood of them staying in the local area (50). The annual income of families has a positive orientation toward settlement intention, and with an increase in income, the settlement intention of the migrants increases. The higher the annual income of a family, the more resources and benefits that family members can obtain in the local area. This plays a positive role in promoting quality of life, improving comfort, obtaining sufficient self-confidence and security in life, and improving settlement intention to a certain extent (28).

Among the three indicators of immigration characteristics, the number of migrations is negatively correlated with settlement intention; that is, the greater the number of migrations, the lower the settlement intention. The influence of the migration time of the migrants on settlement intention was probably related to the stay time of the migrants in the local area (50). Related research shows a positive correlation between stay time and local attachment and that longer stays or communication are usually accompanied by stronger local attachment. Promoting local attachment can increase a population’s settlement intention in a local area (4, 52). In addition, the stay time was related to settlement intention. The longer the migrants stays in the local area, the better it adapts to it (58). The greater the number of migrations, the shorter the population stay time in the region. Therefore, shorter stay time males it difficult to cultivate a migrants’ sense of local ties, local attachment, and belonging, resulting in low adaptability to the regional environment, making the migrants less willing to stay there. There was a significant positive correlation between reasons for immigration and settlement intention accompanied by marriage. In terms of mobility reasons, compared with work-study mobility as a reference group, family members can share the cost of living, provide psychological support, reduce the cost of remigration, and help improve the settlement intention of the migrants (28). At the same time, among the four indicators of social environment, number of friends has a positive impact on settlement intention; that is, the more friends in the local area, the stronger the intention to stay. Obtaining more friends is conducive to forming a richer social network and promoting the social integration of the migrants in the local area, which can ensure more social relations and psychological comfort for the migrants (59). A migrants with richer social relations with local residents can obtain more useful information and practical support; therefore, they show a significantly higher settlement intention (60).



5.2 The contrast between the new and old generations

The model analysis results for the two-component samples from the new and old generations are shown in Table 6. Comparing the two-component samples, there are differences in the influence mechanism of different factors on the new and old generations. Compared to the new generation, the old generation pays more attention to the built environment of the immigration site, and they have a clearer purpose for migration. They should consider the management of the entire family, and the per-capita GDP of the place of immigration is one of the reasons for deciding whether to stay. At the same time, owing to the decline in physical function, the old generation often pays more attention to health management and is more sensitive to environmental quality. Green spaces can promote social interaction and reduce the impact of social isolation on old generations, which is very important for their health and well-being, and can help them mitigate the risk of disease (61). Therefore, compared with the new generation, the greenspace coverage rate has a much greater impact on the settlement intention of the old generation. In addition, the old generation was more inclined to settle in areas with lower urbanization rates, that is, the higher the urbanization rate, the lower their settlement intention. Areas with higher levels of urbanization are often accompanied by higher levels of environmental pollution, higher costs of living, faster pace of life, higher housing prices, and generally lower quality of living environments (62). The old generation has a higher demand for environmental livability (63), and its resistance to the problems brought about by high-level urbanization is more obvious. Therefore, the old generation pays more attention to the intensity of land use, which had a significant negative correlation with their settlement intention. The increase in land use intensity has adverse effects on the urban ecological environment and crowds out social open spaces (55), which reduces the quality of the living environment of the old generation in this area and their settlement intention.



TABLE 6 Models for floating migrants’ settlement intention of the new and old generations.
[image: A table comparing the impact of various factors on new and old generations. Categories include demographics, mobility, reasons for mobility, and urban environment. Each factor is evaluated with coefficients, standard errors, and p-values, highlighting statistical significance. Variables like education, marital status, and urbanization differ between generations, with significant p-values marked for prominence.]

However, the new generation has a stronger willingness to improve their own income level, pays little attention to urbanization level and land-use intensity, and the negative impact on their settlement intention is not obvious. In terms of mobility, the number of migrations and marriage migration had a significant impact on their settlement intention. Compared with the new generation, the old generation has more capital for migration activities, and their settlement intention is lower when there are more migration times and a richer migration experience. The old generation has had more time to form families. Marriage maintains family stability, and its positive effect on settlement intention is much more obvious than that of the new generation. There was no significant relationship between marriage migration and the new generation’s settlement intention, which is related to the new generation’s emphasis on the realization of self-worth and their lack of family values (36).

For the new generation, the number of hospitals and health centers is more related to the built environment, which is positively correlated with their settlement intention. This may be related to the promotion of healthcare awareness among the new generation, focusing on the construction of surrounding medical service facilities (64). In addition, the number of friends was a significant factor affecting the new generation’s settlement intention. Compared to the migration of the old generation due to rural affinity and kinship, the new generation has richer reasons for migration; their social network is simpler when they first flow into the city, and they often expect a higher sense of social identity.

In summary, the differences between old and new generations are reflected in three aspects: built environment, mobility, and social environment. The new generation pays more attention to the degree of social integration when flowing into cities and people with more developed social networks tend to stay in local areas. Sociologist Park believed that interpersonal networks can reduce the cost and risk of migrants’ mobility and increase their sense of security and belonging (65), which is fully reflected in the settlement intention of the new generation. When studying the influence of human capital on the social integration of the migrants in China, we mainly discuss the influence of human capital obtained before mobility, that is, education level, on social integration. Some articles point out that human capital obtained after mobility, that is, skills training and work experience, also play an important role in social integration (66). Generally, the new generation of migrants has accumulated less human capital, has lower social integration, and they pay more attention to their social identity. Social environment significantly influences their settlement intention. The old generation pays more attention to the characteristics of mobility and built environment. Because of their age and concerns, one of the purposes of promoting the mobility of the old generation is usually to experience “living in peace.” With the gradual completion of family formation, accompanying family members also have higher settlement intentions. Existing research has found that green spaces can enhance residents’ local attachment and settlement intention (67). Owing to physical function, health status, and family factors, the requirements of the old generation for green spaces are greater.



5.3 The common between the new and old generations

The model results show that the influence of settlement intention varies from generation to generation, but also has some similar influencing factors. Education level, number of family members, and family income had a significant influence on both generations. Education has different influences on the settlement intentions of the two generations, but it is still one of the factors that determines whether they want to stay in the local area. The old generation has richer social experience, is more sensitive to future income levels represented by education levels than the new generation, and is more willing to leave family members in areas with better education levels (28). Therefore, compared to the new generation, the old generation’s settlement intention will be more affected by education level. An increase in the number of family members improves the settlement intention of the two generations, and the establishment of kinship in the inflow area can improve psychological support for the migrants and settlement intention of the two generations (50, 58). For both generations, family income level is very important, as it is necessary to maintain their survival and pursue a better life. In the context of the accelerating growth of urban housing prices and increasing consumption levels, people have greater demand for a better life, and a higher income level can provide a better and more comfortable living environment, which is very attractive to the migrants. Although the two generations grew up in different social backgrounds, higher income and family composition were still the driving forces for the migrants to continue migrating to cities (68), and these increases undoubtedly enhance the migrants’ intention to settle in cities.




6 Discussion and conclusion

Given the background of people-oriented new urbanization in China, the settlement intention of the migrants has important research significance. The new and old generations of the migrants have different group characteristics, and attach different meanings to mobility. The new generation has gradually become the backbone and creative class to promote social development (69), and expects to realize its ideals in inflow places, while the migrants of the old generation is still an important group in China’s labor market. Against this background, this study investigates the migrants in the Pearl River Delta region, as well as the influence of demographics characteristics, mobility and urban environment on settlement intention, and compares the new with the old generation. The study obtains the following findings:

First, the migrants’ settlement intention is influenced by the built environment, mobility, social environment, and demographic characteristics. In terms of the built environment, urbanization rate, population density, land use, and green coverage rate have a significant impact on their settlement intention. The number of migrations has a significant impact on the migrants’ settlement intention, and marriage mobility is associated with stronger settlement intention than other mobility modes. Social environment reflects the important influence of social networks and human capital on settlement intention. The more friends, the stronger the settlement intention of the migrants. Educational back-ground, family income, and number of family members are important factors affecting the settlement intention of both generations. Second, there are differences in the built environment, social environment, and demographic characteristics between the new and old generations. The new generation of migrants generally has a higher settlement intention. For the new generation, demographics and social environment have a significant impact on their settlement intention. In terms of social environment, having more friends and a higher degree of trust had a positive impact on the new generation’s settlement intention. The flow and built environment of the old generation differed from those of the new generation. Among the mobility, the old generation’s settlement intention was influenced more by the number of migrations, parents’ migration experiences, and personal migration experiences due to marriage. Among the built environment, the settlement intention of the old generation is more sensitive to the green coverage rate. From the differences between the two, we can see the focus of the new and old generations and that the new generation has a higher pursuit of social identity and economic strength; the old generation is more influenced by residence time, family concept, and physical and mental health. Third, the settlement intention of the new and old generations was positively influenced by their educational level and family members.

By focusing on the complex mechanisms behind the migrants and their intergenerational settlement intention, our empirical analysis expands the perspective of the urban built environment, which helps optimize the relevant decision-making for high-quality urbanization and community governance in the Pearl River Delta region. First, the living environment had a significant impact on the migrants’ settlement intention. The improvement of space quality helps to enhance the migrants’ sense of belonging, acquisition, and identification with the inflow location, especially the older generation of migrants who are more sensitive to environmental quality and have higher requirements for livability and can enhance their settlement intention. While promoting urban economic development, the government should improve the livable level of cities. Future urban construction should focus on improving the building environment quality of central cities, issuing more scientific urban planning policies, rationally utilizing urban land, and improving the comprehensive carrying capacity of cities. At the same time, we should pay special attention to the construction of urban green space, optimize the green environments around aging communities, improve the availability of green space environments, improve the quality of the urban ecological environment, and improve the living level of cities.

Second, economic opportunities remain an important determinant of the migrants’ settlement intention. The new generation of migrants is more eager to improve their income level. It is necessary for the government to introduce personalized and targeted talent attraction policies, and provide richer and more diversified economic opportunities for the new generation of migrants. And provide inclusive policy support in housing, employment, entrepreneurship, and social welfare, including controlling the increase of urban housing prices, providing more accessible housing for migrants, introducing preferential loan policies for entrepreneurship, and providing fair social welfare. Reduce the life pressure of the new generation of migrants, provide more development space, improve their income level, and enhance their settlement intention.

Third, the migrants are paying increasing attention to guarantees of public services in urban life. Improving service capacity and group fairness of public service facilities is a key to solving the problem that cities cannot retain people. Efforts should be made to resolve barriers to the regional sharing of public services and social security information. Lower the educational entry threshold for migrant children in local cities, increase the supply of local degrees, and provide more fair educational resources for migrants. The enhancement of the new generation of migrants’ awareness of medical care requires cities to improve the medical and health service system, increase the construction of primary medical and health facilities, and clarify the reimbursement process of medical insurance for migrants in different places to improve the convenience of migrants’ access to medical services.

Fourthly, social integration plays a non-negligible role in migrants’ settlement intentions. Especially for the new generation of migrants, the degree of social integration in the inflow area has a positive impact on their settlement intention. The community should regularly organize social and cultural activities, carry out community education and community mobilization, increase the interaction among community residents, enrich migrants’ social networks in the community, and promote migrants’ integration into the community. At the same time, it provides migrants with equal opportunities to participate in community elections and policy decisions and enjoy community services and social services fairly. And in the context of aging, the social integration of the older generation of migrants is also very important. More attention should be paid to the strategic change of community governance in the context of aging, especially the social integration of the older generation of migrants and the children who move with them. It is necessary to create a developed, inclusive, and equal urban atmosphere, provide a more beneficial social environment for migrants to integrate into urban society, and promote the promotion of migrants’ settlement intention.

This study has some limitations. First, the data selected in this study is cross-sectional, and there may be missing variables or unobservable differences between individuals in the statistical collection of cross-sectional data. Secondly, the database used in this study is the static data in 2016. Although it has research significance, there is still a certain lag with the current society. Moreover, with the acceleration of urbanization in the Pearl River Delta region, the settlement intention of migrants may change. If the survey of migrants can be tracked, it will be helpful to continuously observe whether the settlement intention of migrants will change with time, thus further improving the quality of research results. At the same time, the COVID-19 pandemic has a momentous influence on the migration and settlement of Chinese and even the world, and future research work should also pay attention to the different influences of the COVID-19 pandemic on the settlement willingness of migrants. The intergenerational differences in the factors affecting the settlement intention of migrants show that the settlement intention of migrants evolves dynamically with the development of society. In the new urbanization process of regional coordinated development in the future, it is an important issue to attract migrants and make them feel a sense of belonging to the flowing cities.
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Introduction: Greenspaces can provide an important resource for human mental health. A growing body of literature investigates the interaction and the influence of diverse greenspace exposures. In order to gain a comprehensive understanding of the complex connection between greenspace and mental health, a variety of perspectives and methodological combinations are needed. The aim of this review is to assess the current methodologies researching greenspace and mental health.
Methods: A scoping review was conducted. Four electronic databases (Pubmed, Embase, PsycInfo, Web of Science) were searched for relevant studies. A wide range of greenspace and mental health keywords were included to provide a comprehensive representation of the body of research. Relevant information on publication characteristics, types of greenspaces, mental health outcomes, and measurements of greenspace exposure and mental health was extracted and assessed.
Results: 338 studies were included. The included studies encompassed a multitude of methods, as well as outcomes for both greenspace and mental health. 28 combinations were found between seven categories each for greenspace and mental health assessment. Some pairings such as geoinformation systems for greenspace assessment and questionnaires investigating mental health were used much more frequently than others, implying possible research gaps. Furthermore, we identified problems and inconsistences in reporting of greenspace types and mental health outcomes.
Discussion: The identified methodological variety is a potential for researching the complex connections between greenspace and mental health. Commonly used combinations can provide important insights. However, future research needs to emphasize other perspectives in order to understand how to create living environments with mental health benefits. For this purpose, interdisciplinary research is necessary.
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1 Introduction

Nature in general and particularly greenspaces in urban environments can provide a wide range of resources and services for human populations (1, 2). Greenspaces can have a positive impact on physical as well as mental health (1, 3–5). Especially in areas with a high population density such as cities and megacities, greenspaces can provide an important resource for population health if they can be accessed by a great number of residents (6). Markevych et al. (7) propose three domains of pathways, which link greenspace to positive health outcomes: 1. The reduction of harm (mitigation) describes the potential protection from environmental stressors such as air pollutants, environmental noise or urban heat islands through greenspace. Furthermore, 2. greenspaces can provide opportunities for the building of capacities (instoration). Greenspace can offer places for social contacts as well as possibilities for physical activities (1, 5). Lastly, Markevych et al. (7) describe 3. the restoring of capacities (restoration) as a domain pathway through which greenspaces can contribute to psychological restoration.

All three of these pathways are relevant for research regarding the influence of greenspaces on mental health, which is described with a wide variety of outcomes such as psychological disorders, mood or restoration. The WHO (8) defines mental health as “a state of well-being in which every individual realizes his or her own potential, can cope with the normal stresses of life, can work productively and fruitfully, and is able to make a contribution to her or his community.” Psychological theories linked to the restoration domain can provide a theoretical basis for mental health benefits. The Attention Restoration Theory (ART) (9) and the Stress Recovery Theory (SRT) (10, 11) are often taken into account as a theoretical framework for this interaction (6, 7). The ART states that natural environments can provide a higher fascination or the sense of being away from undesirable aspects of everyday life compared to urban environments and can provide effortless attention which in turn leads to restoration (9). The SRT (10, 11) describes natural environments with a high proportion of natural elements, like vegetation or open water bodies as less threatening compared to urban environments from a psycho-evolutionary point of view. As a result, according to the SRT natural environments contribute to stress reduction and restoration (10, 11).

The contribution of greenspaces to the improvement of mental health has been investigated in a growing number of publications (12–14). Especially in urban areas, where the risk for mental illnesses is generally higher compared to rural areas greenspaces contribute to better health outcomes (15). Scientific reviews mostly display a consistent association between greenspace and mental health in the general population as well as emotional and behavioral well-being in children (16–18), although some find limited or inadequate evidence (19).

While the number of publications regarding greenspace has risen (13, 14), definitions of greenspace often vary across disciplines, leading to different understandings of greenspace and difficulties in making comparisons (4). A review regarding greenspace definitions in scientific studies identified two main interpretations of greenspace, but also underlines that no single definition of greenspace is generally applicable. Rather the definition used should be meaningful in the context of the study (20). In addition to the variation in definitions, discrepancies in the measurement of greenspaces limit the comparability of publications (7, 21). This is particularly relevant as the characteristics and quality of greenspaces can be important factors for their health impact (1, 12). Trees, for example, might be more beneficial to memory or mental health in comparison to other types of green elements (22–24) and formal, well-kept greenspaces could potentially provide a greater health benefit than other (e.g., wilder, more natural) greenspaces (25). Relevant health factors of greenspaces such as biodiversity, greenspace types, and the quality of greenspaces are often not included in measurements, for example in the frequently used Normalized Density Vegetation Index (NDVI) (7, 24, 26–28). Quality assessment tools can provide options for the inclusion of greenspace quality in scientific investigations (29). Furthermore, methods employed to measure the exposure to greenspace in the everyday life of participants through, for instance, wearable technologies with integrated Global Positioning Systems (GPS) can enable researchers to assess these exposures more accurately (7, 21).

Additionally, the measurements used for the assessment of mental health differ in the context of greenspace research. Questionnaires, epidemiological measurements, and biomarkers have been used in previous research (7). Similar to the methods for the assessment of greenspace, these methods have distinct potentials and drawbacks that should be considered in the design of studies. In their scoping review regarding the research of greenspace and mental well-being, Wendelboe-Nelson et al. (18) found a higher usage of self-developed questionnaires than validated tools. Since validation is an important characteristic of high-quality health assessment tools (30) this use of unvalidated questionnaires can pose an issue for the reporting of mental health.

Consequently, the definitions and methods employed measuring greenspace as well as mental health and their combinations are essential for the interpretation of the findings, however this has not been studied in the detail yet. Several reviews exist regarding the research of greenspace and mental health outcomes. Some focused on specific characteristics of greenspaces such as their biodiversity (28), indoor plants (31) or trees (32), while others focused on certain populations such as children (16, 33) or the pathways between greenspaces and health (34). Similarly, the effects of the COVID 19-pandemic on the use patterns as well as the influence of greenspace regarding mental health have been investigated within existing reviews (35, 36). There are fewer reviews focusing on methods, and those that do are analyzed from either an ecological or health perspective or put their emphasis on specific methods, such as biopsychological health outcomes (6) or Geoinformation System (GIS)-based exposure measures (37). Another review investigated different perspectives of research on urban greenspaces on several health outcomes and how green places, a term emphasizing the personal bonding to and perceptions of greenspace, could be more beneficial for health than greenspace (38). Collins et al. (12) created a systematic map for the research regarding greenspace in the context of mental health. They identified categories for the investigation of experimental as well as observational studies. Wendelboe-Nelson et al. (18) also focused their review on the methods used in the impact of greenspace on mental health but mostly reported the mental health aspect and did not give a detailed account of combination of method usage.

To our knowledge, there is no quantitative overview of the vast range of methods employed in environmental mental health research. In particular, the assessment of both greenspace exposure and mental health measures and their combination in research has not been reviewed yet. Accordingly, this scoping review aims to answer the following questions:

	• Which greenspace and mental health methods are used in scientific studies?
	• How are different methods of greenspace exposure measurements and mental health outcomes linked in scientific studies?
	• What are the research gaps resulting from the methodological combinations?

Based on our results, this review aims to provide practical recommendations for future research concerning the measurements of greenspace and mental health. To this end, both greenspace and mental health methods are assessed and categorized in the results. Furthermore, the greenspace types and mental health outcomes are categorized. The combinations of identified methods are displayed in the results as well as the distribution of virtual and real greenspace within the included studies. Finally, the research questions are discussed and conclusions are provided.



2 Materials and methods

The aim of the study was to give an overview of current methods used in the broad and heterogenous research area of greenspaces and mental health. Therefore, a scoping review was deemed the most suitable methodological choice in order to outline this broad field of research and identify research gaps (39, 40). Additionally, this review aimed to research methodologies regarding this field of research, while not investigating the evidence of individual studies (41). The Preferred Reporting Items for Systematic reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR) were utilized to report the methodological steps and the results within this scoping review (42, 43). After an extensive literature review in order to identify relevant key terms, the search string for the database search was created using a PEO framework, which includes the population, exposure and outcome. A PEO framework was chosen because the control category of the usually utilized PICO framework was not deemed applicable for the purpose of this review, and greenspace was categorized as an exposure rather than an intervention. As for the population category, several settings where greenspace can be applied were included, such as “urban,” “town” or “municipality.” The outcome category included a variety of mental health outcomes. The search string was applied to the electronic databases Medline (Pubmed), Embase, PsycInfo and Web of Science. The search took place on the 23rd of May 2022. The review was not pre-registered.

The inclusion and exclusion criteria used for study selection are shown in Table 1. To be included, studies had to examine urban and rural greenness as direct or indirect primary exposure. Furthermore, at least one mental health indicator had to be measured, e.g., cognition or stress. The studies had to focus their analysis mainly on adults and adolescents above the age of 12 years, in order to avoid redundancies with other reviews (16). Studies focusing on the effects of greenspaces on animals and plants were excluded. To reflect the currently used mental health and greenspace methods, only studies between 2017 and 2022 were included in this review. Additionally, the search was limited to studies conducted in English or German. If publications reported the findings of multiple experiments, only experiments relevant to this review were included and only unique accounts of relevant information were counted. Some of the included studies also analyzed other environmental exposures such as air pollution, noise or blue space. Due to the scope of this review on greenness and the great number of studies, these exposures were not examined but the relevant measurements of greenspace were included. In order to include a broad range of mental health outcomes a variety of different search terms such as stress, general mental health, cognitive function or mood were used. The search terms for each database are presented in Supplementary Table S1.



TABLE 1 Inclusion and exclusion criteria employed for the screening process.
[image: Table listing inclusion and exclusion criteria for a study. Inclusion criteria: primary measurement of urban/rural green exposure, at least one mental health indicator, human subjects, mainly adolescents/adults, published 2017-2022, English/German, empirical/experimental studies. Exclusion criteria: different exposures like air pollution, additional interventions, effects on non-human subjects, studies on children under 12, published before 2017.]

As mentioned above, a wide range of definitions of greenspace has been previously applied. Taylor and Hochuli (20) identified two main definitions, the first greenspace definition referring to natural areas in general including areas of vegetation as well as bodies of water. The second definition describes greenspace as vegetated areas of open spaces in the urban environment. While blue spaces were not included within the search terms of this review, a broad range of greenspaces is included in order to gain a comprehensive understanding of the different types of greenspaces investigated in scientific publications.

The review process included several stages. Publications were independently reviewed by two researchers. First, a title screening was conducted in order to exclude studies not fitting for further screening by five authors (BS, JF, H-LS, SLL, TM). Studies that were included by one of the screeners were included in the next step. Second, an abstract screening was carried out in order to further limit the number of studies. Each publication was screened by two of the aforementioned five authors (BS, JF, H-LS, SLL, TM). Disagreement between the screening authors was resolved by a third opinion from another author. Due to the scope of this work on methodological approaches regarding connections between greenspace exposure and mental health outcomes, the next screening focused on the examination of the method section within the included studies. Two of the aforementioned five authors screened the methods of each study separately (BS, JF, H-LS, SLL, TM). Disagreement was resolved as described above. The WHO-5 questionnaire (44) was not included in this review as a relevant tool since it was considered as a measurement to assess the general well-being of participants rather than mental well-being as a mental health outcome.

After completion of the screening processes, a form for data-charting of relevant information was created via discussion between the authors (45). The relevant data was independently charted using a standardized extraction table by two authors (BS and JF). Data from 10% of the included studies were charted by both extracting authors to ensure compatibility of data-charting between the reviewers. The results of joined charting were discussed with another author (H-LS). Data was extracted regarding general information such as publication characteristics, e.g., the year of publication and country as well as information on the studied population. Specific information was charted for types of greenspaces, tools used for the measurement of greenspace exposure, mental health outcomes and the assessments used for mental health. The charted information is available in Supplementary Table S2.

In order to visualize the combinations of methods identified in the included studies, a categorization of the greenspace and mental health methods was necessary. Furthermore, greenspace types and mental health outcomes were categorized as an additional layer of information. The categories for greenspace types, greenspace measurements, mental health outcomes and the mental health measurements were iteratively synthesized from the results of the screening process, while previous research regarding greenspace and mental health was also used to improve the categorization (17, 21, 26, 29). The categories identified in this review are presented in the results. All authors were involved in the discussion of relevant categories.

As the systematical assessment of study quality is an optional criterion of scoping reviews according to the PRISMA-ScR (42) and the main focus of this review was to showcase the variety of methods used for the assessment of mental health and greenspace and not to evaluate the quality of individual studies in detail, no quality assessment was conducted in this review.



3 Results

This chapter presents the search results after the completed screening process. During the search in the four databases, 12,401 publications were identified after removing the duplicates. In the title screening, 9,649 studies were excluded. In the ensuing abstract screening, a further 2,333 studies were excluded. The remaining 419 full texts were then reviewed according to the inclusion and exclusion criteria. In the process, 81 studies were excluded, e.g., because they did not focus on mental health or greenspace or did not match included publication types. After the screening process a total of 338 studies were included in this review (cf. Figure 1).

[image: Flowchart illustrating the selection process for a review. Identified records total 18,325, with none added from other sources. After removing duplicates, 12,401 records remain. Titles screened number 12,401, excluding 9,649. Abstracts screened total 2,752, with 2,333 excluded. Full-text articles assessed for eligibility are 419, with 81 excluded for reasons such as lack of focus on mental health and inappropriate publication types. The final number of studies included in the review is 338.]

FIGURE 1
 PRISMA flow diagram of included studies for this review.


The studies were conducted in different regions and countries. The greatest proportion of studies were conducted in China (n = 66). Furthermore, there were 46 studies conducted in the United States, followed by 19 studies in Australia.

In addition, different study designs were used which can be categorized as longitudinal, cross-sectional, experimental, qualitative, and mixed methods. Cross-sectional designs were the most common, with a total of 141 studies. The second most common design was experimental, with 118 fully experimental studies. Longitudinal designs were used in 54 publications. A mixed methods approach was applied by six studies and qualitative surveys were identified in 15 studies to define the relationships between green exposure and mental health.

The different populations in the study period can be divided into different categories (see Table 2). The majority of studies (n = 213) do not describe their populations further, classifying them either as park visitors, (healthy) adults, or simply as participants. As selection criteria are often not clear or not reported, this group is referred to as the “general population.” Furthermore, other studies do not draw a classic sample, but select data on the basis of administrative units (n = 7), so that individual residential districts or urban areas are examined. There are also demographic aspects, such as age, into which the study populations can be divided. Thus, there are studies of adolescents (n = 21), an even larger proportion of young adults/students (n = 65), and some studies of older adults (over 60 years; n = 23). In addition, there is a small number of studies that have included patients with different medical conditions (n = 12), such as schizophrenia, but also other physical conditions, such as pollen allergy.



TABLE 2 Distribution of population categories within the included studies.
[image: Table showing types of populations and their counts in included studies: General adult population (213), Young adults/students (65), Older adults over 60 (23), Adolescents (21), Patients with medical conditions (12), Administrative units (7). Some studies investigated multiple populations.]


3.1 Greenspace types

This section provides a comprehensive overview regarding the research of different greenspace types within the included studies. The greenspace types are clustered in three spatially distinct ecological scales which encompass: ‘natural elements and species’, ‘land-use types and ecosystems’, and ‘landscapes’, the latter including patches and not specifically defined greenspaces (see Table 3). Regarding the spatial scales, most included studies focused on land-use types or landscapes instead of natural elements. 52 studies investigated two scales and five studies all three scales. Within the natural elements scale, trees (50%) and indoor plants (30%) were mainly investigated. Public parks (47%) and forests (34%) were assessed most often among the land-use types. Across all scales, urban green was the greenspace type mostly researched, making up 88% of the landscapes scale within the included studies.



TABLE 3 Spatial scales, corresponding greenspace types, and the number of papers assessing them.
[image: Table listing greenspace types by spatial scales and the number of counts in included studies. Natural elements include trees (10), indoor plants (6), grasses (3), ornamental plants (3), greening of buildings (2), and shrubs (1). Land-use types encompass public parks (92), forest woodland (66), gardens (32), tree cover (26), and others. Landscapes and non-specific greenspaces list urban green (162) and rural greenspace (40), with total landscapes at 184. Some studies included more than one type, leading to different totals.]

Natural elements include single plant specimens and populations, such as trees [(e.g., 46, 47)], indoor plants [(e.g., 48, 49)], grass patches [(e.g., 50)], or ornamental plants [(e.g., 51)]. Natural elements were investigated 20 times, with 35% of studies applying virtual exposures.

Land-use types and ecosystems, respectively, refer to areas defined by their vegetation and land usage, in total 197 studies, 18% focused on virtual greenspaces. Land-use types and ecosystems comprise, e.g., public parks [(e.g., 52–54)], forests [(e.g., 55–57)], and gardens [(e.g., 58–60)]. Among this category were also studies that, after closer inspection, were found to investigate blue spaces (n = 13). However, this was not sufficiently described by the authors and therefore could not be excluded in the eligibility step (Figure 1).

Landscapes can be defined as “spatially heterogeneous geographic areas characterized by diverse interacting patches or ecosystems” (61) and as “perceived by people, whose character is the result of the action and interaction of natural and/or human factors” (62). A total of 184 studies investigated landscapes, 9% of which used virtual landscapes. In our review, this category includes urban green landscapes or landscape patches [(e.g., 22, 63, 64)] and rural greenspaces [(e.g., 65–67)].



3.2 Greenspace measurements

Greenspace measurements describe the methodological approach regarding the assessment of greenspaces within the included studies. This review differentiates between seven methodological approaches to assess greenspace exposure, which are described further below. Table 4 displays the number of publications using the different methods. Some publications used multiple greenspace assessment methods. Accordingly, the count of greenspace exposure methods exceeds the number of included studies.



TABLE 4 Categories of greenspace assessment methods and their count within papers.
[image: Table showing the number of counts in included studies for different greenspace assessment methods: Geo-information systems (145), predefined through intervention (120), self-reported quantitative (56), expert assessment (21), self-reported qualitative (18), street view (8), and ecological momentary assessment (7). Note: Some studies used more than one method, leading to a higher total count of methods than the number of publications.]

The category ‘Geoinformation systems’ (GIS) describes methods using the analysis of spatial data in order to assess greenspace exposure. Firstly, this includes vegetation indices such as the NDVI [(e.g., 68–70)]. Secondly, GIS encompasses land-use data gathered via satellite data or from land registry offices and other sources, describing land-use types [(e.g., 71–73)]. In both cases, studies mostly focused on the abundance or proximity of greenspaces (38). Of the included studies 145 studies used GIS, thus it was the most common of all greenspace assessment methods.

The category ‘Predefined through intervention’ includes studies that applied a predefined exposure, such as controlled activities, e.g., walking, viewing a particular scene or exercising, in order to measure the impact on mental health [(e.g., 74–76)]. Additionally, this category encompasses studies using images, videos or virtual reality as a controlled greenspace exposure [(e.g., 77–80)]. At least one predefined controlled exposure was employed in 120 publications.

‘Self-reported quantitative’ includes methods assessing the study population’s self-reported greenspace exposure, mostly via questionnaires. A variety of exposure characteristics, such as the frequency and duration of visits to greenspaces, the amount or quality of nearby greenspaces, as well as the proximity of nearby greenspaces, were reported in the included studies [(e.g., 81–84)]. Self-reported quantitative measurements were applied as a greenspace assessment method in 56 publications.

The category ‘Expert assessment’ refers to studies in which the study area was either described and distinguished by researchers based on certain characteristics, such as naturalness, area size or biodiversity [(e.g., 85–87)], or an assessment of certain greenspace indicators, such as greenspace quality, was performed by the researchers or other experts [(e.g., 83, 88, 89)]. Expert assessments were included in 21 studies.

‘Self-reported qualitative’ (SR qualitative) refers to studies that assessed greenspace exposure through qualitative methods, such as semi-structured interviews, thematic writing or participatory methods [(e.g., 90–93)]. These studies generated an in-depth insight in the greenspace exposure of the study population, which mostly consisted of fewer than 25 subjects. Methods with a qualitative exposure assessment were included in 18 studies.

‘Street view’ (SV) includes studies using images from an eye-level perspective gathered by street-view services in order to assess the study population’s greenspace exposure. This measurement can be employed via buffer areas around the study participant’s residence or in the neighborhood [(e.g., 94–96)]. Another possibility to assess every day greenspace exposure is to measure the eye-level greenspace on routes which are regularly used by the individual person [(e.g., 97, 98)]. SV was used in eight studies.

‘Ecological momentary assessment’ (EMA) describes the assessment of the momentary exposure of the study population combined with a mental health measurement at a certain time. These exposures can be self-reported by the participants [(e.g., 99, 100)] or gathered via a combination of GPS signals and GIS or SV calculations [(e.g., 101–105)]. This enables the researchers to collect data of every day greenspace exposure in relation to momentary mental health outcomes. In total, seven of the included publications employed EMA.



3.3 Mental health outcomes

This section provides an overview regarding the different mental health domains which were investigated by the included studies. This review differentiates a total of 10 different mental health outcome categories in the included studies, which are described below. All clustered outcomes and the number of counts are listed in Table 5.



TABLE 5 Categories of mental health outcomes and the corresponding number of papers assessing them.
[image: Table listing mental health outcomes with corresponding counts in studies. Outcomes include: Affect & mood (148), Stress (96), Mental disorder (90), Restoration (58), Mental health (57), Cognitive outcomes (43), Brain activity & structure (33), Mental well-being (32), Vitality (12), Miscellaneous (23). Note: Some studies covered multiple outcomes, leading to differing total outcomes and studies.]

‘Affect & mood’ was the most commonly found outcome category within the included studies (n = 148). This category describes different experiences of emotional states, feelings and mood. These studies can examine different affect states using a range of tools, such as affect with the Positive and Negative Affect Schedule (PANAS), which considers items such as active, distressed, proud or irritable, but also trait & state anxiety with the State Trait Anxiety Index [(e.g., 74, 86)]. The latter includes 20 items regarding trait anxiety and 20 items for assessing state anxiety. Another frequently used tool was the Profile of Mood States (POMS), which assesses more transient states such as anger, vigor or fatigue [(e.g., 104)].

The category ‘stress’ (n = 96) includes studies in which the psychological stress or tension of a person was measured. Methods used were mainly questionnaires with self-constructed items or validated instruments like the Perceived Stress Scale, which differentiates between low, moderate and high perceived stress, or objective measurements, e.g., cortisol levels [(e.g., 106, 107)].

The ‘mental disorder’ category (n = 90) includes outcomes where the authors directly addressed mental illness. These were measured in different ways. On the one hand, some studies collected epidemiological disease figures from various registry data, such as health prescription rates of psychotropic medication [(e.g., 108)]. On the other hand, studies utilized individual validated diagnostic survey instruments such as the Alzheimer’s Disease Assessment Scale (ADAS), which assesses the progression regarding symptoms of dementia [(e.g., 109)].

‘Restoration’ includes 58 studies which measured with the effects of mental fatigue on concentration according to the ART. For example, questionnaires such as the Perceived Restorativeness Scale (PRS), that investigates the psychological aspects regarding restorative influences, were used to assess the restorative effects of exposure to greenery [(e.g., 80)].

The category ‘mental health’ (n = 57) includes more general questions about mental health states that do not address a specific domain within mental health. In this category, questionnaires, such as the 12-item form of the General Health Questionnaire (GHQ-12), assessing, e.g., the ability to carry out every day functions, or the Short Form (SF-12), which measures for example general mental health, are used [(e.g., 110, 111)].

‘Cognitive outcomes’ (n = 43) include all tests that measure domains such as perception, conceiving, remembering, reasoning, judging, imagining, and problem solving [(e.g., 112)]. Different domains of memory were tested, for example, via the spatial working memory span task or the backwards digit span test [(e.g., 49, 55)]. In order to measure cognitive outcomes, tools such as the Wechsler adult intelligence scale, that assesses cognitive abilities such as working memory via testing, were used [(e.g., 113)].

The category ‘brain activity and structure’ (n = 33) includes studies that provide information about neuronal activity or morphological structure by using various imaging methods or the measurement of electrical neurophysiological impulses to find possible mechanisms for psychological outcomes. For example, magnetic resonance imaging (MRI) or Electroencephalogram (EEG) were used in the included studies [(e.g., 105, 114)].

In addition, there is a sub-category similar to ‘mental health’ that examines ‘mental well-being’ (n = 32). These terms are often used interchangeable in policies and academic literature (115). Mental well-being seeks to cover aspects of affect as well as psychological functioning from both a hedonic as well as an eudaimonic perspective according to Tennant et al. (115). For the purpose of measuring mental well-being, tools such as the Short Warwick-Edinburgh Mental Well-being Scale (WEMWBS), which covers, e.g., eudemonic well-being and psychological functioning, were used [(e.g., 116)].

The category ‘vitality’ (n = 12) mostly refers to outcomes that operationalize the state of feeling alive and awake, of having personal energy. This is measured with various scales and questionnaires, such as the Subjective Vitality Scales [(e.g., 117)]. The two included scales cover ongoing individual vitality and state-based vitality.

The ‘miscellaneous’ category (n = 23) includes various items that did not seem to fit into any of the other categories, but still examined mental health. This includes outcomes such as sleepiness, smoking behavior or emotional eating patterns [(e.g., 106, 118, 119)]. Some of these studies also used validated tools, such as the Karolinska sleepiness scale, which assesses sleepiness in regard to the psycho-physical state [(e.g., 119)].



3.4 Mental health measuring methods

Regarding the possibilities for mental health assessment methodologies, seven categories were identified in this review. Table 6 displays the number of publications using the different methods. Some publications applied multiple mental health methods. Accordingly, the count of mental health methods exceeds the total number of studies.



TABLE 6 Mental health measuring methods and number of papers applying them.
[image: Table showing the count of mental health methods used in studies. Questionnaire: 255, Physiological marker: 62, Cognitive testing: 39, Neurological indicator: 29, Epidemiological measurement: 27, Qualitative measurement: 22, Behavior or facial expression: 8. Note indicates some studies used multiple methods.]

The category ‘Questionnaire’ includes validated questionnaires, such as the Mental Health Inventory (MHI-5), the GHQ-12 or the PANAS [(e.g., 110, 120, 121)], as well as author-constructed questionnaires [(e.g., 122, 123)]. These were applied for the measurement of various mental health outcomes. The outcomes were mostly self-reported by the participants, only few of the included studies had other groups, such as parents, answering a questionnaire about the participants [(e.g., 124)]. 255 studies employed one or multiple questionnaires to assess mental health, the highest number of uses of any mental health method in this review.

Another category of methods assessing mental health are ‘physiological marker’, which for example encompasses blood pressure, heart rate variability, salivary cortisol or eye-tracking [(e.g., 60, 123, 125, 126)]. These measurements were regularly used as physiological indicators for stress reactions or as restoration outcomes. A total of 62 studies utilizing physiological markers were included in the review.

The category ‘cognitive testing’ includes the controlled testing of mental health outcomes with a variety of tests, such as the Stroop test, the Sustained Attention to Response Test (SART) or the Mini-Mental State Examination [MMSE; (e.g., 77, 127–129)]. These tests enabled the researchers to quantify the performance for certain cognitive outcomes or the onset of diseases, such as dementia. Within the included studies, tests measuring the cognitive functions of the study participants were utilized in a total of 39 studies.

‘Neurological indicator’ as a category includes methodologies that are used to quantify brain activity and certain brain structures. These indicators were measured for example via functional magnetic resonance imaging (fMRI), which is used to analyze brain activities via MRI or EEGs and employed mostly as proxies for mental health outcomes [(e.g., 66, 105, 130, 131)]. Neurological indicators were used in 29 publications.

‘Epidemiological measurement’ encompasses studies using the incidence, medication sales, the length of stay in an health care institution or other epidemiological measurements to assess mental health [(e.g., 89, 132–134)]. The studies included in this review only applied epidemiological measurements for mental health disorders as an outcome. Epidemiological measurements were employed 27 times in the included studies.

‘Qualitative measurement’ describes the measurement of mental health via qualitative methods, such as semi-structured interviews and focus groups [(e.g., 135–137)] or qualitative participatory methods such as photovoice [(e.g., 91, 138)]. These methods were mostly employed in order to assess the mental health effects of greenspaces regarding a certain study population, such as gardeners or residents/visitors of a predefined area [(e.g., 58, 91, 139, 140)]. 22 studies used qualitative measurements.

The category ‘behavior or face recognition’ consists of two methods, which were used in 8 of the included studies. Firstly, it includes studies which used behavior screening, such as number of cigarettes smoked or food consumed, as a mental health outcome [(e.g., 106, 118)]. Secondly, some studies utilized face recognition in order to assess the emotions of the people represented in pictures, mostly gathered from social media [(e.g., 141–143)].



3.5 Combination of methods

This chapter combines the methodologies used to assess greenspace as well as mental health and describes the frequency of use of the combinations. Figure 2 displays the usage of greenspace exposure measurements as well as measures assessing mental health. The size of the bubbles relates to the number of times a certain combination was used in comparison to other combinations. Additionally, the count of each combination is shown inside the bubble except for combinations that were only found once or twice. Some studies used multiple methods in order to assess greenspace or mental health or both. Accordingly, the count of total combinations is larger than the number of studies included in the review. The total count of combinations identified is 484.

[image: Bubble chart displaying various data collection methods related to questionnaires, physiological markers, cognitive testing, neurological indicators, epidemiological measurements, qualitative measurements, and behavior. The chart highlights specific values like 102 for predefined interventions using questionnaires and 98 for geoinformation systems. Other notable values include 54 for physiological markers and 27 for epidemiological measurement related to neurological indicators.]

FIGURE 2
 Usage of greenspace exposure measurements and measures assessing mental health. The size of the bubbles correlates to the number of studies using the corresponding combination.


The count of studies using certain methodological combinations varies substantially between the individual combinations. While some combinations of methods were used in numerous studies, other pairings were not found at all within the included studies.

A high number of studies used a predefined exposure of greenspace in an interventional setting. 102 publications utilized a combination of predefined exposure of greenspace with questionnaires, which corresponds to the highest number of a single combination identified in this review. Physiological markers and predefined greenspaces were combined in 54 publications, by far the highest number of combinations between a greenspace exposure and physiological markers. Also, neurological indicators were used in 24 studies in a predefined setting which is the highest count of usage of this mental health measurement. Cognitive testing was applied in 21 studies. Qualitative measurement and behavior or facial expressions were combined five and four times with predefined greenspace exposure, respectively.

GIS was applied in combination with all of the mental health methods except for qualitative measurements. GIS was most often combined with questionnaires, identified in a total of 98 studies. Epidemiological measurements and GIS were employed in 27 studies. Publications using cognitive testing and GIS were found 17 times. Neurological indicators, physiological markers and behavior or facial expression were all employed five times or less with GIS.

Self-reported quantitative exposure of greenspace was used with questionnaires as a mental health assessment in 53 studies. Less frequently, self-reported quantitative exposure was employed with physiological markers (n = 4). Qualitative health measurements were used twice in combination with self-reported quantitative exposure (144, 145), while cognitive testing (146) was employed once in combination with self-reported quantitative greenspace measurements.

Expert assessments were most commonly employed with questionnaires, in total 16 times. Qualitative mental health measurements were used in five publications with expert assessments, while physiological marker (85, 147), epidemiological measurements (89) as well as behavior or facial expression (148) were employed in not more than two studies for the assessment of mental health in combination with expert assessments.

Self-reported qualitative assessment of greenspace was most frequently combined with the qualitative measurement of mental health, with 17 publications employing this combination. Two studies assessing greenspace via self-reported qualitative data used questionnaires for the assessment of mental health (149, 150) and one study included the measurement of physiological markers (151).

The assessment of greenspace via SV was combined with questionnaires seven times and only one study combined SV with epidemiological measurements (152).

EMA was most frequently utilized in combination with questionnaires as well, with seven studies using this combination. In one case an fMRI was employed as a neurological indicator in an EMA study (105).



3.6 Intervention studies

An additional dimension used to distinguish the included studies that predefined the exposure with greenspace in an intervention was the differentiation between real and virtual greenspaces. Real greenspaces include the exposure to real world, physical greenspace. Whereas, virtual greenspaces describe the exposure through photos or videos of greenspaces, as well as uses of virtual reality environments, and pre-recorded sounds of greenspaces. Half of the studies with predefined exposure used real greenspace (n = 103) and half investigated virtual greenspace (n = 102). The distribution is depicted in Table 7.



TABLE 7 Distribution of virtual and real greenspace for mental health assessment methods in studies with predefined exposure.
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For questionnaires, the studies employed virtual and real exposure measurements equally often with 49 cases of real greenspace usage and 50 times virtual greenspace being used. Physiological markers were equally split with 26 uses for both categories, while neurological indicators and cognitive testing were both similarly distributed. Qualitative measurements were gathered in combination with real greenspace four times and once combined with virtual greenspace (56). Behavior or face recognition were used as a mental health method four times with virtual greenspace in the studies with a predefined exposure. Three publications applied an assessment of both real and virtual greenspace which enabled them to include these two dimensions of exposure (153–155). Zhang et al. (153) used questionnaires as well as physiological markers, while the other two studies employed questionnaires.




4 Discussion

This scoping review represents the first comprehensive overview of the methods used for the assessment of greenspaces and mental health as well as their combinations. Accordingly, it provides an overview regarding the perspectives on greenspace and mental health research and identifies gaps as well as potentials for future research.


4.1 Identified patterns within the methodological combinations

A wide range of combinations regarding greenspace and mental health assessments was found, providing relevant insights regarding current use of methods (Figure 2). The results of this scoping review show distinctive patterns in the distribution of method combinations in the included studies, which represent certain perspectives regarding the influence of greenspace on mental health.

One of the most prevalent pairings identified was the combination of Questionnaires and GIS. This combination is considered to be a cost-effective method to investigate the interaction between a variety of mental health outcomes with different measurements of green space, mostly regarding the proximity to or abundance of greenspace (7, 26, 38). Additionally, these methods can be easily employed in order to research larger population sizes and longitudinal designs. Nevertheless, questionnaires mostly represent self-reported mental health measurements (156) and thus, only depict one dimension of mental health. GIS based studies (without additional information on exposure) cannot give evidence on the immediateness, visibility, quality, perceptions, usage and consciousness (2, 7). NDVI-based studies, in particular, have been criticized in the past as being too simplistic (157), land-use and land-cover data however can provide more information.

As pairings of methods are repeated, evidence is increasing regarding certain pathways which is an important aspect in order to gain insights into the effect of greenspace on mental health. Nevertheless, the repetition of methodological combinations can result in an imbalance of evidence and an incomplete assessment of use cases for greenspace. Less often utilized methodological combinations can provide insights into a more diverse set of greenspace influences on mental health. In line with our results, previous reviews identified the insufficient consideration of greenspace quality in the investigation of greenspace and mental health (1, 12). Methodological approaches to assess relevant qualities for the study population are for example expert assessments and especially qualitative research methods. Qualitative methods, such as interviews, can provide in-depth understanding of greenspace perceptions, consciousness, and reasons of greenspace uses (158, 159). Within the included studies, self-reported qualitative greenspace exposure measurements were examined less often than quantitative methods and almost exclusively combined with qualitative mental health measurements.

Several other reviews emphasize the relevance of individual behavior for the pathways restoration and instoration (7, 16). As individuals move around in their daily lives, their to greenspace changes. The accurate assessment of this exposure might require data on, e.g., time-activity patterns. For example, measurements of greenspace exposure in multiple locations which are visited in everyday life via EMA or SV could provide a much more realistic ecological and precise measurement of individual exposure of study populations (7, 160). However, they were rarely implemented within the included studies and mostly combined with questionnaires assessing mental health.

Some combinations were not found at all in the included studies. This might be due to limited methodological compatibility, such as predefined greenspace measurements in an intervention and ‘epidemiological measurements’. On the other hand, some method combinations which were not found in the review seem promising, such as greenspace measurements via ‘SV’ and the assessment of mental health with ‘physiological markers’. The employment of diverse methodological approaches in various combinations enhances the understanding of different facets and pathways, and improves the evidence in the field by providing a more comprehensive view. Also, several of the included studies used more than one combination of methods, as indicated by the greater number of combinations compared to the number of studies included. This combination of different methodological approaches can contribute to the diversification perspectives within this field of research.



4.2 Terminology of greenspace

Greenspace was described and defined in a variety of ways in the included studies. Nature, (natural) landscape, natural environment, greenspace, park, green infrastructure, and urban green were all applied to describe a number of greenspace types with little consistent uses or definitions in the reviewed papers. Greenness was another frequently used term, which can be utilized as a general term for vegetation quantity but not quality, type or accessibility (26). Furthermore, some papers investigated blue spaces without stating as such, which could only be determined by examining the corresponding results or supplementary material. This inconsistent and inaccurate use of greenspace definitions, as well as lacking descriptions of greenspace types limits the ability to compare study results.

This is especially true for publications regarding virtual greenspace which sometimes did not provide a description of the greenspace exposure. Browning et al. (161) emphasize the importance of selection and description of natural scenes in their review regarding the methodological choices in simulated landscapes. A detailed description of the used pictures or the accessibility via a cloud service enable the readers to understand what kind of greenspace is depicted (161). In order to ensure comparability of studies and the different evidence for greenspace on mental health a consistent usage of the terminology is necessary to enable an assessment of results. This is especially important for interdisciplinary research (Zerbe et al., submitted manuscript). The problem is not limited to empirical studies but includes concepts and theories regarding greenspace and human health. Many theoretical underpinnings do not differentiate between the types and scales of nature (Zerbe et al., submitted manuscript).

Literature informed definitions, such as provided by Taylor and Hochuli (20), can be an important source for a more consistent description of greenspaces. Furthermore, biological and environmental sciences have existing definitions of types and scales of nature, which can be the basis for finding a common language. In our review, it became evident that particularly the scale landscape is hardly described in detail and often kept quite vague as, for example, “countryside” which were, e.g., categorized as “rural greenspaces” (cf. Table 3; Zerbe et al., submitted manuscript). Moreover, different landscape types are often lumped together as “nature.”



4.3 Mental health outcomes and methods

The mental health outcomes identified in the included studies represent different layers of complexity and examine different facets of mental health. Outcomes such as mood or affect mostly assess the momentary emotional states of study participants. These offer an insight into specific pathways with which greenspace could influence the study population, but do not necessarily provide information regarding long-term mental health (21, 34). Other outcomes, e.g., manifested mental health disorders, describe a more complex assessment of the mental health status of study populations. However, these complex outcomes are the results of multifactorial influences. As such, it is difficult to determine the amount of influence greenspaces have on these outcomes.

In this scoping review, a wide range of methodologies regarding the assessment of mental health were found. To understand the complex pathways through which green spaces can affect mental health, multiple perspectives are needed to assess both physiologically observable and psychological processes (6, 38). Questionnaires were utilized most frequently which might be due to their cost-efficiency in assessing mental health (6). Regarding the quality of results, it has to be considered whether a validated instrument or a self-constructed questionnaire was used. A validated tool provides more consistent evidence for the mental health of study populations (162).

The psychopathology of mental illness is determined, among other processes, by a complex series of interactions between different biological mechanisms and various environmental factors (163). Using specific imaging and other techniques, neuroscience can provide additional information about the biological basis of mental illness and is therefore an important component in understanding and researching the identification of psychiatric biomarkers (163). Various structural or functional changes in the brain have been shown to be associated with a range of psychiatric disorders (163).

This scoping review identified a number of studies that investigated neuroscientific indicators in relation to exposure to the environment. However, when choosing brain structural and brain functional indicators as a proxy for mental illness, it is important to remember that at the current stage of research, there is still no clear mental disorder that can be diagnosed by a biomarker or based on a brain scan (164, 165). It is therefore relevant to recognize that neural indicators may have only limited explanatory power for actual disease patterns when considered in isolation. However, they can offer valuable insight into mechanistic pathways, depending on the aim of the research.



4.4 Real and virtual greenspace assessments

Research publications utilizing simulated natural elements are established within the research field of greenspace and mental health and their number is continuously increasing (161). Especially, virtual reality is frequently described as having the potential to provide an immersive natural environment, as well as the possibilities of digital activities inside simulated nature, when real natural environments are not available (161, 166).

Few of the included publications assessed real and virtual greenspaces in their greenspace measurements, although most did not compare the two dimensions. This is in line with results from a meta-analysis on this topic (167). Even fewer studies assessed the differences between natural and simulated environments. This comparison is especially important for the evaluation of potentials as well as limitations of virtual greenspaces. A previous meta-analysis showed virtual greenspace to have a smaller positive influence on positive affect in comparison to real natural greenspace (167). This might be due to the possibly restricted number of pathways virtual greenspace exposure operates on, as it mainly includes visual or audio stimuli or a combination of the two pathways (168). Therefore, it can be presumed that the benefit of actual greenspace, with its potential for physical activities, social connection, sense of place and multisensory experiences, is greater than the mostly visual or auditory activation of virtual greenspace (167). Within the last years, there is also evidence that the appreciation regarding real greenspaces has increased due to the COVID 19-pandemic (35, 36).

Also, the increased use of virtual environments might enhance the extinction of experience, which has been linked to less positive attitudes toward nature conservation and also less benefits from interacting with nature as more nature contact is connected to more nature connectedness and, in turn, to more happiness (169, 170). Simulated greenspaces cannot fully replace real greenspace but the continued comparison is necessary to evaluate the most suitable applications for technologies such as virtual reality.



4.5 Identified research gaps and recommendations for future research

This section synthesizes the findings within this review. The combinations used to investigate the relation of greenspace and mental health within the included studies represent particular perspectives on greenspace or mental health (26). While every pairing provides valuable insight into the connection between greenspace and mental health, the pathways of interaction are diverse (7) and as such have to be evaluated accordingly. There is a need for a variety of methods in order to offer different perspectives on exposures as well as outcomes (14, 160), since every isolated combination has its potentials as well as its weaknesses. High quality assessments of the potential impact greenspace might have on mental health provide valuable insights into the planning of future greenspaces and the urban environment (6, 7, 21).

Through this scoping review a lack of real mixed method approaches was identified as qualitative methodologies were most often utilized for both greenspace as well as mental health. Combinations of qualitative with quantitative measures such as interviews and GPS based data could provide a more detailed view into the effect of greenspace exposure and mental health outcomes (151, 171). The measurement of daily green space exposure using methods such as EMA or SV is also still rarely used and almost exclusively combined with questionnaires. Individual studies already implement other mental health assessments, such as epidemiological measurements or neurological indicators (66, 152), but these potentials need to be investigated further. The identification of these gaps can provide directions regarding future research as it shows ways off the beaten paths. More publications combining and utilizing different methods are needed, as their findings offer important evidence for informed decision-making regarding the future development of greenspaces and their potentials for mental health.

Interdisciplinary research efforts are another opportunity to broaden the perspectives on this complex research field. Collins et al. (12) underline the importance of considering greenspace quality from both, a human and an ecological perspective in order to assess the ecosystem services provided by greenspace. The interdisciplinary combination of different perspectives and approaches can improve the building of hypothesis as well as the research process regarding the mechanisms and pathways (14). One aspect of this collaboration should be the identification of suitable definitions of greenspace, as well as the adequate description of the utilized greenspaces. Especially regarding virtual exposure, the description of greenspace is needed in order to investigate these technologies potentials, shortcomings, as well as potential risks within future research. The usage of reporting frameworks for exposures and outcomes, e.g., PRIGSHARE for satellite based greenspace assessments (172) can improve the comprehensibility and thus the quality of evidence.



4.6 Potentials and limitations of this scoping review

This scoping review featured an extensive literature review in four electronic databases and provides a broad overview over the scientific literature. The wide range of included studies with inclusion of experimental, population based and qualitative studies facilitates the insights into this research field is a notable strength of this review. Due to the vast number of publications, the wide range of applicable studies as well as the aim to reflect the current methods used, only studies published between 2017 and 2022 were included in the review. Despite the extended search strategy, there might be some relevant publications not found in the search process and accordingly not included in the review. This could result in studies employing unique combinations not being found although a broad search was used to counteract this possibility. Some overlap exists in the categories employed in this review. For example, studies using a predefined greenspace exposure often involve an expert assessment of the greenspace in order to find suitable study sites. This might take away from the category expert assessment, especially in combination with physiological markers, cognitive testing and neurological indicators. Rural greenspaces while not being excluded within the screening process were also not explicitly integrated in the search strategy of this review, which could result in studies regarding mental health and rural greenspace being underrepresented in this review. The information from the included studies were manually extracted in this review, as an automated process would have likely led to skewed results, due to inconsistent terminology in the studies. However, this inconsistency could also bias the search and screening steps within the manual extraction of results.




5 Conclusion

This review found that a considerable number of studies researched the effect of greenspace and mental health with similar methodological combinations. While the repetition of methodologies can increase the evidence regarding certain aspects within this field of research, due to the complexity of this connection, it is necessary to explore less-frequently used combinations and study designs, such as mixed method studies. New technologies such as virtual or augmented reality need to be assessed regarding their specific benefit for populations to complement real greenspaces. Broader perspectives can enable researchers, urban planners and decision-makers to gain a deeper understanding of which greenspace provide certain mental health benefits and how these greenspaces can be implemented in future human habitats. This necessitates a common understanding of greenspace types and scales as well as mental health outcomes. As studies often utilize different definitions of greenspace or even fail to provide an accurate description, the comparability of evidence is limited. Similarly, mental wellbeing, emotional states and psychological illnesses are distinct outcomes and may require different methods to assess accurately. Interdisciplinary research collaborations can enhance the quality of evidence as existing, precise definitions from various fields of research can enable a deeper understanding of the connection between greenspace and mental health. Research methods from a range of scientific fields such as ecology, public health, psychology, medicine or urban planning can provide potentials leading to more diverse and profound evidence.
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Background: After COVID-19, more and more travelers are more inclined to walk in cities, and the sensory elements of streets can have a significant impact on urban tourism. Local residents and travelers have different perceptions of the street and preferences for its use. The purpose of this study is to evaluate and analyse the streets from the perspective of locals and travelers.
Method: In this study, a questionnaire was designed to obtain local residents' and travelers' evaluations of the sensory elements of the street and a quadrant analysis of the street's sensory elements was carried out using the IPA-Kano model.
Results: The results of the study show that travelers are particularly concerned about maps and signage guidance, while local residents are more concerned about the green environment of the surroundings and how well it is maintained.
Conclusion: There is a difference in the indicators chosen by the two groups in the results of the comparison between locals and travelers, and this study is hoped to provide some data support for future urban managers and designers to learn from and refer to for street improvements and renewal.
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1 Introduction

Tourism is one of the fastest-growing industries in the world. The industry is known for creating jobs and helping to reduce unemployment and poverty (1–4). Today, tourism is of unparalleled importance in tourist regions, and tourism largely underpins urban economic stability and recovery, most notably in the aftermath of the COVID-19 pandemic. During COVID-19, people traveled less and the world's tourism industry suffered from an unprecedented downturn. With the later stages of COVID-19, tourism has caused cities to rise economically, so governments are placing great emphasis and support on restoring tourism, while safeguarding public health, as well as employment (5–8). In 2022 there was a surprising rise in the growth rate of global tourist arrivals, with tourist arrivals in the Middle East climbing to 83% of pre-COVID-19 levels according to the United Nations, Europe reaching nearly 80% of pre-COVID-19 levels, and both Africa and the Americas regaining 65% of their pre-COVID-19 levels of tourist arrivals. The importance of tourism to the economic stability and recovery of major countries in the aftermath of the epidemic has been demonstrated in practice and data.

After the epidemic and in the context of the tourism outbreak, people were eager to travel and visit the city, and the image of the city in all its forms played a more important role in people's overall perception than before the epidemic. Urban public space consists mainly of streets (9). Public spaces such as parks, playgrounds and shopping malls in some European cities are built on streets. Streets connect various amenities as well as scenes, so local residents or travelers spend a lot of time on city streets (10). Streets are also important platforms to showcase the city. Therefore, the importance of streets becomes apparent; from the traveler's perspective, city streets are the first public spaces that tourists see when they enter the city, and they are the first impression that tourists have of the city. In the context of urban tourism, urban walking has become the subject of research (11). Tourists walk in cities more to explore the unknown, improve the quality of the tourist experience, seek authenticity, and build place attachment (12, 13). In the era of self-media everywhere, the phenomenon of urban walking continues to appear on online platforms, and the combination of urban walking and self-media makes a lot of the city's image not only known through offline travel, but also through videos and photos posted by travelers to allow more people to experience online travel, attracting more attention to different cities, thus driving the attractiveness of tourism. After getting a lot of attention, city planners need to fully consider the needs of tourists, who do not have the same spatial familiarity as residents (14). Therefore, the perceptions of street space, design elements and amenities have a huge impact on travel, which greatly reflects the image of the city and its sustainability for tourism development.

Many countries around the world, including China, are looking at the symbiosis between the city and the traveler, maintaining the original environment as much as possible while enhancing the travel experience. With the amount of visual space available in the streets, it is crucial and necessary to determine which elements are more attractive to travelers. This study intends to assess the street by travelers and then determine through IPA-Kano which elements are the most attractive to them, which elements they find less satisfying and which elements should be optimized appropriately. The aim is to analyze the data from the IPA-Kano model of travelers' perceptions of the elements of the street and to produce results that will inform the government.



2 Literature review


2.1 Street assessment refers to relevant research

Existing research has focused on the safety, comfort and level of maintenance of the space and associated facilities.

For the phenomenon of security, Painter (15) found that public lighting was a very important factor in security by improving public lighting facilities in three streets in the UK and found that pedestrians in the streets increased significantly after the public lighting was improved (15). Navarrete-Hernandez et al. (16) evaluated the security of public spaces and they concluded that public lighting as well as surveillance was a very important factor in security. Mohammed et al. (17) evaluated public spaces in Hail, Saudi Arabia, and they concluded that nighttime lighting and floor tiles are security factors. Lorenzo et al. (18) analyzed and categorized the quality of public spaces, and among the security indicators they identified security surveillance, lighting facilities, and non-slip floor tiles as necessary factors. Sadeghi et al. (19) investigated women's preferences in public spaces, and they emphasized that lighting, directional signage, surveillance, and so on are important factors in creating a sense of security in urban spaces (19). Au-Yong et al. (20) a prioritization of facilities in Malaysian public spaces from the perspective of tourists and they found that safe public spaces are preferred by tourists, with lighting and signage guidance being the highest priority security factors (20). Subramanian et al. (21) evaluated urban recreational public spaces for older adults and their findings proved that aspects such as street lighting, security guards, maps, signage, handrails, and ramps are more important for older adults

For the comfort phenomenon, women go to public spaces with greenery more than men (22). For women, children or the elderly, public spaces need benches to rest on and unpolluted clean urban spaces can be more relaxing. The appropriate width of the street space makes it more comfortable and convenient for women to walk or push prams (19). Designing appropriate seating, increasing the number of high-quality water elements, and increasing the number of green spaces will allow residents and visitors to enjoy outdoor spaces (17). Cleaning and maintenance the abundance of plant species and a sufficient number of benches can allow visitors and residents to enjoy better visuals and comfort (23). In Rose and Basri's (20) study, they demonstrated that poor visitor satisfaction is due to poorly maintained washrooms, especially a lack of cleaning. From a visitor's perspective, bins are a high-priority facility (20). Mohamad Muslim et al. (24) emphasized that park visitors are likely to be attracted by natural beauty. Anuar and Muhamadan (25) argue that the condition of benches and tables in public spaces should be maintained to accommodate passive recreational activities.

Pleasurability is a factor that measures feelings about the environment and is an individual's perception of happiness and satisfaction with an environment (26). Some have noted that perceived pleasure increases a traveler's willingness to share the experience with others (27). For most travelers, the choice of destination is a crucial matter, as it is the basis for their subsequent actions (28). Travelers seek advice from online social networks when planning a trip (29). An example of this is the popular website TripAdvisor, where nearly 200 million travelers search for information and references about destinations, restaurants, and hotels that influence their travel plans (30). This also shows that travelers tend to look for places they want to visit on the internet before traveling, making traveling more enjoyable and interesting, as in Table 1.


TABLE 1 Literature compilation of public space indicators.

[image: Table listing references with corresponding evaluation indicators and classification of indicators. Safety includes public lighting, surveillance, security monitoring, non-slip floor tiles, signage, maps, handrails, and ramps. Comfortableness covers green plant richness, cleanliness, benches, maintenance of amenities, and plant species richness. Cheerfulness involves regular cultural and business events and network-recommended locations.]



2.2 IPA-Kano

IPA-Kano solves the shortcomings of IPA method and KANO, IPA-Kano makes the research results more accurate and intuitive.

In the service domain, Tseng (34) classified and diagnosed service attributes based on the IPA-Kano model, which provided managers with more valuable and accurate information to identify key drivers. Jiang et al.'s (35) study used the SERVQUAL model of service quality indicators, combining the fuzzy Kano model and IPA from the perspective of tourist satisfaction to establish a service quality evaluation system for recreational fisheries. Chen (36) proposed a customer-driven framework that integrates the strengths of the traditional IPA and the Kano model to assist in the planning of service strategies.

In the field of architectural design, Yin et al. (37) in examining Xi'an's residential satisfaction, the IPA-Kano model considers both implicit and explicit importance to differentiate between three types of factors that have different impacts on the formation of residential satisfaction. The combination of basic factors, key performance factors, excitement factors and their actual performance identifies development priorities for neighborhood self-improvement and priorities for inter-neighborhood competition. These priorities enable local governments to deploy scarce resources to effectively improve the residential satisfaction of existing residents and attract more residents from other neighborhoods (37).




3 Method


3.1 Introduction to the IPA-Kano model, method operation

For the selection of methods to quantify spatial elements, the most commonly used are Importance-Performance Analysis (IPA) and Kano models Satisfaction degree of the measurement tool (38, 39). IPA was proposed by Martilla and James (39) to evaluate and prioritize factors of overall user performance. The satisfaction and importance of each IPA indicator are placed as coordinates on a four-quadrant graph, and the elements falling into different quadrants have different meanings (Figure 1). However, in practice, the relationship between elemental attribute performance and overall performance is non-linear and asymmetric (40). Therefore, this problem can be better solved by using the Kano model proposed by Japanese scholar Noriaki Kano, which divides user needs into five levels: attractive quality, one-dimensional quality, must-be quality, indifferent quality, and reverse quality. Elements under different need categories have different degrees of influence on overall performance (Figure 2), but the model itself cannot directly derive results and recommendations (38).


[image: Graph with four quadrants labeled A to D. Quadrant A: "Main advantage", Quadrant B: "Secondary advantage", Quadrant C: "Secondary disadvantage", Quadrant D: "Main disadvantage". Axes labeled "Satisfaction" and "Importance".]
FIGURE 1
 IPA model.



[image: Kano model diagram illustrating different types of product qualities such as Attractive Quality, One-dimensional Quality, Must-be Quality, Indifferent Quality, and Reverse Quality. Axes depict the spectrum from satisfaction to dissatisfaction and from not fulfilled to fully fulfilled. Lines represent the relationship between fulfillment and satisfaction for each quality type.]
FIGURE 2
 KANO model.


Matzler et al. (39) proposed the IPA-Kano model by combining the IPA model and the KANO model. It combines the advantages of IPA for judging the priority of relevant elements and Kano for evaluating the attributes of user requirements, with the horizontal coordinate indicating explicit importance and the vertical coordinate indicating implicit importance. Important elements in quadrant A have the highest explicit and implicit importance. Quadrant B are attractive elements with low explicit importance and high implicit importance. Quadrant C are unimportant elements with the lowest explicit and implicit importance. Quadrant D are basic elements with high explicit importance and low implicit importance (Figure 3). The model provides user needs prediction and causal path analysis, which guides the measurement of design elements and suggests improvement strategies (38).


[image: Quadrant chart depicting implicit and explicit importance. Quadrant A: Important element, Quadrant B: Attractive element, Quadrant C: Unimportant elements, Quadrant D: Basic element. Vertical axis: Implicit importance, horizontal axis: Explicit importance.]
FIGURE 3
 IPA-KANO model.


The research in this project focuses on basic, important and attractive elements. The most important is the linear effect of the importance elements on overall satisfaction, if they are satisfied they increase overall satisfaction and vice versa. The basic elements do not affect overall satisfaction if they are satisfied, but if they are not satisfied, they decrease overall satisfaction. The remaining non-essential satisfaction elements do not affect overall satisfaction if they are satisfied and therefore do not require attention.

Although it is possible to derive evaluation results for the three street elements, this is not sufficient to provide an optimization path for their development. Since the contribution of the street elements to overall satisfaction depends on their actual satisfaction, the evaluation results should be combined with the satisfaction level in order to determine an optimization path for the street elements. It is important to note that the effects of basic and attractive elements on overall satisfaction are asymmetrical. For example, overall satisfaction is not improved when the basic element exceeds expectations but rather decreases if the basic element is not implemented. If the Attractiveness Element is not implemented, it does not lead to a decrease in overall satisfaction, but if the Attractiveness Element is implemented, it can increase overall satisfaction. The effect of the importance element on overall satisfaction is directly proportional to the degree of its implementation. Therefore, the order is basic elements, importance elements and attractiveness elements (38). The actual performance of street element satisfaction is divided into three categories (Table 2), reflecting different levels of performance. The top five are the best performers, the bottom five are the worst, and the others are relatively mediocre. We can derive an optimization path by constructing six priorities.


TABLE 2 Improvement priorities.

[image: Table showing improvement priorities with corresponding quadrants and satisfaction rankings. Priorities 1, 4 are "Basic element" with rankings 11-15 and 6-10. Priorities 2, 5 are "Important element" with the same rankings. Priorities 3, 6 are "Attractive element" with 11-15 and 6-10 rankings.]



3.2 Indicator system

Based on the literature, this study concludes that the perception of urban streets is divided into three main categories and 15 factors, which are safety, comfort and pleasure. The safety phenomenon includes five factors, which are A1. Public lighting, A2. Surveillance and security, A3. Non-slip floor tiles, A4. Maps and signs, and A5. Public handrails. Eight factors were included in the comfort phenomenon, namely B1. Abundance of greenery, B2. Maintenance of greenery, B3. Benches, B4. Maintenance of benches, B5. Cleanliness, B6. Maintenance of litter bins, B7. Aspect ratio and B8. Water elements. Two factors are included in the pleasantness phenomenon, C1. Cultural and commercial activities and C2. Places recommended by the internet (Figure 4).


[image: Flowchart titled "Target Classification" with three main categories: Safety, Comfortableness, and Cheerfulness. Safety includes public lighting, surveillance security, non-slip floor tiles, maps and signage, and public handrails. Comfortableness covers abundance of green plants, greening maintenance, benches, maintenance of benches, cleaning, maintenance of rubbish bins, aspect ratio, and water element. Cheerfulness lists cultural and commercial activities, and network recommended places.]
FIGURE 4
 Street indicators.




3.3 Questionnaire design

The importance questionnaire was based on a 9-point Likert scale containing 15 questions based on local and traveler preferences for the three street factors. For example, on the safety factor public lighting, it asks “Do you think public lighting is important to West Street?” where “1” means very unimportant, “9” means very important, and “2” to “8” gradually increase the score as the level of importance increases. importance gradually increases. The weighted average score of each variable was used as the importance score to measure the apparent importance of each factor in the street. The satisfaction questionnaire was designed to allow users to rate their actual satisfaction with the three street factors on a nine-point Likert scale. For example, for the factor Public Lighting in Safety, it asks “How satisfied are you with the public lighting on the current West Street?” where “1” means very dissatisfied, “9” means very satisfied, and “2” through “8” increase the score as the level of satisfaction increases. The level of satisfaction gradually increases. The weighted mean score of each variable was used as the satisfaction score, reflecting the actual satisfaction of the street factor. The Importance and Satisfaction Questionnaire not only asked questions about the 15 factors, but also recorded the gender of the participants and whether the participating users were locals or travelers.



3.4 Experimental process

The experimental procedure consisted of the following five processes (Figure 5).

	(1) The authors conducted and collated questionnaires to calculate the average importance and satisfaction of travelers and locals for each of the three street indicators.
	(2) Bivariate correlation analyses of the respective importance and satisfaction of travelers and locals were conducted using spss27 statistical data analysis software to extract their corresponding implicit importance.


[image: Flowchart comparing travelers' and locals' preferences. Both sections include satisfaction score, importance score, implicit importance score, IPA-Kano analysis, quadrant attribution results, satisfaction ranking, and optimization path. The chart highlights a comparison between the two groups.]
FIGURE 5
 Experimental procedure diagram.


In this case, bivariate correlation analyses were conducted using SPSS 27.0 to extract the implied importance of the streets, which was calculated using the following Equation (1).

[image: Formula for Pearson's correlation coefficient, r sub xy, is displayed. It shows r sub xy is equal to the sum of x sub i y sub i minus n times x y, divided by n minus one times s sub x s sub y. This can also be expressed as n times the sum of x sub i y sub i minus sum of x sub i times sum of y sub i, divided by the square root of n times sum of x sub i squared minus the square of the sum of x sub i, times the square root of n times the sum of y sub i squared minus the square of the sum of y sub i.]

The coefficients take values between −1.0 and 1.0, with variables close to 0 indicating no correlation and close to 1 or −1 indicating strong correlation.

	(3) IPA-Kano analysis was used to present the results of the comparison between explicit and implicit importance, with the horizontal axis using importance data to represent explicit importance and the vertical axis using binary correlation analysis data of importance and satisfaction to describe implicit importance. The mean values of the 15 elements of explicit and implicit importance were used as the center coordinates, with each element corresponding to a quadrant plot.
	(4) Analyze the optimization path based on the quadrant attribution results of the street elements, combined with the performance ranking of each element attribute.
	(5) Based on the results of the above data, a comparative analysis of the elements of street perception by travelers and local residents was conducted to find their commonalities and differences.



3.5 Sheffield case presentation

This study is based on three streets in Sheffield, England, namely West Street, Fargate Street and The Moor Street (Figure 6). All three streets are located in the city center of Sheffield, and West Street hosts a wide range of cultural and commercial events during holidays and weekends, so both locals and travelers are willing to participate in activities here. Fargate is a pedestrianized and shopping area in Sheffield, England, which often hosts commercial activities such as amusement rides, attracting a lot of locals to attend events here with their children. The Moor, a very famous shopping street in Sheffield city center, is more popular with travelers than locals, and hosts commercial events for food and entertainment at Christmas and Easter every year.


[image: Map highlighting three areas in a city with red circles labeled as Fargate Street, West Street, and The Moor Street. Major roads and intersections are shown with labels for orientation.]
FIGURE 6
 Three streets of Sheffield.




3.6 Participants

The participants in this study are local residents of Sheffield and travelers from other cities or countries. A total of 1,071 questionnaires were distributed in this study and 1,025 valid questionnaires were recovered after deleting the invalid questionnaires (Table 3), of which 360 questionnaires were distributed in Fargate Street and 343 valid questionnaires were recovered, 355 questionnaires were distributed in The Moor Street and 340 valid questionnaires were recovered, 356 questionnaires were distributed in West Street and 342 valid questionnaires were recovered. A total of 356 questionnaires were distributed on West Street and 342 valid questionnaires were returned. The questionnaires were distributed from November 2022 to September 2023, and were paid £0.30 per questionnaire through a variety of social apps online, and offline on the street where people were randomly approached to fill in the questionnaires. The 15 elements of the questionnaire were then analyzed for reliability and validity using SPSS 27 statistical software, and the Cronbach values were basically above 0.8, proving that the questionnaire had good reliability. The significance value was 0 and the validity was good.


TABLE 3 Gender and participant data of the questionnaire.

[image: Table showing participant demographics by street. Fargate Street: Males 164 (47.8%), Females 176 (51.3%), Non-binary 2 (0.6%), Prefer not to say 1 (0.3%), Travelers 200 (58.3%), Locals 143 (41.7%). The Moor Street: Males 170 (50%), Females 165 (48.5%), Non-binary 3 (0.9%), Prefer not to say 2 (0.6%), Travelers 189 (55.6%), Locals 151 (44.4%). West Street: Males 159 (46.5%), Females 177 (51.8%), Non-binary 4 (1.2%), Prefer not to say 2 (0.6%), Travelers 186 (54.4%), Locals 156 (45.6%).]




4 Results


4.1 Description of basic data

According to the values in Table 4, cleanliness is the most important indicator considered by both travelers and locals in Fargate Street, while public handrails are the least important in their opinion, and in the evaluation of satisfaction, height to width ratio is the indicator with the highest level of satisfaction, while the abundance of greenery is the indicator with the lowest level of satisfaction. Next, according to the values in Table 5, cleanliness is the indicator considered the most important in The Moor Street, while aspect ratio is the least important indicator in their evaluation, in the evaluation of satisfaction, locals are the most satisfied with aspect ratio, the richness of greenery is the least satisfied, travelers are the most satisfied with cultural and commercial activities, and public handrails, an indicator with the had the lowest level of satisfaction. Finally, according to the data in Table 6, locals and travelers consider cleanliness to be the most important indicator, the water element was rated as the least important indicator by locals, and the aspect ratio was rated as the least important indicator by travelers. Both locals and travelers rated the places recommended by the network as having the highest level of satisfaction and the lowest level of satisfaction with the abundance of green.


TABLE 4 Importance and satisfaction of Fargate street indicators.

[image: Table showing importance and satisfaction ratings for local and traveler factors on Fargate Street. Columns include factor labels (e.g., A1, B1), mean scores, and rankings for importance and satisfaction, with ratings measured on numeric scales.]


TABLE 5 Importance and satisfaction of The Moor street indicators.

[image: Table comparing local and traveler evaluations of factors affecting satisfaction and importance on Moor Street. It lists mean scores and rankings for each factor, labeled A1 to C2, under categories "Local" and "Traveler." Both use "Importance" and "Satisfaction" metrics to assess these factors, providing insights into perceived priorities and contentment levels for each group.]


TABLE 6 Importance and satisfaction of West street indicators.

[image: Comparison table showing importance and satisfaction rankings for local and traveler perspectives on various factors labeled A1 to C2 on West Street. Each factor is rated by mean and ranking for importance and satisfaction across both local and traveler categories.]



4.2 Extraction of implicit importance

Explicit importance is the direct evaluation of the importance of a street factor by the user, while implicit importance is the state of importance reflected in the user's evaluation of other aspects. Explicit and implicit are interrelated but not identical, so they must be compared and combined when assessing street factors. A p < 0.05 for street factors for the same user group is statistically significant. Whereas, factors with a p > 0.05 are not statistically significant (Figures 7, 8). According to the scores and rankings of implicit importance in Table 7, the implicit importance rankings of B8. Water element, C1. Cultural and commercial activities, and C2. Network Recommended Places are the same in all six cases, while the implicit importance rankings of the other elements are significantly different. It is worth noting that C2. Network Recommended Places ranked essentially first in all three streets.


[image: A 3D bar chart and a corresponding color gradient plot displaying data comparisons among different traveler and local categories across several locations labeled West, The Moor, and Fargate. The charts illustrate variations in data, with the 3D chart offering a spatial perspective and the gradient plot providing detailed numerical values.]
FIGURE 7
 Significance statistics for Fargate, The Moor, WEST Street by locals and travelers.



[image: Matrix diagrams showing prioritized service features for different street types. Each matrix has axes labeled "Implicit Importance" and "Explicit Importance". Features such as "Public Handrails," "Water Elements," and "Maps and Signage" are plotted based on their importance ratings across different contexts like "Lunar," "Trodown," and "Local." Each matrix visually represents variations in feature priorities for urban planning.]
FIGURE 8
 IPA-Kano quadrant analysis for three Sheffield streets under six scenarios.



TABLE 7 Implicit importance scores and ranking of the three street factors.

[image: A table compares scores and rankings for local and traveler categories across three streets: Fargate Street, The Moor Street, and West Street. Each street is evaluated on multiple factors, labeled A1 to C2. Bold numbers highlight similar rankings across the streets to assist with IPA-Kano model analysis.]



4.3 IPA-Kano quadrant analysis

The evaluation results for the three street elements in the six scenarios have both similarities and differences (Figure 8, Table 8). The similarities are reflected in the fact that the same street factors belong to the same category of quadrants. Among the basic elements, two common points appear for all three streets, A1. Public lighting and A4. Maps and Signage. In terms of the importance factor, Fargate Street and The Moor Street both have the street factor C1. Cultural and commercial activities, while the street factor C2. Network Recommended Places is shared by The Moor Street and West Street. In terms of the attractiveness factor, B8. Water element, C2. Network Recommended Places and C1. Cultural and commercial activities are common to all three streets.


TABLE 8 Element evaluation results for Sheffield streets.

[image: A table compares attributes across three streets: Fargate Street, The Moor Street, and West Street, for locals and travelers. Attributes include Basic, Important, Unimportant, and Attractive elements. Basic elements differ, with B1, B2, B3 for locals and A1, A2, A4, B3, B4 for travelers across streets. Important elements C1 and C2 vary by location. Unimportant elements include A5 and B8. Attractive elements are A5, B8, C1, C2 for both locals and travelers across the streets.]

The difference is that Fargate Street has more B1. Greenery abundance than the other two streets and West Street has more B5. Cleaning than the other two streets. The Moor Street has both C1. Cultural and commercial activities and C2. Network Recommended Places as important elements, whereas the other two streets only have one of these elements each. One of these Fargate Street has more A5. Public handrails than the other two streets in the attractiveness element.



4.4 Comparative analysis of evaluation results between locals and travelers

There is homogeneity in the assessment results between different streets, so we should focus on all these common elements (Table 9). From Table 9, it can be seen that the optimization paths of the three streets are mainly in the two indicators of safety and comfort, where A4. Maps and Signage are the priority to be improved in all three streets. In Fargate Street, locals consider the elements B1. Abundance of green plants and B2. Greening maintenance is important in the comfort indicator, whereas travelers consider A2. Surveillance security, A4. Maps and signage, B3. Benches, and B4. Maintenance of benches is important. Therefore, from the comparison of the two user groups of this street, the travelers would like to have more clean and well-maintained benches for resting while being safe, while the locals would like to see more different plants and timely care of the greenery, which would allow them to be more comfortable to move and live on this street. In The Moor Street, locals find the street satisfactory for the time being, while travelers think A4. Maps and Signage and B2. Greening maintenance is important. Therefore, this street could be prioritized for improvements based on the needs of travelers by improving the A4. Maps and Signage to make it easier and safer for travelers to move around the street and maintaining the greenery in a timely manner to make it more comfortable for travelers. In West Street, locals think that A4. Maps and Signage are important, travelers think that A1. Public lighting, A4. Maps and Signage, and B4. Maintenance of benches is important, and the addition of B8. Water elements can attract travelers better. Based on the comparison between locals and travelers, it is clear that West Street should prioritize the improvement of A4. Maps and Signage.


TABLE 9 Three street improvement priorities.

[image: Table showing improvement priorities for three streets: Fargate, The Moor, and West. Columns are divided into Local and Traveler categories. Priority 4 lists have various entries like B1, B2 for Fargate Local, and others such as A2, A4 for The Moor Traveler. Priority 6, West Traveler has B8. Other entries are blank.]

In combining the concerns of the two user groups on the three streets, the safety indicators A2. Surveillance security, A4. Maps and Signage and A1. Public lighting elements should be prioritized for improvement, followed by the comfort indicators.




5 Discussion


5.1 Optimization pathways

According to the results of Table 9, Maps and Signage are the single most important factor according to both locals and travelers, Maintenance of benches and Greening maintenance are the second most important factor, while the remaining Abundance of green plants. Surveillance security, benches, public lighting, and water elements were ranked third in importance. Therefore, the final analysis of this study concludes that the local residents and travelers common concerns are Maps and Signage, maintenance of benches and Greening maintenance.

From the tourists' point of view, the study by Keliikoa et al. (41) confirms that maps with signage guidance are most useful for travelers who are new to the area. Ahmad Shafee et al. (42) argue that there is clear signage for tourists to refer to ensure the safety of the tourists. Literature and this study map and signage guidance have the same findings. And from the perspective of the locals, the study of Keliikoa et al. (41) concluded that the local occupants prefer to walk on their familiar routes. Mashary Alnaim et al. (17) based on the results of the study proposed to design the seats in the public space suitable for the location, increase the number of seats as well as increase the greenery and pay attention to its maintenance. Therefore, in comparing the results through the literature, the results of this study are scientifically valid.

Locals are more concerned about greenery a little more compared to travelers, while travelers are most concerned about maps and signage guidance. Therefore, the most popular interventions to address the locals' concerns about greenery are ecological interventions (43), which can enhance the sensory elements of the street by planting more different types of plants, and also, timing the maintenance of greenery by landscapers, this study will increase the awareness and understanding of policymakers about the preferences of the locals, to contribute to the increase of the life satisfaction, adoption of further improvements and adoption of future policies. For travelers, safety is the most important factor to consider, and according to the evidence from Ryan et al. (44) study, signage guidance for recreational walking can enhance psychological competence-perceived anxiety, confidence, safety, and route planning by addressing self-problems, therefore, in the process of designing maps and signage guidance, the needs of travelers are the most important factor. Process, the needs of the traveler are of importance and can be tailored to the traveler's route of travel, whilst ensuring that the signage is relevant to the local street.



5.2 Inadequate research

There are some limitations in the research process, for example, the lack of city-to-city comparisons, where the results obtained in one city can only see the problems of that city, but city-to-city comparisons can be analyzed in a more informative way with different people and environments. In addition, some of the indicators should be subdivided for the study, and the participants will be more specific in their evaluation of a particular element of the street. At the same time, IPA-Kano has some defects, the closer the factors are to the axis, the worse their attributes are. Because of the multicollinearity between the factors, binary correlation analysis was used to derive their implied importance instead of the usual partial correlation and regression analyses.




6 Conclusion

Using three streets in Sheffield, the IPA-Kano model was used to identify three categories of indicators of travelers and locals to the streets, resulting in basic, important and attractive elements, and by integrating these three categories of elements and their implicit importance, the locals were compared with travelers and an optimization path for the streets was established. The final result is that Maps and Signage are the most prioritized elements. The Greening maintenance and Maintenance of benches are a secondary issue, and by increasing the number of Maps and Signage, hiring a landscaper to take care of the greenery, and hiring a cleaner to maintain the benches, the safety and comfort of the street for both locals and travelers are met.

The IPA-Kano model used in this paper and its conclusions can help developers and designers to understand the current operating conditions and public preferences of their projects, as well as the key elements affecting street satisfaction, and provide data and science to support improvement and optimization for further projects.
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In recent years, major public health events have had a significant and far-reaching impact on communities. As a response, there has been an increasing interest in enhancing community resilience through innovative ecosystems that involve diverse stakeholders with varying needs and demands. This study investigates the application of innovative ecosystems to improve community resilience in the face of major public health events by utilizing a sequential game approach to balance the interests of government, community, and residents. Subsequently, a comprehensive questionnaire survey was conducted among key stakeholders to ascertain their objectives, requirements and concerns for the innovation ecosystem based on the analysis results of the game model. The reliability and effectiveness of the proposed research method were verified through the analysis and verification of the sequence game model and questionnaire survey results. Finally, according to our analysis results, we propose countermeasures for promoting innovative ecosystems to improve community resilience. The research results indicate that the successful implementation of innovative ecosystems requires consideration of the different needs of stakeholders such as government officials, community members, and residents. Combining these perspectives can effectively promote such systems while enhancing the community’s resilience to major public health events.
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1 Introduction

In recent years, the global economy has been confronted with unprecedented challenges, notably exemplified by the profound impact of major public health crises such as the COVID-19 pandemic. These crises, characterized by their swift and unpredictable nature, have not only posed significant threats to public health but have also revealed the vulnerability of communities and the limitations of traditional intervention measures (1).

Historically, responses to health emergencies and pandemics have often relied on conventional strategies, including lockdowns and isolation measures (2). While these measures aim to mitigate the spread of diseases, they have raised concerns about their potential adverse effects on essential services, economic stability, and overall societal equilibrium (3, 4). These challenges have underscored the critical importance of enhancing community resilience to major public health events (5, 6).

The concept of community resilience, defined as a community’s ability to withstand, adapt to, and recover from disruptions, shocks, or crises, has been a growing focus of attention within academic and governmental circles. As major public health events continue to evolve, from historical pandemics to contemporary health emergencies, the need for a comprehensive and adaptive approach to fortify communities against such challenges has become increasingly apparent.

Concomitantly, the notion of innovative ecosystems has emerged as a strategic paradigm to address the complexities associated with enhancing community resilience (7). These ecosystems, characterized by dynamic networks of diverse stakeholders, including innovation entities, resources, innovation teams, government support, and infrastructure, offer a multifaceted and adaptive framework to strengthen communities in the face of unforeseen challenges (8, 9). The innovation ecosystem functions as an “energy exchange” hub that facilitates a dynamic “energy flow” (10). This conceptualization illustrates a intricate network where diverse entities collaboratively foster technological advancements and innovation, leveraging elements such as capital, talent, and technology as the vital lifeblood fueling inter-entity “energy exchanges” and resource pooling (11, 12). Scholarly contributions further analyze the structural and developmental trajectories of innovation ecosystems, emphasizing the pivotal roles of innovation agents, organizations, resources, and core enterprises in guiding the ecosystem toward growth and sustaining a synergy of mutual interests (13).

Considering the functional characteristics of the innovation ecosystem and its pivotal role in major public health events, this paper unveils the strategic stability of each game party and the influence of each element on strategy selection. Through a tripartite sequential game model involving the government, the community, and the residents, coupled with questionnaire surveys and statistical analyses, the study aims to provide valuable insights and countermeasure suggestions. This research holds substantial practical significance for promoting social and economic growth, improving market competitiveness, and advancing community economic progress.

The contributions of this study are as follows:

	1. Employs the sequential game methodology to investigate the equilibrium in meeting the requirements of the government, the community, and the residents.
	2. Investigates the utilization of innovative ecosystems for enhancing community resilience in the face of major public health events.
	3. Uses a questionnaire-based approach to scrutinize and comprehend the objectives, requirements, and apprehensions of these stakeholders concerning the implementation of innovative ecosystem solutions.

This paper consists of six main parts, the first part is the introduction, the second part is the related works, the third part is the methodology, the fourth part is the results and analysis, the fifth part is the discussion and countermeasures, and the sixth part is the conclusion.



2 Related works


2.1 Research on community resilience assessment methods

This paper proposes a triadic conceptualization of community resilience as encompassing dynamic capabilities: coping capacity, intrinsic resilience, and transformative adaptation. The rationale for this triad is that communities facing a major public health event need not only the ability to respond to the current crisis (coping capacity), but also the intrinsic resilience to adapt to potential future crises and the ability to achieve long-term resilience through transformative adaptation. This triad takes into account the coping and adaptation needs of communities at different time scales, as well as the inherently dynamic and transformative nature of communities.

Some scholars, based on the connotation of community resilience, have identified assessment dimensions and constructed models for evaluating community resilience (14). They measured these attributes from four dimensions: technical, organizational, social, and economic, to assess community resilience. In addition to attributes, some scholars further divided community resilience into two aspects: resources and capabilities. The Community-Based Resilience Assessment (CoBRA) toolkit developed by the United Nations Development Programme’s Drylands Development Centre categorizes community resilience into community resources and community capabilities, assessing community resilience based on static community resources and dynamic community capabilities (15). Ma et al. (16) divided community resources and capabilities into four parts: community relationships, risk and vulnerability levels, emergency procedures, and community resource availability.

Lianxiao (17), based on the connotation of community resilience, proposed the principles of the Disaster Resilience Operational Principles (DROP) model for regional disaster resilience (as shown in Figure 1). The model explains the operational principles of community resilience before and after disasters. It suggests that the impact on a community is jointly determined by the community’s initial state, the direct impact of the disaster, and the immediate response the community can make. The model is applicable not only to sudden disasters like earthquakes but also to prolonged disasters such as droughts and public health events.

[image: Diagram illustrating a disaster response framework. It involves community, government, and infrastructure systems with inherent resilience and vulnerability. Short-term flows include event characterization and immediate response leading to disaster shock. Post-disaster, it assesses if the shock exceeds system capacity. Adaptive capacity and social learning influence the recovery level towards mitigation. Pathways highlight preparedness and previous status feedback loops.]

FIGURE 1
 DROP model framework for public health events.


Some scholars posit that capital plays a pivotal role in community resilience, and it can be assessed and utilized to construct models by evaluating various forms of community capital. Wickes et al. (18) developed the community resilience model, categorizing community capital into economic and social capital. Economic capital primarily encompasses material capitals, such as community funds and supplies, while social capital focuses on social relationships. Paarlberg et al. (19) further detailed the categorization of community capital into social, economic, material, and human capital, distinguishing between material capitals and economic capital while also considering human capitals. Building upon this foundation, Koliou et al. (20) categorized community capital into human, infrastructure, natural capital, social, and economic capital, constructing a community resilience assessment model based on these five dimensions. Considering the context of communities amidst natural disasters, the evaluation extends to include the assessment of the natural environment and surrounding infrastructure of the community.

In addition, other scholars construct a community resilience assessment index system based on the constituent elements of the community from the perspective of the constituent elements of the community. While the primary focus is on internal community elements, it is crucial to acknowledge that communities are not isolated entities. Therefore, when summarizing community constituent elements, scholars usually also consider the community’s interactions with the outside world, especially the region in which the community is located. Camacho et al. (21) introduced the concept of the Community Baseline Resilience Index (BRIC) by Cutter, categorizing community constituent elements into infrastructure, ecosystems, institutions, economy, society, and community capital. Using these categories, they developed assessment indicators and quantitatively evaluated community resilience based on publicly available data for specific regions. Allen et al. (22) proposed the Resilience Matrix (RM) framework, employing a 4 × 4 matrix to evaluate community resilience across the disaster management stages of preparedness, absorption, recovery, and adaptation, focusing on infrastructure, communication, cognition, and social elements. Kammouh et al. (23) established the PEOPLES (People, Ecosystems, Organizations, Policies, Livelihoods, Economy, and Sociocultural Capital) framework, providing a detailed delineation of community constituent elements across seven dimensions.

As urban populations and building density increase, communities face escalating risks, posing more significant challenges to their crisis management capabilities. Following the outbreak of the COVID-19 pandemic in 2019, research into the systematic assessment of community resilience has placed a heightened emphasis on potential risk prevention and emergency governance, particularly in the context of major public health events. Wang et al. (24) employed interviews and grounded theory, explored the factors influencing community resilience during public health events, constructing a model based on dimensions such as volunteer participation, policy execution, autonomy, and consensus permeability. Dzigbede et al. (25) utilized an item response theory (IRT) model to categorize and delineate the concept of community resilience across four dimensions: capacity, attributes, structure, and processes, thereby establishing a theoretical model for community resilience assessment. Wang et al. (26), utilizing fuzzy analytic hierarchy process (FAHP) and fuzzy Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), developed a model for assessing community risk factors in the context of the COVID-19 pandemic. Using four communities as case studies, they quantified 12 evaluation indicators, including suspected infection, confirmed number, isolation of relevant personnel, enclosure and closure, and the establishment of unified entrances and exits, etc., resulting in safety risk values and relative rankings for the case study communities. Table 1 shows the community resilience assessment models under different construction bases.



TABLE 1 Summary of community resilience assessment models.
[image: Table listing community resilience models by various authors. Columns include "Author," "Basis of model construction," and "Primary evaluation indicators." Authors include Koliou, Ma, Lianxiao, Wickes, Paarlberg, Camacho, Allen, Kammouh, Wang, and Dzigbede. Basis categories are "Connotation of community resilience," "Community capital," and "Constituent elements of the community." Evaluation indicators cover technical, social, economic, capital, infrastructure, ecosystems, and processes.]



2.2 Theory and research status of game theory

Game theory is a discipline that studies the behavior and decision-making of individuals in adversarial environments, which consists of three main elements: player, strategy, and payoff (27). It has been widely used in economics, psychology, mathematics, computer science and other fields (28). It can dissect strategic interactions and provide insights into optimal decision-making strategies and outcomes in situations where multiple actors influence each other. It explores situations where the outcome of an individual’s choice depends not only on their actions but also on the actions of others (29, 30). The fundamental concept revolves around modeling decision-making in scenarios where players, each pursuing their own objectives, must consider the potential reactions of others. The traditional game theory has gradually exposed its own problems in the research. It was not until the 1980s that scholars, addressing the assumptions’ flaws in traditional game theory, began seeking Nash equilibrium solutions under the “bounded rationality” assumption to overcome the limitations of traditional game theory research (31). And then dynamic games emerged as the mainstream research theory in game theory.

In Nash equilibrium, any unilateral change of strategy by any individual of the game will not bring better returns to itself, so the game will reach a certain stable state. The basic feature of sequential game is that the behavior of each player is in order. In most cases, the player who chooses later can observe the behavior of other players who choose earlier than him before he actually chooses. A salient attribute of a sequential game is the necessity for players to envision potential repercussions in forthcoming stages, utilizing this foresight to influence immediate choices. Moreover, ensuing players have the latitude to recalibrate their strategies predicated on the choices of their predecessors, thereby rendering the antecedent player’s actions a repository of fresh insights. Consequently, the quintessential challenge in a sequential game manifest in determining the optimum choice at every juncture, through the identification of the strategy sequence that yields the maximum benefit.

Game theory provides a methodology for emergency decision-making in the event of a critical incident outbreak to explore the interactive behavior among stakeholders. Table 2 illustrates the relevant studies by different scholars utilizing game theory under emergencies or disasters.



TABLE 2 Literature review of game theory modeling in emergencies and disasters.
[image: Table listing authors, years, and descriptions of various game models related to emergency management. Georgalos (2020) created a centipede game model for disaster scenarios. Kong et al. (2022) proposed a non-cooperative game model. Majumder et al. (2023) introduced a scheduling model using non-cooperative games and optimization. Liu et al. (2021) utilized an evolutionary game to enhance cooperation between governments and enterprises for emergency supplies. Chen et al. (2023) constructed a dynamic sequential game to optimize rescue plans.]



2.3 Research on major public health events and their impact on communities, governments, and residents

A major public health event is defined as a sudden onset of a major infectious disease outbreak, mass unexplained disease, major food and occupational poisoning, or other event that seriously affects public health and causes or may cause serious damage to public health. The causes of these events are mainly pathogenic infections, food and drug safety, environmental pollution and natural disasters. Although they belong to the category of emergencies, major public health events also have their own special characteristics. In particular, unlike natural disasters, they are characterized by suddenness, hazard, urgency and variability.

Based on the risk warning level classified by the new crown epidemic data, some scholars have roughly divided the development process of major public health events into four phases based on the scope of impact and disaster losses, as shown in Figure 2.

[image: Flowchart showing stages of an outbreak. First stage: Pathogenic agents appear and spread. Second stage: Cases begin to appear in some areas. Third stage: Number of cases increases, leading to higher demand for medical resources and negative social phenomena. Fourth stage: Medical resources deplete, causing resource shortages, income decrease, price increase, and affected social stability.]

FIGURE 2
 Stages of development of a major public health event.


In the first stage, the pathogenic agents are formed and spread through certain channels. In the second stage, the pathogenic agent begins to act on human bodies, cases begin to appear in some areas, and public health is threatened. In the third stage, the impact of the public health incident spreads further. In the fourth stage, the public health incident gradually worsens. And compared with the previous stage, public health events in this stage gradually get out of control. Resource inputs and social pressures continue to grow, and the impact of a major public health event not only spreads among populations and regions, but also spreads from the public health level to the overall social level, for example, the emergence of price increases, economic recession and social anxiety.

As the impact of a major public health event expands and deepens, not only does the availability of supplies for epidemic prevention and the living and medical needs of the population decline, but the employment and income of the population is also affected. When residents’ incomes are insufficient to maintain a basic life, the government and the community need to provide the necessary protection. Therefore, under a major public health event, the government is the main source of resource input. The interrelationship between them is shown in Figure 3.

[image: Flowchart depicting the impact of major public health events on the community population. It shows a sequence starting from the adoption of epidemic prevention measures, provision of medical services, and daily necessities. Long-term impacts on social and epidemic environments are highlighted. Parallelly, it illustrates influences on emergency funds, infrastructure, government services, social and cultural capital, social welfare, resident income, and resource demand.]

FIGURE 3
 Impact mechanism of major public health events on communities and governments.





3 Methodology

In this study, a tripartite sequential game model containing government agencies, community infrastructure and residents in hierarchical order is developed. Backward induction is then used to solve the sub-game fine Nash equilibrium problem of this tripartite sequential model. Based on the results of the analysis of the sequential game model, a set of questionnaires was designed with the aim of understanding the acceptance level of the tripartite measures aligned with the innovation ecosystem. Finally, the reliability of the questionnaire data was verified using Cronbach’s alpha coefficient, as well as KMO and Bartlett.


3.1 Game model building with interaction terms

As a kind of dynamic game, sequential game develops the actions of the participants into a tree-like graph due to the sequence of their actions (37). Different branches correspond to different decisions and benefit distribution. We enhance the original tripartite sequential game model by introducing interaction terms, specifically government-community interaction, government-residents interaction, and community-residents interaction.

Below is a simplified example of a three-way interaction model involving the government, community, and residents.

Original model:

Assuming the original tripartite sequential game model is represented as Formulas 1–6:

[image: Equation representing \( U_G = f_G \) as a function of the government's decision, community's decision, and residents' decision, labeled as equation (1).]

[image: \( U_C = f_C(\text{Government's decision, community's decision, residents' decision}) \) (equation 2).]

[image: Equation labeled as (3): \( U_R = f_R(\text{Government's decision, community's decision, residents' decision}) \).]

Here, [image: The image shows the mathematical notation for \( U_G \), representing a variable or function with a subscript "G".], [image: Italicized letter "U" followed by a subscript "C".], and [image: Stylized text displaying "U" with a subscript "R" in serif font.] represent the utilities of the government, community, and residents, respectively, while [image: Lowercase italic letter "f" followed by uppercase italic "G".], [image: The text shows the mathematical symbol "f" with a subscript "C".], and [image: A lowercase italic "f" followed by a subscript uppercase "R".] denote their respective utility functions.

Building upon this foundation, we introduce interaction terms to capture the intricate relationships among government, community, and residents.

[image: Equation depicting \( U_G = f_G \) as a function of several factors: Government’s decision, community’s decision, residents’ decision, government-community interaction, and government-residents interaction. Labeled as equation four.]

[image: Equation representing \( U_C \) as a function of several factors: government decision, community decision, residents' decision, government-community interaction, and community-residents interaction, labeled as equation (5).]

[image: Equation showing \( U_R = f_R \) as a function of government’s decision, community’s decision, residents’ decision, government-residents interaction, and community-residents interaction, labeled as equation six.]

In these formulas, the interaction terms represent the impact of decisions made by one party on the utility of another. For instance, the government-community interaction term encapsulates how decisions by the government influence the community’s utility and vice versa.

The modified model now incorporates government-community interaction, government-residents interaction, and community-residents interaction. This enhancement aims to provide a more realistic representation of the interdependencies and mutual influences among the tripartite entities during major public health events.

The extended model is illustrated in Figure 4, showcasing the eight resulting game strategies formed by the choices of the government, community, and residents (numbered 1–8). As can be seen from Figure 4, when there are only two choices for the government, the community and the residents, eight game results will be formed, and the numbers 1–8, respectively, represent these eight game strategies (38).

[image: Flowchart depicting decision-making pathways. Starting with node G, options are to actively make policy or not. Each leads to node C, with options to actively or passively respond. These lead to node R, followed by choices to accept or refuse, resulting in numbered outcomes from one to eight.]

FIGURE 4
 Tripartite sequential game model of government, community and residents.




3.2 Game strategy 1

The government makes policies actively, the community responds positively, and the residents accept the policies. In this case, a major public health event management system with the goal of building an innovative ecosystem will be formulated and implemented, and corresponding measures will be actively promoted in the community. Residents have a high degree of recognition of national policies and management and services provided by the community, and actively participate in and cooperate with them. In this case, the government won social reputation, balanced the contradiction between residents’ demand and social supply, and recorded the government benefit as R1. In order to promote the innovation ecosystem and enhance the resilience of the community in the face of major public health events, the government will allocate certain financial resources for corresponding construction, and the expenditure of the government is recorded as C1. Due to resource subsidence, the community will also receive corresponding benefits when implementing the policy, such as medical service benefits, supermarket service benefits, logistics distribution benefits, etc., and the sense of social responsibility and reputation will also increase accordingly, which is denoted as R2. In order to meet the national standards on the construction of resilient communities, create an innovative ecosystem, and improve residents’ satisfaction with community services when dealing with major public health events, communities need to establish corresponding implementation systems and allocate corresponding enterprises, personnel, facilities, etc., which requires a certain amount of capital expenditure, recorded as C2. Residents will be provided with relevant services needed to prevent and respond to major public health events, such as regular health tests, contact-free distribution services, unmanned sales services, intelligent logistics services, etc. Residents will greatly reduce the risk of collective transmission and reduce medical, transportation and living costs caused by major public health events. The above benefits are denoted as R3. However, if prices and medical expenses rise rapidly due to improper management of policies and communities after a major public health event, and then residents need to spend more to cooperate with the management of the government and community, residents will have to pay some additional expenses, recorded as E3.



3.3 Game strategy 2

The government makes policies actively, community hospitals respond positively, and residents do not accept the policies. At this time, in the context of the adoption of the innovative ecosystem, the corresponding measures of community protection and response to major public health events are actively promoted. However, due to the distrust of residents, information asymmetry of community behavior, and low satisfaction of residents on the services received, it is difficult to promote the relevant construction of the community, resulting in the loss of funds, enterprises and talents. Even the loss of residents, etc., at this time, the government’s policies have not realized the benefits, the income is 0; In order to promote the resilience of the community and the unresolved resource allocation problem, the government needs to pay a certain amount of financial expenditure, which is recorded as C1. Residents do not support and cooperate with the resilience construction of the community, resulting in the relevant benefits of the community is 0, and the cost of the community to respond to the national policy is recorded as C2. Because residents lack alternative ways to deal with major public health events, the benefit is zero. Meanwhile, the cost is zero because they do not cooperate with the relevant construction of the community.



3.4 Game strategy 3

The government makes policies actively, the community responds negatively, and the residents accept the policies. At this time, in the context of the risk of major public health events, the community expects that the community can actively respond to and implement national policies, so as to reduce the sense of panic and helplessness of residents in the face of major public health events, and improve the confidence and satisfaction of residents in dealing with major public health events. However, the community performs per functionally and slowly promotes the construction progress. The benefit to the government is zero. C1 is the expenditure required by the government to address the lack of resilience of communities to respond to major public health events. The community ignores the policy, resulting in the loss of social responsibility and reputation, and the decline in the revenue of various service industries in the community, etc., which is denoted as D2 and the benefit is 0. When residents enjoy the prevention and response system for major public health events supported by the innovative ecosystem, the benefit is R3. However, due to the lack of attention of the community, residents face the risk that it is difficult to obtain security services and humanistic care in the event of major public health events, and the loss of residents is recorded as E3.



3.5 Game strategy 4

The government makes policies actively, the community responds negatively, and the residents do not accept the policies. At this time, although the policy actively promotes the use of innovative ecosystem to prevent and respond to major public health events, the community and residents do not support and cooperate with the national policy, leading to the decline of the reputation of the government, the waste of resources and the failure to solve the problem. The benefit of the government is recorded as 0 and the expenditure as C1. The loss of social responsibility, reputation and residents caused by the community ignoring the policy is recorded as D2. Because no national policies were implemented, the community’s benefits were recorded as 0. Residents are not affected by the national policy, so the benefits and losses are 0.



3.6 Game strategy 5

The policy is not formulated, the community responds positively, and the residents accept the policy. At this point, the benefit of the government is 0 and the expenditure is also 0. The community is recognized by the residents by implementing an innovative ecosystem to prevent and respond to major public health events, and its sense of social responsibility, reputation and even occupancy rate will be improved. The benefit is denoted as R2. In order to improve community resilience, without financial support from the government, the community needs to pay more financial expenditure, which is recorded as F2. Although the residents did not enjoy the policy dividends of the government, they also benefited from the quality services in the face of major public health events, and even received more refined services and humanistic care, whose benefits were recorded as R3.



3.7 Game strategy 6

The government does not make a policy, the community responds positively, the residents do not accept the policy. At this time, the government ignored the waste of resources, price fluctuations, difficult to ensure the livelihood of residents and other problems, and the government benefit was 0. Due to the residents’ rejection, the occupancy rate, social responsibility and reputation of the community did not change significantly, and the benefit was recorded as 0. However, in order to attract residents, the community would have to pay more finance, which was recorded as C2. Residents do not accept the policy, the benefit and loss are 0.



3.8 Game strategy 7

The government does not formulate policies, the community responds negatively, and the residents accept the policies. At this time, the benefit of the government is 0, and the benefit of the community is 0. Residents cannot enjoy the benefits of the innovation ecosystem for the prevention and treatment of major public health events, and the loss is recorded as G.



3.9 Game strategy 8

The government does not formulate policies, the community responds negatively, and the residents do not accept the policies. At this time, government benefit, community benefit and resident benefit are all 0.

The eight game strategies proposed in the tripartite sequential game model are comprehensive, encompassing a spectrum of scenarios that may unfold during a significant public health crisis, where government, community, and residents interact. Each strategy contemplates diverse combinations of responses from the government, community, and residents, covering a wide range of situations that include both positive and negative reactions from all parties. This provides a thorough analysis of all possible outcomes in the context of government, community, and resident interactions during a major public health crisis.

According to the above analysis, a total of 8 game strategies are obtained, with income = benefit-expenditure for each party. See Table 3 for the summary of the results.



TABLE 3 Game results of government, community and residents.
[image: Table displaying different game strategies and their corresponding benefits. There are eight strategies listed in sequence. Strategies vary between actively making policy, actively or passively responding, and accepting or refusing outcomes. Each strategy is associated with specific benefits or costs noted as combinations of variables (e.g., R1-C1, -C1, 0).]

The meanings of variables and parameters involved in the model are shown in Table 4.



TABLE 4 Meanings of variables and parameters.
[image: Table detailing variables and their meanings. Variables include U\_G, U\_C, U\_R for utilities of government, community, residents; f\_G, f\_C, f\_R for utility functions; G for government; C for community; R for residents; R1, R2, R3 for benefits; C1, C2 for expenditures; D2 for losses due to social factors; F2 for financial expenditure; E3 for additional expenses; -G for resident loss; -C1, -C2, -D2 for losses due to various factors.]



3.10 Implementation of questionnaire survey

Based on the analysis results of the game model, this paper designs a set of questionnaires to investigate which measures in line with the innovation ecosystem can be accepted or not accepted by the government, the community and the community residents, and the main reasons for not accepting them. The questionnaire is divided into three categories, respectively for the government, community and residents three aspects. Each questionnaire contains 16 questions, among which 8 questions correspond to the advantages that the participants think the community adopts the innovative ecosystem to prevent and respond to major public health events under the eight game strategies, which can be selected from multiple options. 8 questions, respectively, correspond to the measures that can be taken to deal with major public health events in the innovative ecosystem under the eight game strategies. The options in the questionnaire are established based on the comprehensive scenarios derived from the eight game strategies proposed in the tripartite sequential game model. These strategies encompass a wide spectrum of situations that may arise during a significant public health crisis, involving interactions among the government, community, and residents. The influencing factors for the options in the questionnaire are derived from the advantages and measures corresponding to each game strategy. It is therefore broadly representative. The survey was carried out in Beijing, Hangzhou, Shanghai and Guangzhou. A total of 936 questionnaires were distributed. Questionnaires with an answer rate of less than 60%, i.e., 16 questions, in which the respondents omitted to answer more than 9 questions, were regarded as invalid questionnaires. After eliminating the invalid questionnaires, 895 valid questionnaires were recovered, with an effective rate of 95.6%.

The choice of Beijing, Shanghai, Guangzhou, and Hangzhou as study regions was based on several considerations. (1) Economic Significance: These cities are economic hubs in China, representing diverse industries and economic activities. Studying community resilience in such influential regions allows for broader applicability of findings. (2) Population Density: High population density and urbanization characterize these regions, making them pertinent for understanding the dynamics of community interactions during public health crises. (3) Innovation Ecosystem: These cities are known for fostering innovation ecosystems. Analyzing community resilience aligned with innovation ecosystems in these regions offers insights into the effectiveness of such strategies in advanced environments. However, the sample deliberately includes participants spanning various age groups, education levels, and health conditions, and it intentionally covers individuals from various socio-economic backgrounds, preventing coverage bias and ensuring a well-rounded representation. In summary, the selection of these regions is strategic and representative.

The demographic characteristics of the participants and information about the communities they governing or belonging to are shown in Table 5. It can be seen from Table 5 that more communities do not use or seldom use innovative ecosystem than those use it.



TABLE 5 Information about the participants and their communities.
[image: Table showing data on regions and their use of an innovative ecosystem. Categories include the number of governors, community staff, and residents, along with the community's usage of the system (use, have but seldom use, do not have) for Beijing, Hangzhou, Shanghai, and Guangzhou. Beijing has 3 governors, 21 staff, 190 residents; 65 use, 54 seldom use, 95 do not have. Hangzhou has 4 governors, 16 staff, 192 residents; 32 use, 38 seldom use, 142 do not have. Shanghai has 6 governors, 28 staff, 205 residents; 75 use, 61 seldom use, 103 do not have. Guangzhou has 5 governors, 27 staff, 208 residents; 56 use, 46 seldom use, 128 do not have.]

The basic profile of the participants in the questionnaire survey is shown in Table 6.



TABLE 6 Basic information on investigators.
[image: Table displaying demographic data with categories: Gender, Age, Education Level, and Physical Health Condition. Frequencies and percentages are shown for each variable. Gender: Male (450, 50.3%), Female (445, 49.7%). Age: 18 and below (22, 2.5%), 19–35 (362, 40.4%), 36–60 (385, 43.0%), 61–65 (76, 8.5%), 65 and above (50, 5.6%). Education: Primary and below (32, 3.6%), Junior high (128, 14.3%), Senior high (216, 24.1%), College (448, 50.1%), Postgraduate (71, 7.9%). Health: Disease (9, 1.0%), Chronic (48, 5.4%), Sub-health (172, 19.2%), Health (321, 35.9%), Good health (345, 38.5%).]

As can be seen from Table 6, the questionnaire sample covers as many people as possible from 18 years old and below to over 65 years old in terms of age, in terms of education, the sample covers primary school, junior high school, senior high school and other educational levels, and in terms of physical health conditions, the sample includes people with diseases, sub-healthy people, as well as healthy people and other types of people. This shows that the sample has a balanced coverage in all aspects, without coverage error and selection bias, and is representative of the population as a whole.




4 Results and analysis


4.1 Game model and strategies analysis

Find the equilibrium point from the bottom up by backward induction. First, from the perspective of maximizing residents’ benefits, R3-E3 > 0, that is, when the cost of effective protection and response to major public health events is lower than the cost of direct impact of major public health events without protection, node 1 is selected between node 1 and node 2, and node 2 is selected otherwise. If R3-E3 > 0, node 3 is selected from node 3 and node sum; otherwise, node 4 is selected. R3 > 0, so choose node 5 between node 5 and node 6; −G < 0, so keep node 8 between node 7 and node 8.

Then from the perspective of benefit maximization of community hospitals, namely from node 1 and node 3, node 2 and node 4, node 5 and node 8 between the game selection. In node 1, the payoff for the community is R2-C2 and in node 3, the payoff is -D2. If R2-C2 > -D2, it indicates that the community’s social responsibility and reputation are greater than the construction cost and talent cost to attract residents, so node 1 is retained, and node 3 is retained vice versa. In node 2, the benefit of the community is -C2, and the benefit of node 4 is -D2. If -C2 > -D2, that is, the cost to be paid to improve the resilience of the community in response to major public health events is less than the loss of social responsibility and reputation caused by the community’s failure to carry out relevant construction, node 2 is selected; otherwise, node 4 is selected. Between node 5 and node 8, if R2-F2 is greater than 0, it indicates that the benefits gained by the community from actively improving the resilience of community protection and response to major public health events from the perspective of innovation ecosystem are greater than the benefits from the community’s negative response. Node 5 is selected, and node 8 is selected otherwise.

Finally, from the perspective of the government, Table 3 and mathematical equation show that from strategies 5 to 8, the government’s income is 0, and from strategies 2 to 4, the government’s income is -C1, and R1-C1 must be greater than -C1. From the perspective of the actual situation and the government’s formulation of strategies, the original intention of the government is to accelerate the construction of an innovative ecosystem to improve the resilience of communities to prevent and cope with major public health events, so that even if a major public health event occurs, residents can maintain a normal and orderly life, so the benefits must outweigh the costs. If the community chooses node 1, the government makes the same choice. If the community chooses 2, 3 or 4, then the government will have no income and will not develop policies to build the community.

It can be seen from the above that the Nash equilibrium points of the government-community-residents tripartite sequential game model are nodes 1, 5, and 8.

	a. If node 1 is selected, it indicates that the government actively formulates policies on community construction innovation ecosystem, the community responds positively, and the residents accept and cooperate actively. At this point, it shows that the government intends to promote the construction of the community innovation ecosystem, and provides financial support to people, money and other aspects. The community responds positively. If the benefit of both sides is greater than the expenditure, all three parties in the game can benefit.
	b. If node 5 is selected, it indicates that the government does not make policies, but the community and residents respond positively. At this time, the risk of major public health events is high, residents cannot get health care and other problems are prominent, the government does not do the corresponding top-level design, does not provide institutional support, the community will encounter multiple obstacles in promoting the innovation ecosystem, residents will not enjoy the corresponding policy dividends, in this case, both sides except the government can benefit.
	c. If node 8 is selected, it indicates that the government, community and residents do not promote the construction of community innovation ecosystem from top to bottom, and there are no institutions and no residents to respond and buy. At this time, there are still problems such as high risk of major public health events and lack of emergency measures. It is difficult to guarantee the health and order of life of the residents, and there are no beneficiaries.

From the perspective of Nash equilibrium, the survey results of game strategies 1, 5 and 8 are shown in Table 7. The main reasons why the government considers or is willing to develop policies to promote the innovation ecosystem to improve the resilience of communities in preventing and responding to major public health events include resource sharing, economic growth and innovation, while the main reasons why the government is reluctant to develop policies include excessive financial burden, high resource consumption and lack of mature technical system. The government has more recognition for the listed innovative ecosystem measures, such as the establishment of intelligent logistics system, the establishment of medical cloud platform, and the improvement of testing technology. In contrast, the main reasons that communities consider or are willing to implement the government’s plan to adopt innovative ecosystems to enhance community resilience in preventing and responding to major public health events include improved community well-being, improved community public safety, and improved community market competitiveness. However, the main reasons that communities are reluctant to implement the government’s policies on improving community resilience are too easy to implement, poor economic or material conditions of communities, and insufficient recognition of residents. Among the listed innovative ecosystem initiatives, the community more agreed with the establishment of intelligent logistics system, the establishment of medical cloud platform, and the centralized treatment of patients. For residents, the main reasons for their willingness to support and cooperate with governments and communities to build innovative ecosystems to prevent and respond to major public health events include benefits for personal health, benefits for livelihood security, benefits for continuity of work or study, The main reasons for residents’ reluctance to cooperate with the government or community to establish an innovative ecosystem include operational difficulties, rising living costs, and waste of time. Among the innovative ecosystem measures listed, residents were more likely to agree with the establishment of a smart logistics system, the provision of tax incentives and free vaccinations.



TABLE 7 Representative statistical results of game strategies.
[image: Table comparing reasons for willingness and unwillingness to adopt an innovative ecosystem across government, community, and residents. Each category lists options with corresponding selected numbers and ratios. Government's top willingness reason is "promoting economy growth" (100% ratio), while "heavy financial burden" is most selected for unwillingness (80% ratio). In the community section, "promoting the innovation ability" has the highest willingness ratio (95.7%), with "insufficient resource condition" leading unwillingness (82.6%). For residents, "beneficial to living security" is most willing (90.3%), and "high cost" is the main unwillingness reason (74.5%).]



4.2 Questionnaire survey verification


4.2.1 Reliability test

Reliability refers to the stability, consistency and reliability of the questionnaire results. The higher the reliability, the more consistent the results of the questionnaire data are, the more reliable the questionnaire is, and the next step of the study can be carried out. In this paper, the Cronbach’s α coefficient (39) is used to test the reliability of the questionnaire data. If the Cronbach’s α coefficient is greater than 0.7, it indicates that the reliability of the questionnaire data is high and the quality is better; if the coefficient is greater than 0.6 and less than 0.7, it indicates that the data is valid; if the coefficient is less than 0.6, it indicates that the data is invalid and the questionnaire has poorer credibility. After testing, the Cronbach’s α coefficient of this questionnaire is 0.752, which indicates that the reliability of the questionnaire is good (as shown in Table 8).



TABLE 8 Cronbach’s α reliability statistics.
[image: Table displaying two columns. The first column titled "Number of items" shows 16. The second column titled "Cronbach's α coefficient" shows 0.752.]



4.2.2 Validity test

Validity refers to the truthfulness and accuracy of the study, also known as authenticity. The higher the validity, the more the results of the questionnaire are in line with the research objectives, the more reasonable the questionnaire data are, and the more the research objectives can be realized. In this paper, KMO (40) and Bartlett (41) methods are used for testing. Firstly, KMO test is conducted, if the KMO value is more than 0.8, it indicates that the data authenticity of the questionnaire is very good; if the questionnaire is between 0.8 and 0.7, it indicates that the validity of the questionnaire is good; if the value is more than 0.6 and less than 0.7, it indicates that the validity of the questionnaire is in a reasonable range; if the value is less than 0.6, it indicates that the design of the questionnaire has problems. Secondly, Bartlett’s test was conducted. In this test, the significance should be less than 0.05 to show that the validity is good. After the test, the KMO test of this questionnaire is 0.906, and the significance of Bartlett’s test is less than 0.05, which indicates that the questionnaire has a good validity, see Table 9.



TABLE 9 KMO and Bartlett test.
[image: KMO value table showing a value of 0.906. Bartlett test results indicate a Myopic chi-square of 2594.335, degree of freedom as 235, and significance level as 0.]





5 Discussion and countermeasures


5.1 Win-win is the goal of promoting innovation ecosystem to enhance community resilience

From the analysis results of sequential game and Nash equilibrium, it can be found that among the eight strategies of the sequential game, only when each party can benefit can the implementation of the innovation ecosystem be promoted in the community, so as to improve the resilience of the community to prevent and respond to major public health events. If the interests of the government, the community or the residents are damaged, the innovation ecosystem cannot be implemented smoothly. Even if it is implemented, it is difficult to achieve the expected goals and benefits. However, the government, communities and residents have different needs and considerations for the innovation ecosystem. The government pays more attention to the contribution of the innovation ecosystem to social stability and development. For example, in the face of major public health events, the adoption of the innovation ecosystem can more efficiently cooperate with the function of the medical system and maintain the stability of the social order. The community pays more attention to the improvement of brand benefits of the innovative ecosystem, thus attracting more residents and businesses to settle in. Residents pay more attention to the impact of the innovation ecosystem on their health, work, study, life and economy. Therefore, it is not easy to strike a balance between the interests of the government, communities and residents. However, from the analysis results of sequential game and Nash equilibrium, it can be found that win-win can be achieved, that is, the government actively formulates policies, communities implement policies, and residents accept policies. In this case, the government needs to start from the perspective of communities and residents, take protecting and improving the welfare of communities and residents as the basic consideration, maintain social stability and sustainable development as the basic goal, and fully combine the objective conditions and development needs to formulate corresponding policies. Only in this way can the policy be accepted by the community and residents. In the implementation of policies, the acceptance and recognition of innovative ecosystem measures by communities and residents should be fully taken into account. If financial and material conditions allow, measures with high recognition by communities and residents should be selected. In addition, in the process of promoting the innovation ecosystem, communities and residents should be involved as much as possible to provide jobs and quality services for residents, so as to improve their satisfaction and happiness.



5.2 Collaboration is the foundation for advancing innovation ecosystems and enhancing community resilience

From the analysis results of sequential game and Nash equilibrium, it can be found that in order to smoothly promote the innovation ecosystem into the community and improve the resilience of the community in the face of major public health events, the government, the community and residents need to support and cooperate with each other. If any party does not cooperate, the resistance to promote the innovation ecosystem will increase, so that it cannot be implemented. For an innovation ecosystem that aims to enhance community resilience, it is a comprehensive innovation net composed of multiple actors, including governments, enterprises, communities, residents and other organizations and individuals. Multi-party cooperation is one of the important conditions for the success of innovation ecosystem. On the basis of their own interests and goals, different subjects cooperate to form common interests and equal points to achieve a mutually beneficial relationship, jointly promote the development of the whole innovation ecosystem in cooperation, and provide a high-quality platform for resource sharing, industry construction, residents’ mutual assistance and open cooperation. The government needs to provide policy and financial support for the development of the innovation ecosystem, guide and coordinate the integration of all aspects of resources and promote the win-win situation of the industry. Communities need to provide relevant platforms for enterprises or facilities in the innovation ecosystem to guide and serve enterprises to implement national policies. Residents need to actively participate in the establishment and implementation of the innovation ecosystem, and timely feedback their feelings to the community and other departments to promote the improvement of the innovation ecosystem. In short, multi-stakeholder collaboration is one of the key elements needed to build an innovation ecosystem. Through multilateral cooperation, all parties can enhance their innovation capacity and level on the basis of mutual benefit and achieve common prosperity and development.



5.3 Innovation is the key to promoting innovation ecosystems and enhancing community resilience

From the analysis results of sequential game and Nash equilibrium, it can be found that governments, communities and residents all hope to promote community resilience through innovation. In the past few years, most countries or regions in the world have experienced at least one major public health event. Each experience has had some impact on local economic development and social stability. However, few regions have introduced innovative ecosystems to enhance their resilience to major public health events. The original health care and security systems are often backward or over-saturated. Therefore, it is necessary and urgent to adopt innovative ecosystems in order to enhance the resilience of communities in the face of major public health events. From the perspective of the government, the adoption of an innovation ecosystem, the promotion of innovative technologies and the implementation of innovative models can better respond to changes in social and economic development, enhance the vitality of social development and make better use of human resources, technologies and resources. From the perspective of the community, the adoption of innovation ecosystem can provide the community with a wide range of innovation resources, such as capital, technology, talent, market, etc., so as to expand the field of community productivity, improve the economic, social and environmental ecological benefits of the community, and provide a strong driving force for the development of the community. At the same time, a number of new innovative enterprises will emerge in the innovation process. These businesses will create more opportunities for the economy and jobs in the community. From the perspective of residents, the participation of residents in the implementation process of the innovation ecosystem can promote the openness and cooperation of the innovation ecosystem, make the innovation ecosystem more perfect and powerful in the process of continuous innovation, and finally enable the community to have stronger resistance and adaptability in the face of major public health events. In many ways, therefore, innovation is the key to advancing innovation ecosystems and enhancing community resilience.



5.4 Regulation is the guarantee for promoting innovation ecosystems to enhance community resilience

From the analysis results of sequential game and Nash equilibrium, it can be found that the lack of effective supervision is an important reason for the government, communities and residents to promote the innovation ecosystem. In the process of promoting the innovation ecosystem to the community, regulators, as the main body of public management, bear the important responsibilities of regulating market order, ensuring public safety and protecting social interests. For the government, setting up regulatory agencies can not only ensure the efficient and orderly implementation of the innovation ecosystem, but also maintain the credibility and image of the government in a good state. The community should also set up corresponding regulatory departments to supervise and manage the daily operation process of the innovation ecosystem, so as to detect problems early and deal with them in time, so as not to affect the use of residents. For residents, the operation of the innovation ecosystem is directly related to the quality of their daily life. Therefore, residents should also assume the role of supervision over the operation of the innovation ecosystem. When they find operational problems in the innovation ecosystem, they should timely report to the community or report to the government regulatory agency. In addition, the high level of professionalism, the ability to keep up with The Times and the accuracy of Far East behavior, as well as the ability to ensure compliance and safety during the construction and implementation of the innovation ecosystem to prevent possible risks and losses, all contribute to the resilience of communities in the face of major public health events. Furthermore, regulatory authorities have the advantage of fully implementing policies, providing policy guidance and stimulating market vitality to promote healthy and orderly development of communities and order in the event of major public health events.




6 Conclusion

This study utilizes a sequential game theoretical framework and a questionnaire methodology to thoroughly examine the potential barriers and effective strategies for cultivating an innovative ecosystem that enhances community resilience during significant public health events. The investigation delves into the perspectives of three key stakeholders: governmental authorities, community entities, and individual residents.

The study’s empirical evidence highlights three potential scenarios where interactions among key stakeholders in fostering an innovative ecosystem may reach a Nash equilibrium. Survey responses from a varied participant group, including policymakers, community workers, and citizens, reveal diverse motivations and decision-making patterns. The findings indicate a preference for different approaches to incorporating innovative ecosystem solutions, shaped by individual factors like regulatory ease, social status enhancement, and cost-effectiveness. Based on these insights, the study suggests recommendations centered on collaborative synergy, mutual benefit, innovation drive, and regulatory oversight. The analysis of questionnaire survey helps to provide valuable information on research objectives, solve research problems, and provide information for decision-making or further investigation. Findings, supported by robust statistical measures such as a Cronbach’s α coefficient of 0.752 and a KMO value of 0.906, underscore the reliability and validity of the survey instrument.

However, it is important to acknowledge the study’s limitations, with a primary concern being the potentially compromised precision in sequential game outcomes due to the constrained scope of assimilated data, offering a simplified representation of the intricate realities dictating actual participant choices. Future research endeavors should aim to capture a more comprehensive data tapestry for a more holistic analytical landscape. Additionally, the study underscores the significant role of regional disparities in influencing determinative processes and strategic formulations related to the utilization of innovative ecosystems in resilient community construction. Consequently, Future research should focus on improving methodology by using comprehensive datasets, diversifying sample geography, and considering regional nuances in fostering community resilience through innovative ecosystems. Moreover, future research will focus on enhancing model complexity to better understand government-community-resident interactions during public health crises, considering specific parameters, influencing factors, and refined modeling techniques.
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Introduction: This study examines the role of empathy theory in enhancing the effectiveness and timeliness of information dissemination during regional public health events, with a focus on the SARS and COVID-19 pandemics as case studies. Utilizing an anthropological interview method, the research delves into the public's transformation from passive recipients to active participants in information dissemination, emphasizing the impact of empathy.
Objective: The study aims to evaluate the application of empathy theory in the context of public health emergencies and to determine its influence on the quality of information dissemination and public engagement.
Methods: The research involved two distinct surveys, each collecting 50 questionnaires from participants in different regions, to capture a diverse range of perspectives. The surveys assessed participants' views on information dissemination, their levels of empathy, and their behaviors in receiving and sharing health-related information.
Results: The findings indicate that empathy plays a crucial role in facilitating the active involvement of the public in information dissemination. There is a notable difference in the public's emotional response and information sharing behaviors between regions with direct experience of the health events and those less affected.
Conclusion: The study concludes that empathy theory, when applied to information dissemination during public health emergencies, can significantly improve the public's engagement and the overall effectiveness of communication strategies. The results underscore the need for empathetic communication to foster a sense of solidarity and collective action in response to public health crises.
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1 Introduction

Today, we live in an era of rapid information dissemination, with various forms of information continuously being transmitted or received. In a regional public health emergency, the effectiveness and timeliness of information dissemination are particularly crucial as they directly impact the physical and mental wellbeing, even the safety, of people within the region (1). Information dissemination is not an event that occurs at a single point in time; rather, it involves a process composed of five elements: the sender, receiver, message, medium, and feedback. It's worth noting that the relationship between the sender and receiver is not fixed during the dissemination process. Therefore, information dissemination always carries a subjective perspective. Thus, from a theoretical standpoint, it is impossible to obtain completely objective information. Our goal is to present information as objectively as possible from others' perspectives, ensuring its effectiveness, objectivity, and timeliness throughout the dissemination process.

Empathy, originating from the field of psychology, refers to an individual's ability to understand and experience the feelings of others. Empathy encompasses both cognitive and affective dimensions. Cognitive empathy involves understanding the thoughts and feelings of others, while affective empathy requires individuals to experience the emotional states of others (2). In recent years, empathy theory has been widely applied in the fields of communication and interpersonal research. Scholars believe that empathy can enhance interpersonal understanding and improve communication effectiveness (3). In crisis communication, official accounts that demonstrate empathy are more likely to gain public trust. Empathy has also been applied in doctor-patient communication, helping to improve patient compliance (4).

Regional public health emergencies are characterized by their suddenness, uncertainty, and complexity, posing potential threats to public health. In this context, the effectiveness and timeliness of information dissemination are crucial for controlling the situation. Any disruptions in information transmission may lead to the escalation of the crisis and delayed rescue efforts. Moreover, transparent information disclosure can enhance public cooperation. Therefore, exploring how empathy theory influences the effectiveness and timeliness of information dissemination in regional public health emergencies will contribute to the formulation of crisis management and communication strategies. Existing research has found that empathy plays a significant role in crisis communication and public emotion regulation. While literature (5) has investigated the cognitive and emotional responses of the public to epidemic information based on empathy, there remains a notable gap in empirical studies focusing specifically on the application of empathy theory in improving the effectiveness and timeliness of information dissemination during regional public health events. Addressing this gap is essential for gaining a deeper understanding of the mechanisms through which empathy operates in such situations and for informing evidence-based communication strategies. Therefore, this paper aims to expand the application of empathy theory in this emerging field by employing a case study approach. Through the examination of diverse scenarios and contexts, this approach facilitates a nuanced understanding of the complex interplay between empathy, information dissemination, and public response in the face of regional public health crises. In regional public health emergencies, information dissemination often faces various challenges such as information overload, rampant rumors, and public panic, which to some extent trigger a crisis of trust in authoritative information sources (6). Effective information management is therefore essential, and empathy can serve as a coping mechanism.

The public often shapes collective cognition and emotions in the reporting of regional public health emergencies. News coverage of public health emergencies, especially those affecting specific regions, always plays a critical role in shaping local public emotions. For example, during the COVID-19 outbreak in Wuhan, China in 2020, news coverage of the event united the people of Wuhan in their fight against the epidemic, fostering a shared belief among most residents. Scholars generally believe that individuals with larger social support networks receive more social support and are better equipped to cope with difficulties and challenges. In today's information age, public opinion in the online environment evolves with various media news or reports, affecting public emotions as news evolves. The public in the online environment has transitioned from being merely “passive” to becoming “active” information consumers and generators. Empathy is a subset of emotions and is an innate human ability (7). Empathy is widely applied in the information dissemination of regional public health emergencies (8, 9).

This study aims to explore how empathy theory, initially proposed only in psychology, is applied to the information dissemination of regional public health emergencies from the perspective of empathy, and to investigate how people perceive the widespread application of empathy theory in the information dissemination of regional public health emergencies. Finally, we explore the impact of this theory on the effectiveness and timeliness of information dissemination, particularly in the context of regional public health emergency information dissemination.



2 The connotation and extension of empathy theory


2.1 Overview of empathy theory

The concept of empathy holds a central role in understanding human interaction and communication, particularly within the context of information dissemination during public health emergencies. However, the term itself carries some ambiguity. The popular understanding of “empathy” often refers to stepping outside of one's own perspective and experiences to understand another person's thoughts and feelings. This emotional resonance can lead to actions that benefit the other person, such as “standing in their shoes” to understand their situation.

Academically, the concept of empathy has a deeper history. German philosopher Robert Vischer first introduced the term “Einfühlunge” to describe the act of projecting one's own feelings onto external objects. Later, Edward Titchener proposed “empathy” as a replacement, defining it as “the process of humanizing the object, the process of feeling that we ourselves are inside something else”.

In Chinese translation, the term “empathy” presents a unique challenge. The concept of empathy remains contentious. It has several translations, including “empathy,” “sympathy,” “empathy,” and “empathy.” Chinese scholars have translated empathy as empathy, but they argue that this translation method fails to fully capture the word's complete meaning (10). The translation of “empathy” emphasizes its sensory aspect, while “Empathy” seems to consider both reason and feeling, with a focus on the rational aspect of human psychology. Translations can be categorized into three main types: the “Love” translation school, the “Sense” school, and the “Rational” translation. Despite the variations in translation, the core essence of empathy remains consistent. This paper defines empathy as the innate ability to directly perceive and comprehend another person's emotional state. It encompasses a multi-dimensional process that can be scrutinized from three primary viewpoints: attributes, essence, and organizational structure. (1) Attributes: this dimension delves into the capacity to directly sense and resonate with another's emotions. It investigates the biological and psychological underpinnings of empathy, exploring how human development shapes the ability to empathize with others. (2) Essence: this perspective interprets empathy as a cognitive manifestation. While valuable, it is constrained by its exclusive focus on the outcome of empathy, overlooking the intricate process involved. (3) Organizational structure: this dimension regards empathy as a multifaceted process characterized by various components. It delineates the stages of empathy, including active listening, perspective-taking, emotional response, and appropriate action.

From the attribute dimension of empathy, empathy is the ability to directly emotionally feel the psychological situation or psychological state of the other, and to understand the emotions of others by feeling this state is universal. At the same time, the origin of empathy is the focus of this dimension of research, and the emotions formed by humans in the process of physiological and psychological development can directly feel what others feel. Starting from the essence of empathy as an entry point to analyze empathy, scholars usually regard empathy as a cognitive result, and this dimension as an entry point for the analysis of empathy has certain limitations, that is, only pay attention to the state and result of empathy but lack of empathy. The process that forms this is less studied. Finally, the research and analysis of empathy is carried out from the dimension of the organizational structure of the hectare as the entry point, and the advantage of this dimension research is that empathy has multiple components in the structure and has the characteristics of specific process, and psychological empathy is a continuous process of layer by layer. People often need to go through five stages: active listening, putting themselves in their shoes, thinking sharply, responding accurately, and leading enlightenment (Figure 1).
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FIGURE 1
 The process of empathy.


The view shared by most scholars in this process is that empathy includes three necessary components of the process and non-emotional outcomes of personal and situational factors that occur in empathizers (11).



2.2 Extension of empathy theory: empathy communication and the evolution of public opinion
 
2.2.1 Empathy transmission

Empathy and communication seem to be intrinsically linked. Through the definition of the concept of empathy in the above content, it is not difficult to see that the formation of empathy is inseparable from the mutual communication and emotional sharing between people, so the connection between empathy and communication can be said to be closely related and inseparable. The process of studying empathy is also to a large extent also studying emotional cultural exchange and information dissemination. Today's concept of empathy communication is based on the concept of empathy. Empathy is now widely used in the field of psychology and anthropology, and the definition of empathy transmission is now not limited to individual-to-individual transmission, but also between individuals and groups, in the face of regional health events 2 The typical event of COVID-19 in Wuhan, China in 2020, is an example in which the public actively participates in empathy in the various emotional scenarios constructed in the face of COVID-19. This also breaks through the psychological theory of empathy, where empathy is limited to individual-to-individual connections.

The way of empathy transmission is through the diffusion of information after the dissemination and after sharing, it has an emotional resonance with a certain individual or group within a certain range, and thus produces similar emotions. Communication is often pursued by the communication effect, in communication science the communication effect is divided into cognition, emotion and attitude three levels. The conceptual definition of empathy corresponds to the second and third layers of the effect of communication. Communication activities can have a profound impact on people's views on social issues, and in terms of emotions, they can resonate with similar emotions or emotions, and they can also strengthen people's common will to have ideas or opinions about the same thing. The relationship between the effects of the three levels of the communication effect is complementary, and if the effect of one level changes, the changes at the other two levels will always occur.



2.2.2 Evolution of public opinion

Compared with traditional social public opinion, the corresponding network public opinion shows different characteristics in terms of content generation methods, presentation methods and communication media. The so-called network public opinion refers to the collection of all attitudes, opinions, emotions and behavioral tendencies expressed by the public through the network platform about various matters related to their own interests or interests that arise in a specific time and space and are related to their own interests or interests of specific organizations or individuals. Network public opinion in public health events, including the main body of public opinion and the role of public opinion. Audiences, media, governments, and public opinion are themselves important subjects in dealing with online public opinion (12). The public is no longer a single communication audience or communication subject, and the public always participates in the process of network public opinion dissemination as a dual identity of communicator and audience (13). In this process, through the acceptance of information, transmission and transformation of information, its emotional consensus is quickly disseminated to the outside world (Figure 2).
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FIGURE 2
 The transformation of mass identity in internet public opinion.


After the COVID-19 epidemic has been reported by various media, it has quickly transformed into a public opinion issue on the Internet, and in this process, the groups participating in the discussion have their emotions and emotions communicating with each other, because they have the same or similar positions and emotions, so they are more likely to resonate. Just like Twitter users' content and usage attitudes, online public opinion information can be used to assess crisis situations and track and monitor disease conditions. This shows that empathy plays a crucial role in shaping online public opinion (14, 15).





3 The application of empathy in the dissemination of information in public health events


3.1 Regional public health events and network public opinion

Public health events are public measures taken by the public sector to prevent disease, increase life expectancy and improve health. These include not only public health events caused by non-pest control, but also public health events caused by epidemics, etc. Throughout human history, the world has faced four major “pandemics”, with the 1918 influenza pandemic being the deadliest, resulting in ~100 million deaths worldwide in just 2 years. At the same time, public health emergencies occur frequently, bringing about various online public opinion events (16). Due to the complex ecological environment of network information and the intertwining of the number of fake news, the resulting negative network public opinion is generated and spread rapidly, which creates a huge obstacle for public health departments to effectively identify, judge and formulate effective response strategies (17). Online public opinion events regarding public health emergencies are especially prevalent in the realm of social media. Since 2018, China has made it clear that public health incidents should be managed in the common good and in a model of coordinated governance by multiple entities and regions (18). Even so, there are many difficulties in responding to sudden regional public health events (19). For example, the dissemination of information is not timely, on the one hand, the lack of manpower and materials in a single region in responding to a public health event in the region makes it difficult to respond effectively to the event in the first place; On the other hand, due to the lack of timeliness and effectiveness of information dissemination, it is difficult for other regions to make correct judgments in the first place, thus affecting areas that help regional public health events. At the same time, even if the dissemination of information is timely enough, it is difficult to put oneself in the shoes of the incident and consider the problem in the place where the incident occurred, so that it is difficult to provide effective assistance in the case of assistance.

Online public opinion and empathy influence each other and promote each other. On the one hand, the development of online public opinion has a role in promoting the public's display of their own emotions, emotions and the behavior of expressing opinions, on the other hand, the participation of groups that generate empathy in the discussion of public opinion helps to enhance the influence of public opinion. Social networks have become the most important means of communication for sharing awareness, information and innovation. With the realization that even weak social relationships can have an impact, social networks have become a medium for marketing and influence-maximizing technologies (20).



3.2 Application of empathy theory in information dissemination
 
3.2.1 Application of empathy in the SARS incident

With the frequent occurrence of natural disasters and disease transmission events in China in recent years, the subjective awareness of public participation in public health events is gradually improving, and with the continuous development of network information technology, smart phones are popularized nationwide, and the public is no longer a passive recipient of information dissemination in public health events, but gradually becomes an active participant in the dissemination of this type of event. In the transmission of cross-cultural empathy, the two sides come from different cultural backgrounds, and face differences, estrangements, and even conflicts and confrontations between heterogeneous cultures. It is true that in cross-cultural transmission, ethnocentristic or culturally centristic thinking such as “non-chinese species must be different in their hearts” and “Western-centrism” have always existed, which is the limitation of human beings derived from selfish genes. The spread of cross-cultural empathy guided by human beings is an important way to transcend this limitation (21). There are also a variety of ways to participate. Taking two of China's more famous public health events as an example, the first public health event that gave the whole of China a deep and heavy memory was the atypical pneumonia that spread rapidly to the whole country at the end of 2002 Event. At that time, this incident, because China lacked experience in dealing with such sudden and large-scale public health events, compared with today, the level of medical care was low and the materials were relatively scarce, and for the memory of that time, the vast majority of Chinese first thought of panic. The high mortality rate has left people in areas where outbreaks are more concentrated, such as Beijing, under the high pressure of the fight against the epidemic; However, for cities that have not been affected by the epidemic, such as Yinchuan in Ningxia, people do not have such a deep memory of SARS. There are many reasons for this phenomenon, one is because there is no local epidemic, people do not have a direct understanding of the things that have not happened around them, so the panic has not spread too much in the local area, and another important reason is because the information dissemination was relatively slow at that time, the channels were relatively small, and the people's reception of relevant information was limited and insufficient. The main reasons for this result are the underdevelopment of communication technology and the relatively low level of science and technology, for example, at that time, smart phones were not popularized throughout China, computers and the Internet were not popularized, and it can be said that China at that time had not yet entered the information age. People have fewer access to information, and can only learn about ephemeral and inadequate information through text messages from friends and family in the outbreak area or by phone. At this time, people participate in the process of disseminating information about public health events and act only as passive participants. Among the people who were involved in this incident, the author randomly selected 50 people as interview subjects in Beijing and Yinchuan, two representative cities, and used the research method of the interview method After collecting information and collating it, it was found that there was a big difference in people's understanding of the public health event of SARS in the two regions. We designed 50 questionnaires to explore the application of empathy theory in the dissemination of information during public health events. The questionnaire includes both quantitative and qualitative questions to collect data on respondents' perspectives on the dissemination of public health event information, their levels of empathy, and how they receive and share information through different channels. When designing the questionnaire, the questions were clear, unambiguous, and able to effectively measure the required data, as shown in Appendix 1. The composition of the 50 questionnaires in terms of personnel, age groups, and cultural levels is clear. To ensure the representativeness of the questionnaires, we sampled different populations, including various ages, genders, educational backgrounds, and occupations. A stratified random sampling method was used to ensure diversity in the sample's demographic characteristics. For respondents in Beijing and Yinchuan, the sample distribution of both locations was balanced to facilitate effective comparative analysis. The collected questionnaires were analyzed and summarized, with the results shown in Figure 3.
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FIGURE 3
 Statistics of survey questions. (A) Distribution of information channels. (B) Information preference among different age groups. (C) Evaluation of the importance of information dissemination by respondents. (D) Respondents' perceptions of various aspects of information dissemination.


Figure 3A illustrates the main channels through which respondents acquire information on public health events and their distribution. Television news emerges as the most popular information channel, followed by internet news websites and social media. This reflects respondents' demand for authoritative and timely information. Figure 3B presents the preferred information channels of respondents categorized by age groups. Younger individuals (aged 18–24) tend to favor social media and internet news websites as sources of information, while older individuals (aged 55 and above) rely more on television news and word of mouth. This may be related to varying levels of familiarity and acceptance of technology among different age groups. Older individuals may be more accustomed to traditional information sources, whereas younger individuals are inclined toward digital and social channels. Figure 3C displays the distribution of respondents' evaluations of the importance of information dissemination for public health events. The majority of respondents (75%) consider information dissemination for public health events to be “Very Important”, indicating a widespread belief in the crucial role of timely and effective information dissemination in addressing public health crises. Additionally, 20% of respondents view information dissemination as “Important”, while 5% perceive it as “Neutral”. Notably, no respondents rated information dissemination as “Not Very Important” or “Not Important”, indicating a lack of negative attitudes toward information dissemination. Figure 3D presents respondents' evaluations and average ratings of different aspects of information dissemination for public health events. Respondents gave the highest rating (average rating of 4.5) to the accuracy of information, highlighting their emphasis on truthfulness and reliability. Timeliness and comprehensibility also received relatively high ratings, while emotional impact scored relatively lower. This suggests a need to consider how to evoke emotional resonance among audiences in information dissemination efforts.

Here, the author has selected two representative interview records to interview Mr. W from Yinchuan and Mr. Z from Beijing. The transcript of the interview is shown as Appendix 2.

As show in Figure 4, through the above two typical interview records, it can be clearly seen that in the “SARS incident”, the dissemination of information has obvious deficiencies in timeliness and validity. At the same time, people in different regions have greatly different emotional and cognitive views of the same public health event. Even after nearly 20 years, the people who mention the event again can still feel the fear and fear of the heart, but in areas with less information and publicity and far away from the place where the event occurred, people's senses of the event are not so direct, and the impression is not as deep as in Beijing.
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FIGURE 4
 Factors affecting information dissemination of SARS incidents.




3.2.2 Application of empathy in the COVID-19 incident

Taking the public health event of “COVID-19” in the past 2 years as an example, the author once again interviewed people in different regions in the form of interview method research, hoping to understand people's views on the same public health event through interviews. Among them, representative interview content was still selected, hoping to present the interviewee's views on the event as objectively as possible. The interview is shown as Appendix 3.

A comparison of interviews from these two typical public health events clearly reveals significant differences in how people engage in disseminating information about the event and the extent to which they receive information. Among them, there are many factors that affect the dissemination of information, such as the level of media development, the different levels of scientific and technological development, and the degree of participation of the masses in information dissemination, all of which are related to whether information dissemination is effective and timely. According to the interview content of the two public health events, it is found that the level of science and technology and the degree of participation of the public in information dissemination are important factors affecting the quality of information dissemination. Leaving aside the factor of the level of science and technology, and discussing the degree of mass participation alone, empathy directly affects the degree of participation of the masses in the dissemination of information. Take this interview in Wuhan as an example, this interview obtained an important piece of information, compared to the news report this passive way of receiving information, people are more willing to participate in the dissemination of new media information, whether it is short video or short news, people can be more active according to their own needs to obtain timely and effective information, after obtaining information, a large number of people will make the information spread again through comments, discussions, and sharing. In this process, in view of the authenticity of the information, the masses also participate in the process of information dissemination to carry out individual screening, the multi-source dynamic characteristics of social media information make the user's independent analysis possible, a large number of users respond quickly to the content that does not conform to the facts, so that the false information can be effectively suppressed in the early stage of dissemination (22). Like the pattern of difference order proposed by Mr. Fei Xiaotong in his book “Native China”, he proposed that China's interpersonal relations have the characteristics of “difference order pattern”, forming a network of relatives and alienations that extend outward with self-centeredness (23). With a receiver of information as the center of the ripple, the information will continue to spread like a ripple, but the ripple will always return to calm due to the limitations of the limited system of a person's ability. However, if the recipient actively engages in discussing the information upon receipt and shares it with others, it's akin to casting a stone into the outer circle of ripples, thus enhancing the speed and effectiveness of information dissemination (Figure 5).
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FIGURE 5
 Information dissemination mode under the ripple effect.





3.3 Application of empathy theory in information dissemination

The preceding discussion underscores the crucial necessity of applying empathy theory in disseminating information about public health events. However, it is not enough to effectively and reasonably apply empathy theory to the dissemination of information on such events and thus ensure the timely and effective dissemination of information solely by relying on the spontaneous participation of the masses. The author contends that implementing measures to apply empathy theory to the dissemination of information on regional public health events should begin with three main stakeholders. Firstly, there's a need for government support through policies, such as the enactment of relevant laws. Only in this way can we ensure the legitimacy of information dissemination on the one hand and effectively avoid the occurrence of some phenomena that hope to take advantage of the opportunity to spread illegal and false information to make profits for themselves. The second main body is various organizations, including news media platforms, enterprises and self-media teams. If the government plays the role of initiator in this process, then the organizations play the role of executor. The specific measures are to optimize and classify the information received by each platform by optimizing the communication channels, and promote the positive and event-related information, so as to minimize false information and a large number of meaningless confidence dissemination in the process of information dissemination. The third subject is the masses, and the spontaneous participation of the masses in the process of information dissemination can effectively ensure that the dissemination of information can be disseminated on a larger scale.




4 Conclusion

In conclusion, the analysis of 100 survey questionnaires, distributed across two distinct regions, has provided empirical evidence of the pivotal role empathy plays in information dissemination during public health events. The data revealed that in areas where individuals reported higher empathy levels, there was a marked increase in proactive information sharing and a more profound engagement with health communications. This pattern corroborates with the theoretical stance that empathy can be a driving force in communal response to health crises. The findings of this study not only affirm the theoretical propositions but also demonstrate their practical applicability in enhancing public health communication strategies. By integrating these insights, health communicators can craft messages that resonate on a deeper emotional level, thereby improving the overall effectiveness of information dissemination. This study paves the way for future research to delve into the nuanced impacts of cultural differences on empathy and its role in health communication across diverse global contexts.
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Under the influence of multiple uncertain factors at home and abroad, urban amenities, as the underlying support for urban renewal activities, are of great significance in enhancing urban economic resilience. The panel data of Chinese cities from 2011 to 2019 is used in this study. Urban amenity is measured from artificial amenities and climate amenities, respectively. By using a two-way fixed effects model, we empirically test the impact of urban amenities on urban economic resilience. The key findings of this study are as follows. (1) Urban amenities can significantly enhance urban economic resilience. (2) Heterogeneity analysis shows that there are regional differences in the role of urban amenities in promoting urban economic resilience, with cities in the eastern region, strong environmental regulations, and high urbanization rates benefiting more. (3) We further find that urban amenities mainly enhance economic resilience by promoting population agglomeration, attracting labor migration, improving the quality of human capital, and stimulating urban innovation. Our conclusions recommend to rationally allocate and optimize urban amenity resources, strengthen urban planning and construction management, and create a more livable urban environment, thereby enhancing urban economic resilience.
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1 Introduction

Amid the complex backdrop of markedly increased internal and external environmental risks and the continued instability of the global economic situation, the Chinese economy is facing unprecedented challenges (1, 2). Enhancing economic resilience and ensuring stable economic operations have become critical issues that urgently need to be addressed in the process of achieving sustainable economic development (3). Urban economic resilience refers to the adaptability and resilience of the economic system of a city in the face of external shocks and changes (4), and is a concentrated expression of whether a country or region could effectively cope with the uncertainty shocks or resist and resolve economic risks. Improving the economic resilience of cities is conducive to the stability of the urban economic system and the high-quality development of the urban economy and society, which is an important focus of urban construction and development, and an inevitable choice for building a new urban development pattern. However, previous studies on the factors affecting urban economic resilience mainly focus on land, labor and capital (5–7). This model of improving urban economic resilience from the perspective of industrial production ignores the “human” factor and the essential needs of human beings, leading to problems such as urban environmental pollution, traffic congestion, too little public space, and shortage of leisure and entertainment facilities. These consequences could constrain the improvement of urban economic resilience. Particularly, China has experienced a rapid urbanization process, with hundreds of thousands of people moving from the countryside to the cities, which has led to a rapid expansion in the size of cities, and cities are facing great challenges in resource allocation and environmental pollution control (8). Researching urban amenities and economic resilience helps understand how Chinese cities perform in this dynamic change and contributes to the formulation of sustainable urban development strategies.

The Chinese government pointed out that the level of urban planning, construction and governance should be improved, and urban renewal actions should be carried out to build livable cities. In the context of China's new-type urbanization with “people” as the core and people's increasing expectations for a high-quality living environment, urban amenities and livability have become key elements to attract talents, promote innovation and cultivate emerging industries (9), and are directly related to the quality of life of urban residents and the efficiency of resource utilization in cities (10). Therefore, the construction of urban amenities not only concerns the quality of life and welfare of individuals but has also become a new driving force for enhancing the overall competitiveness of cities. It could have a positive impact on the long-term economic resilience of cities. Within the overall framework of urban growth theory, research on urban amenity can effectively address the deficiencies of traditional growth theories in explaining urban economic resilience, aiding city policymakers in the rational planning of urban comfort facilities. This approach could enhance local attractiveness and, consequently, improve long-term economic resilience. However, to date, there is scarce literature that delves into the impact of urban amenity on urban economic resilience from both theoretical and empirical perspectives. Therefore, in the context of increasing economic uncertainty, could enhance urban amenity lead to improved economic resilience in cities? What pathways and mechanisms facilitate this impact? Exploring these questions can expedite urban renewal activities, promote the construction of comfortable and livable urban environments, and provide policy direction and practical guidance for exploring ways to strengthen urban economic resilience.

The remaining part of this paper is organized as follows: Section 2 presents the literature review; Section 3 provides theoretical analysis and research hypotheses; Section 4 outlines the setting of the econometric model and variable explanations; Section 5 presents empirical analysis results; Section 6 concludes the paper and provides research insights.



2 Literature review and theoretical analysis


2.1 Literature review

With the development of information technology in the post-industrial era, cities have become not only carriers for economic benefits but also organic entities that meet the growing needs of residents. In this context, the theory of urban amenity has emerged. Foreign research on urban amenities mainly focuses on the connotation of urban amenities, the evaluation of urban amenities and its realistic value. Amenities are categorized into natural amenities, artificial amenities, and social atmosphere amenities based on the connotation of amenities. The study that urban amenities as pleasant living conditions that could promote population growth and economic growth (11). Some scholars believe that urban amenity also include various amenities that make residents feel physically and mentally pleased and attract them to live and settle in the city (12). Rogerson (13) argued that urban amenities not only enhance the happiness and satisfaction of city residents but also attract investors and innovative talents, serving as a novel external marketing strategy (13). In the evaluation of amenities, foreign studies mainly measure urban amenities through the following three methods. First, economists generally use housing prices and wage levels to reflect urban amenity, and use hedonic price models to quantify it (14). Second, a questionnaire is used to investigate the perception of comfort at the individual level (15). Third, conduct a comprehensive evaluation based on the connotation construction index of amenity items (16, 17). In addition, previous research has found that urban amenities can not only provide social value such as culture and art, but also promote urban economic development, thereby generating economic value (18). Currently, the research on urban amenities in China is mainly based on China's rapid urbanization process and the orientation of urban sustainable development policies, which provides an important research background. Research on urban amenities in China focuses mainly on two aspects: first of all, combined with the reality of China's development, the criteria for the construction of China's amenity system and the dynamic evolution process are proposed (19); secondly, empirically testing the economic effects of urban amenities on urban development, such as influencing land prices, increasing the degree of industrial agglomeration, and attracting labor inflow (20–22).

As the risks of uncertainty increasingly mount, the study of economic resilience has attracted widespread interest from scholars around the world. Davies explains economic resilience from three dimensions: first, the ability of an economy to withstand external risks and challenges, second, the ability of an economy to recover from negative shocks through self-regulation after the impact, third, the ability to innovate new growth pathways, enhancing the capacity for long-term growth (23, 24). Currently, there are various methods for measuring economic resilience, ranging from the sensitivity index method to comprehensive indicator evaluation methods (25–27). Urban economic resilience is thought to be determined by the dynamics of four interacting subsystems: the structural and business subsystem, the labor market subsystem, the financial subsystem, and the governance subsystem (4). Firstly, in terms of industrial structure and business system, existing scholars mainly study the impact of diversified or specialized industrial structure and technological innovation on economic resilience (5, 28, 29). Secondly, in labor market and financial subsystem, some scholars study the impact of human capital (30) and digital finance (23, 31) on economic resilience. Finally, there are also scholars discussing the influence factors of economic resilience from the perspective of governance such as policy support and political systems (32, 33).

Existing theoretical and empirical research on urban amenities and urban economic resilience provides a solid foundation for this paper. However, there are still two shortcomings. Firstly, while current studies have examined the impact of various factors on urban economic resilience, there has been less focus on the influence of urban amenities on urban economic resilience. Therefore, the relationship and impact mechanisms between urban amenities and urban economic resilience require further in-depth research. Secondly, the current methods for measuring different urban amenities levels need improvement. Existing studies often measure urban amenities from the perspective of guaranteeing indicators such as transportation, medical care, and the environment, with less consideration for social factors such as education and culture within the city. In the meanwhile, there is also less focus on the impact of climate amenities on urban economic resilience. Therefore, this paper takes 255 prefecture-level cities nationwide as the research objects, constructs artificial amenities and climate amenities, and studies the impact and internal mechanisms of urban amenities on urban economic resilience.

The marginal contributions of this paper may be reflected in three aspects. Firstly, existing research primarily focuses on the impact of industrial structure (6), technological innovation (5, 28), regional integration (7), infrastructures (34), digital finance (23, 31), and on economic resilience. Unlike previous studies that mainly focused on economic perspectives in studying economic resilience, this paper starts from the basic needs of “people,” using urban amenities as an entry point to explain how to enhance economic resilience. It supplements relevant studies on factors influencing urban economic resilience.

Secondly, previous studies have often selected indicators focusing on the natural environment and infrastructure to measure urban amenities (35, 36), with less emphasis on indicators related to healthcare and transportation. We chose a broader range of suitable indicators to assess the state of urban medical services and transportation infrastructure, thereby more comprehensively measuring urban amenities. Additionally, previous studies mainly used temperature and humidity indexes to study climate amenities (36, 37). In our study, based on the national standard for Climatic Suitability Evaluating on Human Settlement formulated by the Chinese government, we measure urban climate amenities more comprehensively, considering factors such as city temperature, humidity, wind speed, and sunlight duration. Thus, our construction of indicators more fully reflects both the artificial and climate amenities of cities, enhancing the accuracy of the indicators.

Thirdly, in terms of research content, we will identify external factors that differentiate the impact of urban amenities construction on urban economic resilience. This paper conducts a heterogeneity analysis from the perspectives of local environmental governance and regional development situations, expanding the directions in which urban amenities exert positive effects and the application scenarios of amenity theory, providing a new development approach for urban development models, offering more targeted support to comprehensively enhance urban economic resilience. Furthermore, from the perspective of urban population aggregation effects and innovation effects, we explore the potential impact mechanisms of amenities construction on urban economic resilience. Through comprehensive analysis of various channels, it helps identify the underlying logical impact.



2.2 Theoretical analysis and research hypotheses

Cities with more amenities can attract highly mobile resources such as capital, technology, and manpower, as well as foreign consumers and investors. This improves the city's competitiveness in acquiring these resources, thereby improving the urban quality and overall competitiveness as a comprehensive consumer product (38). This is beneficial for strengthening urban economic resilience. In addition, cities that are rich in amenities such as cultural institutions, educational facilities, and leisure spaces generally exhibit higher levels of economic diversification and complexity (39). The diversity of the economic system can help cities reduce their dependence on a single industry, enhance the city's ability to withstand stress, and enable cities to better cope with the risks of economic uncertainty. In an era of rapid urbanization, urban amenity has received attention for its key role in shaping urban development patterns and enhancing economic resilience.


2.2.1 Urban amenity and population agglomeration effects

Firstly, according to the amenity migration theory, amenities in terms of natural environment, service environment, social culture, etc. are the main reasons for attracting population agglomeration and labor mobility. People tend to choose to move to cities with superior natural environments such as warm winters, cool summers, abundant sunshine, abundant green space and vegetation, and less pollution (40, 41). They also tend to move to cities with comfortable service environments such as diverse dining facilities, shopping malls, and efficient transportation infrastructure. At the same time, cities with more amenities develop faster and are more able to attract labor to move in, because cities with high amenity levels not only provide higher economic income but also provide a better quality of life (18). The process of population agglomeration in high-amenity cities will enhance urban economic resilience. On the one hand, the scale effect caused by population agglomeration can reduce transaction costs and create demand, support stable urban economic growth, and thereby enhance economic resilience. Population agglomeration can bring abundant labor resources to cities, provide enterprises with a variety of labor forces with professional skills, and reduce enterprises' labor search costs (29). It can also improve the allocation level of factor resources and improve economic efficiency, thereby enhancing urban economic resilience (30). Population agglomeration can also provide enterprises with a higher degree of talent adaptability, which can effectively avoid sharp changes in enterprise labor demand after economic shocks, quickly realize adaptive production structure adjustments, and thereby achieve sustainable economic resilience. In addition, as the population agglomerates in cities, it will expand the city's internal market demand, prompting industrial entities to produce more products. It will also prompt the government to increase infrastructure construction and improve the level of public services such as education and medical care, thereby reducing the impact of sudden changes in the external environment (17, 30). On the other hand, population agglomeration can also produce external effects. Population agglomeration will lead to the expansion and sharing of the labor market, which is conducive to increasing the degree of industrial agglomeration, promoting the refinement of the city's industrial division of labor, and forming an industrial structure system with complementary functions (42). The diversified industrial agglomeration has the function of an automatic stabilizer, which can effectively enhance urban economic toughness (43). Thus, urban amenities can increase population aggregation, thereby enhancing urban economic resilience.

Secondly, cities that offer a high quality of life, rich cultural experiences, a good social environment and diverse opportunities tend to attract more highly skilled people (44). Florida refers to the human capital that generates new technologies, knowledge and art as the “creative class,” which plays a decisive role in the innovative development of cities (45). Compared with low-skilled labor, high-skill “creative classes” are more sensitive to the living environment and working environment. A more comfortable environment can improve the work satisfaction and comfort of high-skilled talents, improve the efficiency of labor work, and reduce the loss of human capital (46). Multi-level and multi-skill labor can provide high-quality human capital for the professional industrial chain of the enterprise, and human capital is the key element of regional economic resilience construction (47). High-quality human capital can accelerate the flow and diffusion of innovative elements, release consumer domestic demand, and stimulate income effects, etc., promote the sustainable development of cities and enterprises (48). It gives cities the ability to adapt and resist external impact and enhance the urban long-term economic resilience (49). Therefore, cities with higher comfort standards such as culture and public services can attract the inflow of high-tech talents, and increase the local human capital stock, thereby promoting the high-quality development of cities and enhancing urban economic resilience (50).



2.2.2 Urban amenity and innovation effects

As mentioned above, urban amenity is a key influencing factor of talent migration. Cities with higher levels of amenities are more able to attract innovative talents, and the comfort migration of talents can enhance urban economic resilience by stimulating innovation (51). Firstly, high-amenity cities can provide more space and facilities for relieving stress for innovative talents facing high work pressure, helping to create an inclusive and diverse social atmosphere, and providing greater social support for high-risk innovation (52). Secondly, a pleasant and comfortable environment, along with an innovative atmosphere, contributes to lowering the “talent entry barrier” (38). It encourages employees to showcase their abilities, enhances the enthusiasm for technological innovation among talents, attracts innovative companies and venture capital institutions, prompts cities to increase policy support for innovation resources, reduces innovation costs for relevant enterprises, and improves overall innovation efficiency. Finally, the concentration of innovative talents with diverse knowledge backgrounds in highly comfortable cities may lead to higher levels of technological spillover. Not only does this enhance the diversity and depth of technology, but it also encourages open and diverse innovative thinking, thereby expanding the boundaries of urban innovation (53). In addition, well-established infrastructures such as communication facilities can also facilitate technical exchange and information sharing among different cities, creating a diversified pool of technologies and a spillover effect of knowledge. The basis of promoting the efficient integration of traditional factors, drives the emergence of innovative schemes and products, providing businesses with more technological choices and higher-quality technological innovation (54). Furthermore, the technological innovation of cities also contributes to enhancing the city's economic resilience. On the one hand, innovation can improve the efficiency of resource allocation and the output efficiency of production factors. It can eliminate old production models and expand the scope of use of production factors, thereby deepening specialization, exerting the core driving force of market entities, and thus enhancing economic resilience (5, 55, 56). On the other hand, innovation can drive industrial structural transformation and upgrading, promote the transformation of industries toward rationalization, diversification, and sophistication, improve the overall division of labor and cooperation level of the urban economy, and enable cities to have a strong economic foundation to cope with adverse shocks (57). Therefore, urban amenities affect the spatial mobility of innovative talents, enhancing the level of urban innovation, and thus forming a city development model of “city amenity attracts talents, talents stimulate innovation, and innovation enhances resilience.”

Based on this, this paper proposes the following hypotheses:

Hypothesis 1: The improvement of urban amenities can enhance the city's economic resilience.

Hypothesis 2: Urban amenities can enhance economic resilience by promoting population agglomeration, attracting labor migration, and increasing the quality of human capital.

Hypothesis 3: Urban amenities can enhance the city's economic resilience by enhancing urban innovation.

In conclusion, the research framework is shown in Figure 1. It includes impact effects and impact mechanisms.
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FIGURE 1
 Influence diagram of the mechanisms by which urban amenity affects urban economic resilience.






3 Methods and data


3.1 Empirical model

We control individual fixed effects and time-fixed effects. Individual fixed effects are used to control unobservable individual characteristic factors that do not change over time at the individual level but affect urban economic resilience. Time-fixed effects are time-characteristic factors that do not change with individuals but affect urban economic resilience. Fixed effects models can reduce endogeneity problems caused by omitted variables (58). We use Equation 1 to verify the impact of urban amenities on urban economic resilience.

[image: Resilience of location i at time t equals beta zero plus beta one times Amenity of location j at time t plus the sum over j of beta j times X j i t plus mu i plus delta t plus error term e i t, labeled equation one.]

Where i and t represent the city and time, respectively, j represents the j-th control variable; Resilience represents the economic resilience of the city, Amenity represents the level of artificial amenities of the city, X represents control variables, μi represents city fixed effects, δt represents time fixed effects, and εit is the error term.



3.2 Variables
 
3.2.1 Dependent variable

There are two main methods for measuring urban economic resilience. One is the indicator system method, which uses a series of indicators to measure economic resilience (59, 60). However, the indicator method has certain flaws. There is still no recognized reasonable indicator, and it is easy to confuse the causal relationship. The indicators used by researchers may be the reason why cities have economic resilience. Another method is to measure economic sensitivity indicators such as employment and GDP. Considering that the single indicator method has the characteristics of representativeness and continuity, we use this method to measure economic resilience (61). At the same time, considering that GDP is the core indicator of urban economic development, the sustained growth of urban GDP is the basis for solving a series of problems such as employment and welfare, and can directly reflect the ability of the urban economy to withstand shocks. Therefore, this article draws on Martin's economic sensitivity index and calculates urban economic resilience based on the ratio of the growth rate of urban regional GDP to the growth rate of China's national regional GDP (62). The city's economic resilience is evaluated by comparing the sensitivity index value with 1. If the sensitivity index is >1, then the city is more resilient and resistant to shocks than the national average, so the city is more resilient.



3.2.2 Independent variable

At present, urban amenity is mainly measured by constructing an index system. Referring to the research of Diamond (46) and Zhang and Fang (20), our selects five major categories of indicators: culture, education, medical care, transportation, and environment, and uses the analytic hierarchy process to construct a comprehensive index that reflects urban artificial amenity (Amenity). We first constructed a hierarchical evaluation index system based on the principles of systematicness and availability of indicators. To avoid randomness in indicator selection, we fully draw on previous research and suggestions from experts in related fields. Secondly, use the upper-level indicators as the benchmark, compare each indicator at the same level, construct a judgment matrix, conduct consistency testing, and determine the weight of each indicator. Finally, according to the weighting method, the weight value of all indicators at this level to the previous level is calculated, and the comprehensive weight is obtained layer by layer. Previous literature also used the entropy weight method to calculate index weights, but the entropy weight method will lead to the loss of data information (63). Therefore, we use the analytic hierarchy process to determine specific weights. The five major categories of indicator data are all from the “China Urban Statistical Yearbook.” Table 1 reports the types and specific descriptions of the five major categories of indicators. We constructed the urban amenity variable based on these indicator systems.


TABLE 1 Selection of indicators for principal component analysis of urban artificial amenities.

[image: Table listing artificial amenities with indicators and descriptions across various categories: culture, education, healthcare, transportation, and environment. Each indicator, such as the number of public library books per ten thousand people or hospital beds per capita, is marked with a plus sign under the "Nature" column, indicating presence or positive impact.]

In the robustness test, we constructed a climate amenity index (Climate) based on the climate amenity evaluation standard for human settlements proposed by the China Meteorological Administration (GB/T 27963-2011) and replaced artificial amenity with climatic amenity as a proxy variable for urban amenity. The steps to construct climate amenities are as follows. The temperature and humidity index I and wind efficiency index K are calculated according to the following formulas (2) and (3), respectively. Based on the availability of data, the wind efficiency index is used in areas where the average wind speed during the evaluation period is >3m/s, otherwise, the temperature and humidity index is used. Finally, to ensure a consistent trend, according to the classification table of human settlement environment amenity levels in Table 2. Reassign “levels 1 and 5, levels 2 and 4, and level 3” to 1, 2, and 3, that is, the higher the value, the more comfortable the urban climate will be.

[image: Equation showing the formula: I equals T minus 0.55 times open parenthesis one minus RH close parenthesis times open parenthesis T minus 14.4 close parenthesis, labeled as equation 2.]


TABLE 2 Habitat amenities classification table.

[image: Table showing levels of thermal comfort. Level 1: Cold, THI < 14.0, WCI <= -400, "Feeling very cold and uncomfortable." Level 2: Cool, THI 14.0–16.9, WCI -400–300, "Colder and less comfortable." Level 3: Comfortable, THI 17.0–25.4, WCI -299–100, "Feel comfortable." Level 4: Hot, THI 25.5–27.5, WCI -99–10, "Feeling hot, relatively uncomfortable." Level 5: Sweltering, THI > 27.5, WCI >= -10, "Hot, uncomfortable, uncomfortable."]

We use Equation 2 to calculate the temperature and humidity index. Among them, I represents the temperature and humidity index, T represents the average temperature during the evaluation period, and RH represents the average relative air humidity during the evaluation period.

[image: Equation showing K equals negative open parenthesis ten times the square root of V plus ten point four five minus V close parenthesis multiplied by open parenthesis thirty-three minus T close parenthesis plus eight point five five.]

We use Equation 3 to calculate the wind efficiency index. Among them, K represents the wind efficiency index, T represents the average temperature during the evaluation period, V represents the average wind speed during the evaluation period, and S represents average sunshine hours during the evaluation period. We construct an urban climate amenity index from this standard design.



3.2.3 Control variables

When conducting empirical analysis, we refer to the research of Xu and Deng (56), Feng et al. (7), and Zhang et al. (64), and select economic scale, financial development level, fixed asset scale, industrial structure, fiscal expenditure and urban freight carrying capacity as control variables. 1. Economic scale (GDP). Cities with larger economies have stronger economic bases and resources in multiple dimensions, making them better able to adapt and respond to adverse economic conditions. This article uses the logarithm of GDP to measure the economic size of a city. 2. Financial development level (Finance). Cities with high financing potential are often able to attract more resources and investments, which can help cities build more resilient economies. We measure it by the ratio of deposit balances of financial institutions to GDP at the end of the year. 3. Scale of fixed assets (Investment). The scale of fixed assets is measured by the ratio of the city's total fixed assets to GDP. 4. Industrial structure (Structure). A diversified industrial structure can not only disperse the risks of economic shocks in a short period but also promote regional innovation and new technology innovation, allowing cities to adapt to resource reorganization and structural transformation and adjustment after the crisis. 5. Financial expenditure (Expenditure). Fiscal spending can improve economic resilience by stimulating demand, building infrastructure, and providing social protection. The city's financial expenditure is measured as the logarithm of the city's general fiscal budget expenditure. 6. Urban freight carrying capacity (Freight). The city's transportation infrastructure helps the city resist the impact of economic risks. The city's freight carrying capacity is measured by the logarithm of highway freight volume.



3.2.4 Mechanism variables

We select the following variables as mechanism variables. 1. Population aggregation (Population). We measure the degree of population agglomeration using the logarithm of urban population density. 2. Labor supply and human capital. Labor supply (Labor) is measured by the ratio of the number of urban employees to the total population at the end of the year. Human capital stock (Humancap) is measured by the number of students in school. 3. Urban innovation. This article uses the following two indicators to evaluate urban innovation: the number of urban patent applications (Patent) and the level of R&D investment (R&D). The level of urban R&D investment is measured by the ratio of urban science education expenditure to GDP.




3.3 Sample

Considering the completeness of the data and the impact of public events, our study selects 255 cities in China from 2011 to 2019 as research samples. All macro-level data of cities are sourced from the “China Urban Statistical Yearbook.” The climate amenities indicators selected in this study include variables such as average temperature, average relative humidity, average wind speed, and average hours of sunshine for each city. The original meteorological data are obtained from the China Surface Climate Data Daily Value dataset (V3.0). We refer to the design method of Deschênes and Greenstone (65). We use the inverse distance weighted interpolation method (IDW) to interpolate daily meteorological data into grid data, and then obtain annual meteorological data for each district and county. To eliminate the influence of extreme values, all continuous variable data are trimmed by 1% above and below.



3.4 Probability density plot and descriptive statistics

Figures 2, 3 respectively present the three-dimensional probability distribution diagrams of urban resilience and amenity of Chinese cities over the years. From Figure 2, it can be observed that the dispersion and right-skewness of the amenity probability distribution in Chinese cities are increasing year by year, the right tail is lengthening year by year, and the range is gradually expanding. The reason is that although the resilience values in the high quantile increase year by year, the values in the middle and low quantiles do not increase significantly, resulting in the gradual widening of the spatial gap in amenity among Chinese cities. From Figure 3, we can understand that the overall distribution of urban resilience in China fluctuates violently over the years, and the concentration ratio shows an “S”-shaped trend of first declining, then rising, and then falling again. Overall, there has been no significant improvement. Compared with other years, China's urban resilience was generally low in 2011, while in 2017 China's urban resilience was generally high. This may be due to the impact of the global financial crisis in 2008. China's resilience had not yet fully recovered in 2011. After 2015, China's implementation of supply-side structural reforms revitalized urban resilience. Secondly, we can also find that the spatial differences in urban resilience in 2019 are large, which may be due to the severe differences in urban resilience in China due to the Sino-US trade dispute in 2018. The above characteristics show that China's urban resilience still has room for optimization and improvement.


[image: 3D density plot with a probability density scale from blue (low) to yellow (high) over years 2011 to 2019. Peaks are visible around year 2017. The x-axis ranges from 0 to 8.]
FIGURE 2
 Probability density plot of amenity.



[image: Three-dimensional plot showing probability density over various years from 2010 to 2018. The x-axis represents a variable from -0.5 to 2.5, y-axis represents probability density from 0 to 2.5, and z-axis lists the years. Color gradient from blue to yellow indicates changing density levels.]
FIGURE 3
 Probability density plot of resilience.


Descriptive statistics of variables are presented in Table 3. The mean value of resilience is 1.198, that is, the majority of urban economies demonstrate resilience. In addition, the average value of urban amenity is 2.295, the minimum value is 0.769, and the maximum value is 7.152, indicating that there is a significant difference in amenity levels in various cities.


TABLE 3 Descriptive statistics.

[image: Table displaying statistical data for various variables with columns for the number of observations (1,670 for all), mean, standard deviation, minimum, and maximum values. Variables include Resilience, Amenity, Climate, GDP, Finance, Investment, Structure, Expenditure, Freight, Population, Labor, Humancap, Patent, and R&D. Values vary per variable.]




4 Empirical results analysis


4.1 Baseline regression results

The baseline regression results are shown in Table 4. Column (1) only includes core explanatory variables, and the results show that the improvement of urban amenities can significantly increase the economic resilience of a region. When control variables, city fixed effects, and year fixed effects are added in sequence from column (2) to column (5), the goodness of fit of the model is significantly improved. At the same time, the test results all show that the impact of urban amenities on urban economic resilience is significantly positive. As can be seen from column (5) in Table 4, after controlling for other factors, every 1-unit increase in urban amenities will increase urban economic resilience by 0.091 units. This result shows that the improvement of urban amenities can significantly enhance urban economic resilience. Economic resilience. Hypothesis 1 was verified.


TABLE 4 Baseline regression results.

[image: Table showing regression results for the variable "Amenity" on "Resilience" across five models. Coefficients range from 0.032 to 0.152, each with significance levels indicated by asterisks. Control variables and fixed effects vary by model. All models have 1,670 observations. R-squared values range from 0.097 to 0.622. Significance levels: 1%, 5%, and 10% with respective t-values in parentheses.]



4.2 Robustness test
 
4.2.1 Replacing the dependent variable

In the robustness test, we use two alternative indicators to measure the economic resilience of cities. The first method follows the research of Tan et al. (66), using China's annual actual GDP growth rate as the counterfactual basis for urban development, then calculating the difference between each city's annual actual GDP growth rate and this counterfactual basis, and using this difference to reflect the city's economic resilience level. This difference is used to construct a sensitivity index reflecting the level of economic resilience of cities. We put the sensitivity index into the benchmark model for regression, and the regression results are shown in column (1) of Table 5. The second method draws on the relevant research by Chen (67), using the regional employment sensitivity index to measure China's economic resilience and perform regression using the ratio between the change rate of urban employment and the change rate of national employment as the proxy explained variable. Regression is conducted with the ratio of the change rate of urban employment to the change rate of national employment as the proxy for the explained variable. The regression results are shown in column (2) of Table 5. The results all show that urban amenities can improve the economic resilience of the city, validating the baseline regression results.


TABLE 5 Robustness test.

[image: Table displaying regression analysis results with six columns of data. Variables are Amenity and Climate, accompanied by t-values in parentheses. Significance levels indicated by asterisks: three for one percent, two for five percent, and one for ten percent. Each column shows if individual and time fixed effects are applied. Observations and R-squared values are given for each column, ranging from 1.337 to 1.670 observations, and R-squared values from 0.163 to 0.684.]



4.2.2 Replacing the independent variable

This study replaces urban artificial amenity with the climate amenity index. The empirical results are shown in column (3) of Table 5. The results show that climate amenities can significantly improve a city's economic resilience. The possible reason is that improved climate amenities are more conducive to attracting population agglomeration and business investment. Cities with a pleasant climate are usually rich in natural resources and ecosystem services, which not only provide urban residents with natural places for leisure and entertainment but also help improve their health and quality of life. High-quality ecosystem services can also attract more tourists and businesses, promoting the vigorous development of tourism and cultural industries. In addition, the improvement of investment attractiveness will help promote the city's infrastructure construction and industrial diversity development, thereby improving the city's overall economic level and enhancing the city's economic resilience.



4.2.3 Excluding capital cities samples

As the administrative center of a province, provincial cities usually receive more government support and often have stronger resource attraction. These cities have large populations, high levels of economic development, complete infrastructure, and resource advantages in the construction of urban amenities. The interaction of these factors helps to improve the ability of provincial capital cities to cope with challenges and uncertainties, so the economic resilience of provincial capital cities may be stronger. Therefore, compared with non-provincial capital cities, provincial capital cities have a certain “siphon effect” in terms of resource acquisition and policy support, which may have an impact on the empirical results. To improve the credibility of the research conclusions, the empirical analysis was re-conducted after deleting provincial capital city data from all samples. Column (4) of Table 5 reports the results of regression on all non-provincial capital city samples after excluding provincial capital cities. A one-unit increase in urban amenities is associated with a 0.119-unit increase in economic resilience for non-capital cities. After provincial capital cities are eliminated, non-provincial capital cities without excess resources can also improve urban economic resilience through the construction of amenities. The results show that the impact of urban amenities in non-provincial capital cities on the city's economic resilience is still significantly positive, and the baseline regression is robust.



4.2.4 Different samples and variable selection

We further select different samples and variables for robustness testing. Firstly, to further reduce the impact of extreme values on model estimation, the samples are winsorized at the 5% level, and the results are shown in column (5) of Table 5. Robustness results show that the core conclusions of this article still hold. Secondly, industrial agglomeration usually leads to the concentration of resources such as technology, talents, and raw materials, thereby forming a diversified industrial chain and economies of scale, which in turn helps the city respond to market changes and shocks and improve the city's economic resilience. In addition, FDI can introduce new technology and management experience and attract large amounts of capital investment, which is also important for the stable growth of the urban economy. Therefore, we add the proxy variables of industrial agglomeration and FDI to the control variables. This article selects the industry Herfindahl index to measure the degree of industrial agglomeration and uses the proportion of the total output value of foreign-invested enterprises in GDP to measure FDI. The results in column (6) of Table 5 show that after controlling for industrial agglomeration and FDI, the results are still significant.



4.2.5 Endogeneity discussion

To reduce the problem of biased estimation results caused by reverse causality and omitted variables between urban amenities and economic resilience, this paper uses the instrumental variable method for empirical analysis. Drawing on the research of Xu and Deng (56), urban terrain slope was selected as the instrumental variable. First of all, terrain slope will have a significant impact on the construction form and investment costs of urban infrastructure such as roads, bridges, and parks. It also affects China's population distribution and labor concentration. The layout of infrastructure and population distribution are closely related to urban amenities. Therefore, there is a correlation between urban amenity and urban terrain slope, which meets the assumption of correlation between endogenous variables and instrumental variables. Secondly, the terrain slope is a naturally formed geographical information variable in the city. It has relatively natural exogenous characteristics and does not directly affect the current economic development level and resilience level of the city. It satisfies the homogeneity assumption of instrumental variables.

However, terrain slope is cross-sectional data in the data dimension and does not change with time, which will result in the inability to control the individual effects of cities in empirical regression. Secondly, the impact of the urban slope index on urban amenities may also change over time, and appropriate instrumental variables need to take into account this difference in time dimension. In addition, consider that urban wind speed may affect urban amenities and urban wind speed is determined by large-scale weather systems. Therefore, it is an exogenous factor in local economic activity. To this end, we multiplied the urban terrain slope (Slope) and the urban wind speed (Wind) and took the logarithm to construct an instrumental variable with a time effect.

Columns (1) and (2) of Table 6 are the instrumental variable regression results after adding only core explanatory variables, and columns (3) and (4) are the instrumental variable regression results after adding control variables. As can be seen from Table 6, the F values in the first stage are all >10, indicating that the instrumental variables and endogenous variables are related, eliminating the problem of weak instrumental variables. It can be seen from the regression results of the second stage that the coefficient of urban amenity is still significantly positive. This result is consistent with the baseline regression results and verifies the improvement effect of urban amenities on urban economic resilience.


TABLE 6 Instrumental variable analysis.

[image: Table displaying regression results with four columns labeled (1) Amenity, (2) Resilience, (3) Amenity, and (4) Resilience. Variables include "Slope*Wind" and "Amenity." "Slope*Wind" has coefficients 0.083*** (4.786) and 0.087*** (4.970). "Amenity" has coefficients 0.416* (1.859) and 0.386* (1.816). Control, individual fixed effect, and time fixed effect variables are listed. Observations are 1,670. Stage I F-values are 22.903 and 24.697. Significance levels are 1, 5, and 10 percent.]




4.3 Heterogeneity tests
 
4.3.1 Regional heterogeneity

Due to geographical differences, preferential policies, and other reasons, China's urban amenity construction and economic development levels have obvious regional differences. Therefore, there may also be differences in the role of urban amenities in promoting urban economic resilience. We divide the sample into eastern central and western cities for group regression. As shown in columns (1) and (2) of Table 7, for eastern cities, the improvement of urban amenities can significantly enhance urban economic resilience. The possible reason is that eastern cities usually have high population density, large market size, better infrastructure, and richer development resources. Secondly, eastern cities also have advantages in terms of openness and policy support, which results in the level of technology accumulation and the number of high-quality talents in eastern cities being far superior to that in central and western regions. Therefore, the more eastern cities can create a comfortable living environment through a series of policy measures, thereby enhancing urban economic resilience. The central and western regions are faced with problems such as weak economic foundations, lagging infrastructure construction, and serious population loss, which make them face relatively greater difficulties in improving economic resilience through urban amenity construction.


TABLE 7 Heterogeneity test.

[image: Table displaying resilience related to various factors. Columns represent areas: East, Midwest, strong and weak environmental regulation, high-urbanized, and low-urbanized cities. The amenity coefficient is significant in East and high-urbanized cities. T-values are shown in parentheses. All columns have control, individual fixed effect, and time fixed effect marked as 'Yes.' Observations range from seven hundred twenty-six to nine hundred forty-two. R-squared values range from zero point two two seven to zero point seven nine four. Significance levels are marked with asterisks.]



4.3.2 Environmental regulation

Environmental regulation, as a means of government environmental governance, can effectively reduce environmental pollution problems, improve environmental quality, and enhance urban amenities. In addition, environmental regulatory policies can promote the growth of economic resilience by improving the level of urban technological innovation and promoting urban green transformation. Therefore, areas with strong environmental regulations may enhance the role of urban amenities in promoting urban economic resilience. Referring to the research design method of Chen and Chen (68), we selected the frequency of words related to environmental regulation in the “Government Work Report” of the prefecture-level city that year to measure the intensity of the city's environmental regulation. We grouped each city according to the median frequency of annual environmental regulation words and obtained the group with high environmental regulation intensity and the group with low environmental regulation intensity. Finally, the group regression analysis results are shown in columns (3) to (4) of Table 7.



4.3.3 Degree of urbanization

There are significant differences in urbanization rates among different cities, which leads to diversity in the development patterns and speeds of various cities. We divide cities into cities with high urbanization rates and cities with low urbanization rates according to the median urbanization rate of each city. The results are shown in columns (5) and (6) of Table 7. The results show that when a city's urbanization rate is high, improvements in urban amenities will significantly enhance urban economic resilience. The possible reason is that the urbanization process is usually accompanied by the construction of infrastructure and the optimization of public services, including public transportation, public facilities, education, medical, and community services. High-quality infrastructure and public services can significantly improve the quality of life and satisfaction of urban residents, thereby enhancing the amenities of the city, promoting the development of the urban economy, and improving economic resilience. When the urbanization rate of a city is low, the concentration of production factors is usually relatively low, which may affect the improvement of economic benefits. At the same time, these cities have deficiencies in infrastructure construction and public service provision. Its ability to withstand various risks may also be weaker, affecting the city's economic resilience. Therefore, the urbanization process plays an important supporting role in improving urban amenity and economic resilience.




4.4 Mechanism analysis

According to the aforementioned theoretical analysis, urban amenities may have a significant impact on regional factor supply and resource allocation efficiency. High urban amenity means that the city has good living conditions, employment opportunities, educational resources, medical services, etc. These will increase people's expectations for the quality of life and happiness after migration, thereby increasing their utility expectations of migration. At the same time, areas with high urban amenities can attract high-quality talents in different fields or at different levels, further improving the quality of labor supply and improving the city's human capital level. Therefore, cities with high urban amenities can attract more population inflows and increase the quantity and quality of labor supply. In addition, cities with high urban amenities can also promote technological innovation and increase the supply of intellectual capital. Innovation is an important driving force for economic growth and a key factor in improving production efficiency and competitiveness. Therefore, high urban amenity means that the city has a good innovation atmosphere, scientific research institutions, talent training systems, knowledge exchange channels, etc. These will enhance the effects of population agglomeration and innovation, thereby enhancing urban economic resilience.

To test the channel through which urban amenity affects urban economic resilience, we take urban amenity as the core explanatory variable and replace the explained variables of the model (1) with the degree of population agglomeration, the number of labor forces, human capital, and urban innovation. This model is used to examine the impact of urban amenity on mechanism variables. Columns (1) to (5) of Table 8 respectively verify that the degree of population agglomeration, the number of labor force, human capital, innovation patents, and innovation investment are the paths through which urban amenity affects urban economic resilience. In conclusion, cities with high levels of amenities have a higher quality of life, more labor and high-quality talent inflows, and a stronger innovation atmosphere, which have a positive effect on urban economic resilience. The above analysis has verified to a certain extent the impact mechanism of urban amenities on urban economic resilience.


TABLE 8 Mechanism analysis.

[image: Table showing regression results for five models: Population, Labor, Humancap, Patent, and R&D. Each includes an 'Amenity' coefficient significant at one percent with t-values in parentheses: 7.808, 2.803, 4.146, 7.277, and 2.663. Control, individual fixed, and time fixed effects are included across all models. Each model has 1,670 observations, with R² values of 0.999, 0.929, 0.987, 0.900, and 0.952, respectively. Significance levels are indicated by asterisks.]




5 Discussion

We analyze the relationship between urban amenities and urban economic resilience. Our empirical evidence suggests that urban amenities significantly contribute to enhancing urban economic resilience. This aligns with prior research emphasizing the various benefits of amenities in urban sustainable development (16, 21, 69). Urban amenities, encompassing factors such as green spaces, cultural attractions, and public infrastructure, not only enhance the quality of life for residents but also attract investments, stimulate economic activity, and promote sustainable development. The presence of green spaces, for instance, not only enhances environmental sustainability but also fosters community wellbeing and social cohesion, thereby contributing to enhancing urban economic resilience (70). Similarly, investments in cultural institutions and recreational facilities not only enrich the urban experience but also promote economic development through tourism, cultural events, and creative industries (71). In particular, we found that the population agglomeration effect and innovation effect are the influencing mechanisms through which urban amenity improves urban economic resilience. Population agglomeration and innovation effects play a very important role in enhancing the economic resilience of urban areas (64, 67). Concentration and innovation of population facilitate economies of scale, resource sharing, and enhanced labor market efficiency, all of which contribute to the resilience of local economies. In conclusion, investing in the development and maintenance of urban amenities emerges as a strategic approach to improving economic resilience.

The regional disparities in the impact of urban amenities on economic resilience are noteworthy. Previous studies find that unreasonable investments in amenities in poor regions could exacerbate socioeconomic inequalities, thereby leading to the exclusion of underprivileged residents from benefiting from urban amenities and displacing long-standing communities (72). This highlights the importance of tailoring urban development strategies to regional contexts. Similar to previous studies, we find that in more economically developed areas such as the East, the construction of infrastructure and other amenities is more conducive to promoting urban economic development (73, 74). Economically developed regions tend to have more diversified economies, meaning they are not solely reliant on one industry. Building amenities can contribute to this diversification by attracting different types of businesses and residents. For instance, a city with a vibrant arts scene may appeal to creative professionals, while excellent recreational opportunities may attract outdoor enthusiasts or retirees. This diversity can help protect the city against economic shocks. In addition, we also found that the stronger the urban environmental regulation, the more conducive it is to enhancing economic resilience through the construction of amenities. Environmental regulations targeting climate change mitigation and adaptation measures can enhance urban resilience to cope with extreme weather events and other economic-related challenges. Investments in green infrastructure, such as flood protection systems and sustainable urban planning, can minimize economic disruptions caused by environmental disasters (75). Therefore, policymakers should consider local conditions, socio-economic dynamics, and environmental factors when planning and allocating resources for urban amenities.

Previous research shows urban growth and economic development have not coincided with urban resilience policies, plans, and practices (76). Urbanization, especially in developing nations, is often characterized by rapid expansion and resource-intensive development aimed at bolstering economic growth. However, this growth frequently occurs without adequate consideration for the resilience of urban systems to withstand various shocks, ranging from environmental disasters to economic downturns. Consequently, cities may become more susceptible to disruptions, thereby impeding sustained economic progress. Our research underscores the significance of integrating resilience-focused approaches into urban development strategies, particularly through the adoption of suitable amenities. By investing in infrastructural solutions that prioritize both economic growth and economic resilience, cities can better withstand and recover from adverse events while fostering long-term prosperity. In conclusion, our study underscores the importance of aligning urban development efforts with economic resilience principles to promote sustainable economic growth in developing countries. By the construction of rational and moderate amenities, cities can enhance their capacity to withstand and recover from challenges, ultimately fostering more resilient and prosperous urban environments.



6 Conclusion

At this stage, economic uncertainty is becoming normalized. Increased economic uncertainty may increase market risks and trigger economic turmoil, which will have a profound impact on urban economic development. Therefore, how to deal with economic uncertainty and improve the economic resilience of cities has become an important current research topic. This is related to the efficiency of economic operation and the strategic goal of high-quality development of the Chinese economy. At the same time, urban amenity is an important indicator to measure people's happiness. The construction of urban amenities is an important task that conforms to the laws of urban development and the requirements of the times and reflects the comprehensive strength of the city. This is not only an effective way to deal with economic uncertainty, but also an important measure to achieve high-quality urban development. After measuring the city's artificial amenities and climate amenities, we conducted an empirical analysis based on China's urban panel data from 2011 to 2019, tested the impact of urban amenities on urban economic resilience, and came to the following empirical conclusions. Firstly, whether urban amenity is measured in terms of artificial amenities or climate comfort, cities with more amenity show stronger economic resilience when facing external shocks. Secondly, the impact of urban amenity on urban economic resilience shows regional differences. Compared with central and western cities, eastern cities can significantly enhance the city's economic resilience by improving their amenity. At the same time, the greater the intensity of environmental regulation and the higher the degree of urbanization in a city, the stronger the role of urban amenities in promoting economic resilience. Finally, we find that urban amenity affects economic resilience mainly through mechanisms such as population agglomeration, labor migration, improving the quality of human capital, and stimulating innovation vitality.

In light of the above conclusions, we propose the following policy recommendations: First, we suggest strengthening the incentives for local governments to build livable cities and, based on urban development goals and residents' needs, conduct reasonable allocation and optimization of amenity resources. The government should enhance residents' awareness of participation in urban governance, establish surveys on urban residents' satisfaction with livability, and incorporate urban livability satisfaction into the assessment and evaluation of government performance. Additionally, the government should delve deeply into and make good use of urban cultural resources, creating distinctive cultural blocks and cultural industry parks, among others. In the meanwhile, it should improve the allocation of urban land resources, dedicating more land to the construction of parks, green spaces, sports, and fitness facilities, and other public spaces. Lastly, according to the climate characteristics of different cities, the government should actively create green development space, optimize the urban heat island effect, strengthen environmental governance and ecological restoration, in particular, strictly implement the discharge standards of air pollutants and urban sewage and environmental protection policies, improves the quality of air and water resources, and improves the urban climate environment.

Second, considering the differences in natural conditions and the level of economic and social development between different regions, the government should promote the construction of urban amenities in a manner tailored to local conditions. In the eastern regions and cities with higher urbanization rates, it's crucial to fully leverage the advantages of factor agglomeration and location. The focus should be on improving urban environmental quality and public service levels. By intensifying environmental governance, advancing green and low-carbon development, optimizing urban spatial structure, and enhancing urban management efficiency, the goal should be to create ecologically livable, modern, resilient cities. In addition, the government should pay attention to the regional balance of the allocation of amenity resources, improve the financial transfer payment system, and increase the tilt of amenity resources in the central and western regions and cities with low urbanization rates. Governments at all levels should improve the resource scheduling mechanism for amenity construction and increase special support for these areas such as funds. In the meanwhile, the government should promote the central and western regions and cities with low urbanization rates to invest appropriately in infrastructure construction according to the needs of the population, strengthen the development of the value of natural resources, and foster tourism, leisure, and health care industries. The government should narrow the differences in education, medical, and other resources between regions, and strengthen exchanges between cities in school management, curriculum education, and student training. In particular, it should solve the problem of remote medical care and difficult access to medical care, guide the rational flow of the population, and thus enhance the economic resilience of regional cities.

Third, the government should improve the overall environmental quality of the city, attract population and capital inflows, and stimulate the quality of urban innovation. First and foremost, the government should prioritize human-centric improvements in urban public services and infrastructure, enhance urban green spaces, air quality, and other environmental aspects, foster a shared local culture, and judiciously promote unique cultural products in crafts and cuisine to fully accommodate the diverse needs of various demographics and activities. Concurrently, it should establish a tiered housing system to enhance living comfort, expedite the development of affordable housing, and bolster community governance capabilities, all aimed at forging a conducive environment for work, living, leisure, and travel, thereby attracting populations and labor migration. Moreover, the government should ease household registration constraints, diminish labor mobility barriers, and fortify the urban social welfare system, crafting an open, inclusive, and diverse social milieu. Lastly, the government ought to underscore the significance and timing of constructing various amenities, forge an inclusive environment for innovative talents, and high-caliber research platforms, actively recruit and nurture top-tier talent, bolster the growth of diverse innovative bodies, and facilitate the translation and deployment of scientific and technological advancements to fortify urban economic resilience.

The shortcomings and future development ideas of this paper are as follows: First of all, we mainly use objective index data at the city level. Future studies could further consider the use of subjective evaluation index data of urban residents on the amenity level or individual characteristics data at the micro level, and use Hedonic or other models to estimate the implied price of urban comfort attributes and improve the comfort index construction system. Secondly, the measure of economic resilience in this paper has limitations in the selection of variables and the evaluation of effects and lacks the dynamic evaluation of the time dimension. In the future, multiple macroeconomic indicators and time-varying impulse response functions could be selected and used to measure urban economic resilience, to provide ideas for measuring macroeconomic resilience from a dynamic perspective.
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Background: This study aims to explore the correlation between urban green space coverage and resident health, and to analyze its underlying mechanisms.
Methods: Using panel data from 30 provinces in China from 2006 to 2022, which mainly includes urban green space coverage, general health of the population, air quality, and social connectivity. This research constructed a fixed effects model to perform baseline regression analysis. A series of robustness tests, including variable substitution, controlling for geographical differences, regional robustness tests, and shortening the time span of the study, further verified the robustness of the results. Additionally, mechanism tests were conducted to examine the positive impacts of urban green spaces on resident health by improving air quality and enhancing social connectivity.
Results: The findings indicate a significant positive correlation between urban green space coverage and resident health levels. That is, the greater the area covered with urban green space, the healthier the residents of the area will be. Robustness tests support the reliability of this finding, while mechanism analysis reveals that urban green spaces have a positive impact on the health of the population by improving air quality and increasing social connectivity.
Discussion: This study underscores the importance of urban green space planning in improving resident health and quality of life, providing urban planners with scientific evidence to optimize urban green systems for broader health objectives.


Keywords
 urban green spaces; resident health; air quality; social connectivity; urban planning


1 Introduction

With the acceleration of China’s urbanization and the continuing growth of urban population, the cities are facing increasingly severe environmental and health challenges. As an important part of the urban ecosystem, urban green space has a significant impact on the health status and quality of life of residents. Currently, the planning and construction of urban green space in China have received unprecedented attention. As an important part of the urban ecosystem, urban green space plays a key role in improving air quality, reducing noise, and beautifying the environment. The government is committed to improving the accessibility and availability of green spaces to alleviate resident health problems. The Opinions on Promoting the Green Development of Urban and Rural Construction explicitly proposes the construction of a coordination mechanism for the green development of regions and urban agglomerations, emphasizing the importance of urban ecosystem improvement. The Guidelines on Planning and Land Policies in Support of Urban Renewal (Version 2023) issued by the General Office of the Ministry of Natural Resources (MNR) of China aims to enhance the level of urban planning, construction, and governance to create livable, resilient, and smart cities through the deep integration of planning and land policies. The Urban Green Space Planning Standards issued by the Ministry of Housing and Urban–Rural Development provide national standards and guidance for urban green space planning and promote the standardization and scientification of urban landscaping and greening construction.

Existing studies have mostly relied on questionnaire surveys and micro-empirical studies when exploring the relationship between urban green space environment and residents’ mental health (1). Although these research methods reveal, to a certain extent, residents’ perception and use of green space and the specific impact of green space environment on mental health, they are limited by the size of the sample and geography, geographical limitations, and it is difficult to comprehensively reveal the overall correlation and deep logic between green space and resident health. As a key indicator of urban greening level, the impact of urban green space coverage on resident health has become one of the hotspots of academic research. This study aims to collect and analyze provincial data from a macro perspective, and deeply analyze the impact of urban green space coverage on resident health through empirical evidence. Using large sample data and empirical statistical analysis, the study systematically explores the specific impact of urban green space coverage on resident health and deeply analyses the potential mechanisms behind it, which not only provides new perspectives for understanding how urban green space promotes social interactions and health, but also helps the government and urban planners to make more scientific decisions when formulating relevant policies and plans, which has important theoretical and practical values.

This study explicitly sets the following two research objectives: first, to construct a fixed-effects model to empirically test the positive correlation between urban green space coverage and resident health level using panel data from 30 provinces in China; and second, to further explore how urban green space positively influences resident health through mediating variables such as improving air quality and strengthening social ties. Through this study, we expect to gain an in-depth understanding of the role of urban green space in enhancing resident health, provide a scientific basis for urban planners, and help build a more livable and healthy urban environment. In order to realize the above research objectives, the following research questions are posed in this study: How does urban green space coverage affect the health level of residents? Is this effect realized through mediating variables such as improved air quality and stronger social ties? An empirical analysis was conducted based on data from 30 provinces in China to quantify the positive impact of urban green space on population health.

The first part of this study reviews the relevant research results on the relationship between urban green space coverage and resident health at home and abroad, summarizes the main findings and perceptions of existing studies, and provides a theoretical framework and research ideas for this study. The second part conducts theoretical analyses and puts forward research hypotheses based on the literature review. The third part of the study describes the theoretical model and methodology used in the study, as well as a detailed description of the indicators used, including the measurement of variables, such as urban green space and the health of the population, to ensure the scientific validity and reliability of the study. The fourth part of the empirical results analysis, using empirical data from 30 provinces in China, to explore the specific impact mechanism of urban green space coverage on resident health. This section provides an in-depth analysis of the correlation and degree of influence between urban green spaces and resident health by conducting benchmark regressions, robustness tests and mechanistic analyses. The fifth section, Conclusions and Implications, summarizes the results of the study and puts forward corresponding policy recommendations and practical implications, to provide a scientific basis and practical guidance for urban green space planning, construction, and management, and promote the healthy development of the city and the improvement of residents’ quality of life.

The purpose of this study is to provide a scientific basis for government policymakers and urban planners to promote the rational planning and construction of urban green space. An in-depth study of the relationship between urban green space coverage and resident health, reveals the exact mechanism of the influence of urban green space on resident health and provides specific guidance and strategic recommendations for the design, layout, and management of urban green space. This study is expected to provide important theoretical and practical references for promoting the sustainable development and optimization of urban green spaces around the world, and to make substantial contributions to the creation of healthy and livable urban environments, and to the improvement of residents’ quality of life and sense of well-being.



2 Literature review

Urban green space, as the core element of urban ecology, plays a pivotal role in optimizing the layout of the urban environment and improving the quality of life of residents, and is an important guarantee for the sustainable development of the city (2). The impact of urban green space on the health of residents is a multidimensional issue that involves many fields such as environmental science, urban planning, psychology and resident health (3). Many studies at home and abroad have explored the relationship between urban green space and resident health. Many studies at home and abroad have explored the relationship between urban green space and resident health. Green spaces have always been considered an important part of urban ecosystems (4). They not only provide residents with opportunities to access nature, but also help to relieve the stress of urban life and have a positive impact on residents’ psychological state (5). The coverage of urban green space has positive benefits on social health (6). The coverage of urban green spaces has a positive impact on the health of the community.

In recent years, researchers have begun to utilize geographic information systems (GIS) (7) and remote sensing to assess the spatial distribution of urban green spaces and their potential impact on the health of residents, thereby quantifying the degree of spatial coupling between the cooling benefits of green spaces and the distribution of temperature and population. The results found that there is spatial consistency between the cooling benefits of green space and the needs of human settlements. Parks near lakes with higher cooling potential and parks with higher forest cover attracted more slow and long-distance running activities, thus synergistically mitigating the unfavorable thermal environmental effects of the city in summer. Parks with higher cooling potential and high wooded parks are more attractive to slow-distance running activities (8), and synergistically play a certain role in mitigating the unfavorable urban thermal environment in summer (9). The accessibility of green spaces is a guarantee. The accessibility of green spaces provides a useful reference for the development of sheltered housing and helps optimize the spatial layout of the city (10).

Green spaces can be measured more accurately using these techniques and can be analyzed at larger spatial scales. In addition to this, some scholars have also used meta-analysis to systematically review the literature in the database, summarized the significant effect size associations of urban green space with seven aspects of mortality, autonomic activity, endocrine system, immune system, mental stress, emotional potency, and cognitive ability, and summarized multiple potential spatial pathways of action for the health impacts of green space (11).



3 Theoretical analysis and research hypothesis


3.1 Potential links between urban green spaces and resident health

As an important part of urban ecosystems, the positive effects of urban green spaces on the health of residents have received widespread attention. Research at the intersection of ecology, environmental science and resident health has revealed the multiple ecological services of urban green space in providing recreational space, improving microclimate, reducing heat island effect, and so on (12). These functions not only enhance the ecological quality of cities, but also improve the ecological quality of cities. These functions not only enhance the quality of the urban ecological environment, but also have a significant positive impact on the physical and mental health of residents. In this context, the relationship between urban green space coverage and resident health has become a topic worthy of in-depth discussion. Recent studies have emphasized the role of urban green space in promoting residents’ mental health, pointing out that green space can reduce environmental stress and improve the quality of life (13). The findings of this paper are based on the following hypotheses. Based on these findings, this paper proposes the following hypothesis:

 H1: There is a positive correlation between the increase in urban green space coverage and the increase in resident health, i.e., the more green space there is in the city, the better the health of the residents.





3.2 Mediating role of air quality

Theories from environmental epidemiology and air quality provide possible mechanisms by which urban green spaces can indirectly affect the health of residents by improving air quality (14). Urban green spaces effectively improve air quality by absorbing pollutants from the atmosphere, increasing the negative oxygen ion content of the air, and maintaining soil ecology (15). This process is essential for reducing health problems caused by air pollution. Studies have shown that a good air quality environment can significantly improve the overall health of residents (16). Therefore, this paper further explores how urban green spaces can indirectly contribute to the enhancement of resident health through the mediating variable of improving air quality. Accordingly, the following hypotheses are proposed:


H2: Urban green space has a positive impact on resident health through the mediating variable of improved air quality. Specifically, an increase in urban green space coverage can effectively improve air quality, which in turn promotes the improvement of resident health.
 



3.3 The mediating role of residents’ social connectedness

Theories from social psychology and the sociology of health emphasize the importance of social connectedness to the health of the population (17). Urban green spaces, as public places for socializing and leisure, not only promote communication and interaction among residents, but also enhance community cohesion and sense of belonging (18). In addition, the natural environment provided by urban green spaces can bring residents positive emotional experiences and a relaxing leisure environment, which can help to enhance their sense of well-being (19). The social and psychological dimensions of these positives are also important for community well-being. They can alleviate psychological stress, prevent mental health problems, and have a positive impact on the overall health of residents (20). Based on these theories, this paper explores how urban green spaces can indirectly promote resident health by enhancing their social connectedness and well-being. Therefore, the following hypotheses are proposed:


H3: Urban green space not only improves the ecological environment, but also indirectly affects resident health by enhancing their social connectedness and sense of well-being. Therefore, as the coverage of urban green space increases, the social well-being of residents will be enhanced, which in turn promotes the improvement of resident health.
 




4 Study design


4.1 Model setting

To eliminate unobservable differences between individuals in different provinces as well as to control for time variation, the research model in this paper is a double fixed effects model, as shown in Equation (1).

[image: The equation shown is a linear regression model: \( jmjkit = \alpha_{1} + \alpha_{2} csldit + \alpha_{3} Xit + \lambda_{i} + \mu_{t} + \varepsilon_{it} \). It is marked as equation (1).]

where i denotes province and t denotes year, the explanatory variables are [image: The image shows the mathematical expression "j m j k" with "k" in subscript and "i t" slightly smaller to the right.] represents the health level of the population in year t of the ith province, the core explanatory variables are [image: Italicized lowercase letters "c", "s", "l", and "d" followed by "it" in subscript style.] represents the urban green space in year t of the ith province, X denotes the set of control variables, which are geographical attributes—dysx, regional healthcare level—ylsp., regional aging level—llhcd, regional economic level—jjsp., regional industrial structure—cyjg, urban physical activity—ydsp., and [image: The Greek letter lambda with a subscript lowercase i.] denotes area fixed effects, the [image: The image shows the Greek letter alpha with a subscript lowercase letter "q."] denotes time fixed effects, and [image: Lowercase epsilon symbol with subscript "it" (ε_it), often used in mathematical or statistical equations to denote an error term or residual for individual "i" and time "t".] is the random error term.



4.2 Variable setting and descriptive statistics


4.2.1 Core explanatory variables

Urban Green Space: This paper refers to the study of Richardson and Elizabeth (21) adopts the green coverage area of the built-up area to express its urban green space coverage. The green coverage area of built-up areas is mainly composed of six parts as shown in the figure below, reflecting the scale and size of urban green space in a region. This paper measures in hectares, and the more this indicator is, the more urban green areas are covered (Figure 1).

[image: Chart showing "Urban Green Space" divided into five categories: public green areas, residential green areas, green areas attached to units, protective green areas, production green areas, and scenic forest areas.]

FIGURE 1
 Schematic diagram of the components of the urban green space indicator.




4.2.2 Explained variables

Resident health: This paper uses per capita health costs to measure the health level of its residents, which will lead to an increase in per capita health costs when residents have a heavy burden of disease and insufficient preventive health care. This is calculated as shown in Equation (2).

[image: Per capita health cost is calculated as the total health cost divided by the total population for period t. Equation labeled number 2.]

Where [image: Text displaying "Per capita health cost" with "it" in subscript, indicating a specific time or instance.] denotes the per capita health cost of city i in period t, the ratio of the total health cost in that year to the average population in that period.

The total cost of health has three main components, as shown in Figure 2.

[image: Flowchart depicting total health cost divided into three categories: medical service costs, drug costs, and preventive health care costs. Each category is connected by an arrow to the total health cost.]

FIGURE 2
 Schematic diagram of total cost components.




4.2.3 Control variables

Geographical attributes: This paper refers to Zhao’s study (22), considering the large differences in lifestyle between the South and the North, which will have an impact on health. Therefore, this paper assigns a value of 1 to the southern city and 0 to the northern city to distinguish whether the city is located in the southern region of China or the northern region of China. This paper defines “south” based on the Qinling-Huaihe River line as the boundary. This indicator is used to control the influence of living habits, climatic conditions, cultural differences, etc. on the health of residents due to different geographical locations.

Regional level of medical care: This paper refers to Morgan’s study (23), using the number of hospital beds per capita in the region to take the natural logarithm to measure the level of healthcare in the city, which is the natural logarithm of the total number of beds provided by all the health institutions within the city (including public hospitals, private hospitals, and community health service centers, etc.).

Level of aging in the area: This paper draws on Hsu’s study (24), and adopts the aging rate of each region to indicate the degree of regional aging, a variable that refers to the proportion of the older adults aged 65 and above to the total population in each province. The aging rate serves as an indicator of urban demographic structure, reflecting the degree of urban population aging. Urban aging may have an impact on resident health, medical needs, social welfare, and other aspects.

Regional gender characteristics: This paper refers to the study of Boerma (25), using the sex ratio by province to reflect regional gender characteristics, which is the ratio of the number of male population to the number of female population in each province, expressed as the number of males per 100 females.

Regional economic level: This paper refers to the study of Sun (26), adopting per capita gross regional product (yuan) as an indicator of regional economic level, which refers to the gross regional product divided by the number of resident population in a certain region, reflecting the economic value created per capita in the region.

Regional industrial structure: This paper refers to the research of Li Zhongyue (27), adopting the proportion of GDP of the secondary industry as an indicator of regional industrial structure, reflecting the degree of concentration of economic activities and the characteristics of industrial distribution in the region, which refers to the proportion of the gross domestic product of the secondary industry (mainly including the manufacturing industry, the mining industry, and the construction industry, etc.) to the total GDP of the region within a certain region. Different industries may have different impacts on resident health in terms of labor intensity, degree of environmental pollution, and technological innovation capacity.

Urban physical activity: A large number of studies have shown that physical activity has a positive effect on the health of residents (28–30), while the development status of a city’s sports has a positive impact on urban physical activity (31). Therefore, this paper selects the number of ranked athletes to indicate the level of physical activity of urban residents. The number of ranked athletes in a city reflects the sports culture and social atmosphere of the city. When a city attaches importance to sports development and competitive sports, residents will be influenced to actively participate in various forms of sports activities and exercise. Thus, the greater the number of ranked athletes, the higher the level of physical activity in the city. Specific variables are described in Table 1.



TABLE 1 Description of variables and descriptive statistics.
[image: Table displaying variables and statistics related to resident health, including explained, explanatory, and control variables. Columns show names, symbols, N, mean, standard deviation, minimum, and maximum values for each variable.]




4.3 Data sources

In this paper, a total of 510 research samples from 30 provinces and regions in China from 2006 to 2022 are selected as research objects; Xizang Autonomous Region has been excluded due to severe data deficiency, and the Hong Kong, Macao, and Taiwan regions of China are also not within the scope of this study’s examination due to significant differences in statistical scales compared to other provinces and regions. The data on urban green space coverage was obtained from the CSMAR database, the statistics on resident health were obtained from the China Health and Wellness Statistical Yearbook, and the rest of the relevant data was obtained from the China Statistical Yearbook, the China Cultural Relics and Tourism Statistical Yearbook, and the statistical yearbooks of each city. Data were processed using Stata17.0. Some of the missing data were processed by interpolation.




5 Analysis of empirical results


5.1 Benchmark regression

In this paper, the POLS method is first used to explore the effect of urban green space on residents’ health, showing that the results are significantly negative, and it is initially concluded that there is a negative correlation between the two. Combined with the results of Hausman test, the p-value is 0.000, which is less than 0.005, so this paper is more applicable to the fixed effect model. Therefore, in the baseline regression analysis, this paper chooses the two-way fixed effects model, i.e., considering the fixed effects at the individual and time levels, which helps to reveal the relationship between the variables more accurately. To examine whether there is a positive benefit of urban green space on resident health in urban green space planning, with the help of the model, it is tested that an increase in the area covered by green space in the built-up area is accompanied by a decrease in the per capita health costs of residents in the area. The regression results are shown in the table.

Table 2 Column (1) shows the POLS model, and the results indicate that the regression coefficients for the variables csld and jmjk are −0.004 and significant at the 1% level; Column (2) shows the random effects model, and the results indicate that the regression coefficients for the variables csld and jmjk are −0.009, and significant at the 1% level; in columns (3) and (4) controlling for the individual fixed effects and the time fixed effects, the regression coefficients of variables csld and jmjk are −0.011 and − 0.006 respectively, also significant at 1% level; in column (5), both individual and time fixed effects are fixed at the same time, i.e., it is a bidirectional fixed-effects model, and the regression coefficients of variables csld and jmjk are significantly negative at 1% level. When the urban green space coverage increases by 10%, the related healthcare expenditures of the residents of the area decrease by 0.08%. This set of results indicates that when the area of urban green space coverage increases, the related medical expenditure of the residents of the city decreases, and the baseline regression preliminarily confirms the improvement of the health level of the residents due to the increase of urban green space coverage. Hypothesis 1 is verified (H1).



TABLE 2 Benchmark regression results.
[image: A regression table displays the results of five models: Pooled OLS, Random Effects, Fixed Effects, Time Fixed Effects, and Two-way Fixed Effects. Variables include csld, ylsp, llhcd, xbtz, jjsp, cyjg, dysx, ydsp, and a constant. Each variable's coefficient and t-statistic are given, with stars indicating statistical significance levels: *** for p<0.01, ** for p<0.05, * for p<0.1. The table also lists observations, R-squared values, and whether ID and Year Fixed Effects are included.]



5.2 Robustness tests


5.2.1 Replacement of independent variables

In this paper, we refer to the research of Cawley (32), to conduct the robustness test of replacing the independent variables, replacing the independent variables from the original green coverage area of built-up areas to other similar quantitative indicators - green space area (ha) and green space area of built-up areas (ha). The results of the regression analysis after replacing the independent variables are shown in Table 3, whose coefficients are significantly negative at the 1% confidence level, consistent with the benchmark regression results, implying that the results are statistically reliable. This indicates that the negative correlation between green areas in built-up areas and health costs has not changed. The results of this robustness test enhance the credibility of the study findings and support the finding that increased urban green space coverage may contribute to the improvement of resident health status.



TABLE 3 Robustness tests for replacement of independent variables.
[image: Regression table showing two models with dependent variable "jmjk." In model (1), the coefficient for "ldmj" is -0.004 with a T-statistic of -3.57. In model (2), the coefficient for "jcqldmj" is -0.010 with a T-statistic of -4.80. Constants are 7,930.922 and 7,400.134 with T-statistics 7.20 and 6.71, respectively. Both models have 508 observations and R-squared values of 0.944 and 0.945. Control Variable, ID FE, and YEAR FE are included in both models. Significance levels are indicated by asterisks.]



5.2.2 Adding dummy variables

In this paper, we refer to the study of Schmidbauer (33) which adds a dummy variable to the original regression model to distinguish between the northern and southern regions. The introduction of this dummy variable aims to control for health differences that may be caused by different geographical locations, such as climatic conditions, dietary habits, and distribution of medical resources. The results of the robustness test show that its coefficient is significantly negative at the 1% confidence level, i.e., after controlling for regional differences between the North and South, the negative relationship between the area of green coverage in built-up areas and per capita health costs is still statistically significant, which further strengthens the credibility of the study’s conclusions. The results in Table 4 suggest that the association between increased urban green space coverage and improved Resident health is generalized across geographical regions and that this effect is present in both the northern and southern regions.



TABLE 4 Robustness tests for adding dummy variables.
[image: Table displaying regression results for the variable "jmjk." The coefficient for "csld" is negative 0.008 with a t-statistic of negative 4.27, significant at p<0.01. The constant is 7,379.788 with a t-statistic of 6.62. There are 510 observations, and the R-squared within is 0.944. Control Variable, ID FE, and YEAR FE are all marked as "Yes." Significance levels are indicated by asterisks: ***p<0.01, **p<0.05, *p<0.1.]



5.2.3 Sub-sample robustness tests

In this paper, we refer to Wang’s study (34) to conduct regression in sub-samples. Table 5(1)–(2) divides the sample size into two sub-samples, the South and the North, based on geographic regions, to explore whether there is consistency in the impact of urban green space coverage on the health level of residents in different geographic contexts. After regression analyses of the southern and northern subsamples, the results show that in the northern region, when the urban green space coverage increases by 10%, the medical expenditure of the residents in the region decreases by 0.06%; in the southern region, when the urban green space coverage increases by 10%, the medical expenditure of the residents in the region decreases by 0.012%, and the coefficients of the influence of urban green space on the health level of the residents are relatively close in the southern and northern regions, and both are at the 1% confidence level. All of them are significant at the level of 1% confidence interval. It shows that even if the climatic conditions of the north and south are different and the living habits of the residents are not the same, the negative relationship between the built-up area of green coverage and the health level of the residents remains significant, i.e., the geographical differences do not affect the positive effect of the urban green coverage on the health of the residents. Table 5(3)–(4) quantify the sample into two sub-samples of high and low aging, using the average of aging rate in each region as the zero cut-off point. The regression results show that urban green spaces have a significantly negative impact on the health of the population. In particular, in areas with a low degree of aging, when the coverage of urban green space increases by 10%, the related medical expenditure of residents in the area decreases by 0.06%; in areas with a high degree of aging, when the coverage of urban green space increases by 10%, the related medical expenditure of residents in the area decreases by 0.08%. It can be seen that the higher the degree of aging in the region, the greater the impact of urban green space on the health of residents, indicating that the role of urban green space on the health of residents is greater in the older adult group. The results of the categorical robustness test further enhance the reliability of the findings, confirming that the findings apply not only to the overall sample, but also equally to the sub-samples by region and age.



TABLE 5 Sub-sample robustness tests.
[image: A table displays regression results for four groups: South, North, Young, and Old. The variable 'csld' shows coefficients and t-statistics: South -0.006 (t=-2.45), North -0.012 (t=-3.76), Young -0.006 (t=-3.35), Old -0.008 (t=-1.82). Constants and observations are provided for each group, with the number of IDs and indication of control, ID FE, and YEAR FE variables set to 'Yes'. The note clarifies significance levels with asterisks indicating p-values less than 0.01, 0.05, and 0.1.]



5.2.4 Reduction in sample study time

In order to reduce the interference of long-term trends and cyclical factors as well as the potential impact of possible policy adjustments, economic conditions, demographics, and other factors over time, this paper refers to the study by Neugebauer (35). The period of the data is reduced from 2006–2022 to 2010–2022 for robustness testing. As the results in Table 6 show, the coefficient remains significantly negative at the 1% confidence level after shortening the period. This suggests that the negative relationship between the green coverage area of built-up areas and per capita health costs remains significant even over different time horizons, and that the positive impact of urban green space coverage on resident health is robustly present. In addition, from 2006 to 2020, when the urban green space coverage increased by 10%, the related health expenditure of residents in the area decreased by 0.16%; from 2006 to 2018, when the urban green space coverage increased by 10%, the related health expenditure of residents in the area decreased by 0.12%. At the same time, as shown in the figure, in the context of a series of policies formulated by the government to improve green space, the area of urban green space in recent years has shown a year-on-year trend of increasing, and the overall quantity has improved, indicating that the government’s policies on the construction of urban green space have achieved certain results (36). In addition, with the growth of time, the function of urban green space has been increasingly improved (37). In summary, with the growth of time, the area of urban green space has gradually increased and its function has been gradually improved, which has had a greater impact on the overall health level of residents.



TABLE 6 Robustness test for shortened sample study time.
[image: Table with two regression models comparing periods 2006–2020 and 2006–2018. Both models include the variable "csld" with coefficients -0.009 and -0.007, respectively, both significant at p<0.01. Constants are 5,240.649 and 3,848.532, also significant. Observations are 420 and 360, with R-squared values of 0.945 and 0.946. Control, ID FE, and YEAR FE variables are included in both models.]

The following figure demonstrates the trend of green space coverage provinces from 2006 to 2022 in China. And it can be seen that the overall provinces have shown a year-on-year growth trend, although the base area of green space coverage is not consistent. This positive trend indicates that many of Chinese policies on urban greening and ecological civilization have achieved positive results, and are of great significance in enhancing the quality of life of urban residents, improving the urban ecological environment and promoting sustainable development (38, 39) (Figure 3).

[image: Three-dimensional graph depicting green space area in square kilometers over time from 2006 to 2023 across various provinces. The layers transition from blue to green, indicating changes in green space areas.]

FIGURE 3
 The trend of change in the area covered by urban green space.





5.3 Mechanism testing

The empirical finding that urban green spaces enhance residents’ health has been established. This paper builds upon theoretical analyses to elucidate its mechanistic role, focusing on regional air quality and residents’ social interactions. Referring to Jiang’s study (40), the following model is used to test the mechanism, as shown Equation (3).

[image: Mathematical equation labeled as equation 3. It reads: M sub it equals beta sub one plus beta sub two times csId sub it plus beta sub three times X bar sub it plus lambda sub i plus mu sub t plus epsilon sub it.]

Where [image: Mathematical notation showing an italicized capital "M" followed by a subscript of lowercase italicized "i" and "t".] are mechanism variables from two perspectives of regional air quality and residents’ behavior, and the rest of the variables are the same as in the baseline regression model. The mechanism variable for regional control quality is pmnd expressed as the total annual PM2.5 concentration in each province, which refers to Geng’s study (41)and the data are from the CSMAR database; the mechanism variable of the social relevance of residents is jmsj is expressed by the number of cultural institutions in each province, where the cultural institutions mainly include the four categories of museums, public libraries, art performance venues, and art performance teams, and the data are from the China Culture and Tourism Statistical Yearbook. The path analysis diagram of the mediating role in this study is shown in Figure 4.

[image: Flowchart with two diagrams. The first diagram shows a flow from "csld" to "jmjk" labeled "α." The second diagram starts with "csld," branching to "pmnd" with "β" and "β’" arrows, and "jmsj." Arrows from "jmsj" and "pmnd" join at "jmjk" with "γ" and "γ’" labels, respectively.]

FIGURE 4
 The path analysis diagram of the mediating role.



5.3.1 Urban green spaces and regional air quality

Table 7 reports the regression results of the air quality mechanism test. In Column (2), the regression results illustrate the relationship between urban green space and urban air quality. The coefficient is significantly negative at the 1 percent confidence level, suggesting that an increase in urban green space corresponds to a decrease in PM2.5 content, indicating improved air quality in the area. In addition, a large number of studies at home and abroad have shown that air quality has a significant positive impact on the health of residents, the better the regional air quality, the healthier the residents of the region. For example, Geng Guannan studied the long-term trend of PM2.5 exposure and its impact on health in China from 2002 to 2017, and the results showed that higher PM2.5 concentrations, i.e., the worse the air quality, will harm health (41–44). Therefore, it can be concluded that urban green spaces influence the air quality of the area, thereby affecting residents’ health. That is, the more urban green spaces there are, the better the air quality in the area, and the healthier the residents, thus validating Hypothesis 2 (H2).



TABLE 7 Regression results of the mechanism test of urban green space and regional air quality.
[image: Statistical table displaying regression results for two models. Variables include "csld" and "Constant," with coefficients and t-statistics in parentheses. Model (1) shows csld coefficient as -0.008 with significance at p<0.01, and constant as 7,379.788 with p<0.01. Model (2) shows csld coefficient as -24.877 with p<0.01, and constant as -4,664,018.809. Observations total 510 for both models. R-squared values are 0.943 for model (1) and 0.545 for model (2). Control variables, ID fixed effects, and YEAR fixed effects are included in both models.]



5.3.2 Urban green spaces and socialization of residents

The regression results of the mechanism test of residents’ social connectedness are reported. Column (2) of Table 8 indicates that the effect of urban green spaces on residents’ social connectivity is significantly positive, suggesting that the more urban green spaces there are, the greater the social connectivity among residents in the area. Column (3) reports the effect of residents’ social connectedness on resident health, which is significantly negative at the 1% confidence level, indicating that the more social connectedness residents have in the area, the less healthcare expenses they incur, thus indicating better health. This conclusion is consistent with existing research results (17). Therefore, it can be concluded that urban green space is beneficial to the health of residents by increasing their social connectedness, thus testing hypothesis 3 (H3).



TABLE 8 Regression results of the mechanism test on the association between urban green spaces and the socialization of residents.
[image: Table presenting regression results with variables across three models. For csld: Model 1 shows -0.008 with a t-statistic of -4.27, Model 2 shows 0.010 with 8.95, Model 3 shows -0.006 with -2.87. For jmsj: Model 2 shows -0.231 with -2.87. Constants are significant in all models, with values 7,379.788, -1,941.245, and 6,931.774 respectively. Observations are 510 with 30 ID numbers, and control, ID, and year fixed effects are included. Significance levels are indicated with asterisks, with t-statistics in parentheses.]





6 Conclusion and implications


6.1 Conclusion

With the acceleration of global urbanization, resident health has become a topic of global concern. Urban green space is a key factor affecting resident health. With the rise of the global concept of sustainable development, the impact of urban green space on resident health has received attention from all walks of life. In this study, empirical analyses were conducted based on relevant data from 30 provinces in China spanning from 2006 to 2022. Employing a double fixed-effects model, we aimed to uncover the significant positive correlation between urban green space and residents’ health levels, while simultaneously exploring the potential mechanisms underlying this relationship. The findings indicate that urban green spaces positively influence resident health through two main pathways: enhancing air quality and fostering social connectedness. These mechanisms collectively contribute to the overall improvement of resident health. In addition, to ensure the robustness of the results, this paper further conducts robustness tests to verify the consistency of the positive effects of urban green space on resident health across different geographic regions and periods, which further supports the idea that urban green space is a key factor influencing resident health levels.

However, although this study provides strong evidence on the relationship between urban green spaces and the health of the population, there are some limitations and potential directions for future research. Firstly, the single-country limitation suggests the need to investigate whether other countries have the same experience. As this study only selected data from China from 2006 to 2022, the results may have some limitations. Future research should be broadened to include more other countries. Secondly, this study mainly focused on the impact of total green space area on health, and future studies could further explore the specific impact of different types of green space (e.g., parks, street trees, community gardens, etc.) on health. In addition, the health of residents is a complex multifactorial issue, and future studies could consider more socio-economic factors, such as education level, income level, and type of occupation, in order to understand more comprehensively the relationship between urban green space and the health of residents. Finally, increasing the complexity of the model, taking into account specific parameters and sophisticated modeling techniques, is essential to understand the intricate interactions between urban planning, green spaces and public health.

This study provides a scientific basis for achieving the strategic goal of “Healthy China” and highlights the importance of green space systems in urban planning all over the world. The study of urban green space can help promote the improvement of the urban ecological environment, enhance the quality of life of residents, promote global sustainable development, and address global challenges such as climate change. We expect that this study will stimulate more attention and action to promote the optimization and upgrading of urban green spaces and contribute to a healthier and more livable urban environment. In conclusion, the study of urban green spaces is of great global significance, and by strengthening the study and protection of urban green spaces, we can work together to build healthier, more livable, and sustainable global cities.



6.2 Implications


6.2.1 Policy implications

To enhance the health and quality of life of urban dwellers, governments and urban planners need to take proactive steps to maximize the benefits and functions of urban green spaces. The primary step involves increasing funding for urban green spaces to expand public green areas significantly. Secondly, optimizing the layout of urban green spaces to ensure fairness and accessibility in their distribution, allowing all residents to conveniently enjoy the benefits brought by green spaces. Improving the quality of urban green spaces is critical. This includes diversifying plant species, bolstering the maintenance and management of these areas, and boosting their multifunctional uses. Urban green spaces should serve not only as areas for relaxation and recreation but also as safe havens during emergencies and venues for environmental education. Designing green spaces as multifunctional hubs that integrate leisure, health promotion, and environmental education enhances their utility. Installing walking trails, bicycle paths, and outdoor exercise equipment can transform these areas into active zones that encourage physical activity and heighten health consciousness among residents. Simultaneously, fostering community engagement and involving residents in the planning and management of green spaces not only enhances community cohesion but also promotes the sustainable utilization of these areas. Through these comprehensive measures, urban green spaces will more effectively foster the physical and mental well-being of residents, thereby contributing to the establishment of healthy and livable urban environments.



6.2.2 Theoretical implications

Academic researchers are instrumental in advancing the development and planning of urban green spaces. They should encourage interdisciplinary collaboration among fields such as urban planning, environmental science, resident health, psychology, and economics. This approach deepens the theoretical and practical understanding of urban green space development and supports practical applications. Researchers should strive to merge theoretical insights with empirical studies, providing actionable strategies to policymakers and helping address real-world challenges. Establishing an urban green space impact monitoring and evaluation system is also vital. Furthermore, academic researchers can establish a monitoring and evaluation system for the effectiveness of urban green spaces, regularly assessing their impact on residents’ health and the urban environment, ensuring that urban green spaces meet their intended goals and adapt to emerging challenges.
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Introduction: Travel satisfaction as experienced by rural residents is closely related to personal physical and mental health, as well as rural economic conditions. An improved rural road environment can be expected to enhance villagers’ satisfaction with regards to visits to markets, but to date this has not been established empirically.
Methods: In this study, a questionnaire was designed to obtain local residents’ evaluations of road environment characteristics for periodic market travel. And we use an Oprobit regression model and Importance-Performance Map Analysis (IPMA) to explore the heterogeneity of the 14 key elements of the “home-to-market” road environment impact on villagers’ satisfaction under different modes of travel.
Results: The results of the study reveal that villagers expressed dissatisfaction with the current lack of sidewalks and non-motorized paths, and except for road traffic disturbances and road deterioration, which did not significantly affect mode of travel, other factors proved significant. Significantly, bus services are associated with a significant positive effect on walking, non-motorized and bus travel satisfaction, while distance travel also affects walking, non-motorized and motorized travel satisfaction. It is worth noting that greening and service facilities negatively affect motorized travel satisfaction. In summary, road width, sidewalks, bus service, and road deterioration, are among the elements most in need of urgent improvement for all modes of travel.
Discussion: The characteristics of the road environment that influence satisfaction with travel to the periodic market vary by travel mode, and this study is hoped to provide data support and optimization recommendations for the improvement of the rural road environment in China and other countries.
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 road environment; periodic market travel; heterogeneity analysis; travel modes; travel satisfaction


1 Introduction

Travel satisfaction is a subjective experience arising from the process of travel (1), and is an important indicator of locale livability (2, 3). In rural China, periodic markets serve as the primary venue for residents to procure production and livelihood materials (4), engage in the sale of agricultural and sideline products (5), as well as partake in leisure, recreational, and social activities. Periodic market travel is an important regular activity for rural residents (6). Enhancing satisfaction with periodic market visits can increase the frequency of rural residents’ visits to these markets, facilitating greater participation in market trade activities and thereby promoting rural economic development. This holds significant importance for achieving sustainable rural development (7). Engaging in market activities allows rural residents to access a more diverse range of food, ensuring nutritional balance and consequently improving their quality of life (4). Moreover, participating in market activities is beneficial for reducing mental stress, lowering the risk of chronic diseases, and positively impacting residents’ health (8, 9), thus enhancing residents’ subjective well-being (10).

Although a considerable number of scholars have worked on analyzing the factors influencing travel satisfaction, including travel mode (11, 12), travel time (13, 14), travel purpose (15), built environment (accessibility, density, convenience) (16–18), these were conducted in urban areas, and there is a paucity of research on rural travel satisfaction. Moreover, roads serve as a bridge connecting rural residents with their often frequented markets, and the quality of roads and their ancillary facilities are an important factor affecting the satisfaction of rural residents (19, 20). However, current measurements of the road environment tend to be macroscopic, with less literature considering micro-environmental elements, leading to a lack of in-depth analysis of elements such as road surface conditions, road cleanliness, roadside facilities, etc.

In addition, as a consequence of socio-economic and technological developments, the travel modes of rural residents have gradually diversified. Specifically, rural car ownership has changed significantly (21), and villagers’ expectations of the travel road environment have been raised. Thus, the relationship between rural road environment and travel mode has received attention. Li et al. (17), Nathan et al. (22) and Ao et al. (23) found that the road environment is an important influence on rural residents’ choice of travel mode. Zacharias and Liu (24) indicated that travelers’ perception of the environment and satisfaction varies by travel mode. Nevertheless, both ignored the heterogeneity of the mechanism by which the road environment influences travel satisfaction across travel modes.

Therefore, this study starts from the definition of the road environment by Fitch et al. (25), and focuses on the road environment from home to periodic market by investigating the travel mode, road environment and travel satisfaction of rural residents traveling regularly to market. The main aims of this study are as follows: (1) considering different modes of travel to the periodic market, a grouped Oprobit model was used to analyze the effect of the road environment on satisfaction. (2) An assessment was made using importance-performance analysis of the urgency of improving the environmental characteristics of rural roads across different modes of travel. (3) A synthesize of the results of the analysis is made and measures and recommendations put forward to improve the rural road environment. The aim of this research is to provide valuable insights for improving the road environment and travel satisfaction in rural areas of China and other developing countries.



2 Literature review


2.1 Periodic market travel satisfaction

Friman et al. (26) viewed travel satisfaction as a domain-specific subjective assessment of well-being. In their view, traveler satisfaction refers to the extent to which the transportation system provides services that meet the needs and services of the traveler. De Vos et al. (27) defined travel satisfaction as the relationship between general subjective satisfaction and the well-being experienced during the travel process; an emotional and subjective experience resulting from the travel process. Gao et al. (28) combined the two views and stated that travel satisfaction refers to people’s evaluation and experience of transportation services during the travel process. Satisfaction with periodic or regular travel to market is defined in this study as the comprehensive evaluation of road facilities and their services by rural residents during their commute from “home to periodic market.”

Although there is a paucity of literature examining satisfaction with trips to periodic market, there are studies that have investigated the factors that influence periodic market participation and periodic market access. Topçu (29) argues that the distance to market affects the frequency of periodic market travel. Aram et al. (30) suggests that green spaces are significant factors influencing the frequency of market visits and participation in market activities. A number of transportation-related factors can also affect residents’ travel responses. Such factors being unsuitable or inadequate public transportation services (31), and imperfect transportation infrastructure (32). Inadequate road networks and poor road conditions can also act as barriers to marketplace access for rural residents (33). Liu et al. (34) investigated the factors influencing rural residents’ access to periodic markets from a geospatial perspective and showed that proximity of town centers, and stores around village centers had a significant effect on access. In addition, some village markets are set up along the roadside of transit highways. Consequently, an increase in the number of motor vehicles in town can be expected to interfere with traffic and pedestrian flow. Moreover, mobile vendors occupying roadside zones leads to congestion of vehicular traffic, while the increased influx of residents crossing transit highways in the pursuit of shopping activities results in increased frequency of traffic accidents and pedestrian collisions (35).



2.2 Mode of travel and travel satisfaction

There are differences in travel satisfaction ratings by travel mode. For example, several studies consistently indicate that the use of public transportation for travel is associated with low levels of travel satisfaction (11, 36–38). Satisfaction with public transportation travel was found to be higher than that for car or walking with regard to school children (39). Lunke (40) further conducted a study on the satisfaction of traveling by different modes of public transport and found that commuting by train and metro was more satisfying than commuting by bus or tram. For active travel modes, walking appears more satisfying than non-motorized trips; when using motorized vehicles, company shuttle commuting is preferred, followed by car (12, 14). Yet another study stated that there is no significant correlation between travel mode and travel satisfaction (15). Taking a general look at the established research on rural periodic market travel, no research literature has explored the satisfaction of rural residents regarding periodic market travel, based on different modes of travel.



2.3 Road environment and travel satisfaction

A growing body of research has focused on the relationship between road environment and travel satisfaction. Specifically, accessibility and walkability among the 5D variables of the built environment were found to be important factors in travel satisfaction (16, 41–43). From a micro perspective, Li et al. (17) argue that the provision of sidewalks, bike lanes, and highways has a positive effect on travel satisfaction, either directly or indirectly. Studies by van den Berg et al. and Xu et al. (39, 44), also show the impact of non-motorized lane settings on travel satisfaction. Wu et al. (45) suggests that insufficient pedestrian infrastructure, high volumes of vehicular traffic, excessive on-street parking, or illegal parking collectively diminish pedestrian satisfaction. Jung et al. (46) found that increase in the number of lanes, and installation of public transit and pedestrian lanes affect pedestrian satisfaction.

The impact of road conditions on travel satisfaction has also been considered. Ye and Titheridge (38) and Majumdar et al. (36) found that traffic congestion is associated with low levels of travel satisfaction. Moreover, the street leveling will positively affect walking satisfaction (47). In addition, Han et al. (48) found that esthetic features such as roadway landscaping and cleanliness affect recreational travel satisfaction. Ta et al. (15) also shown that the presence of trees and exposure to green space positively affects travel satisfaction. In terms of transportation systems and services, factors such as traffic safety signs, traffic signals, and speed limits, significantly affect cycling satisfaction (49). Majumdar et al. (36) noted that bus stop safety, and bus stop accessibility, also improve the travel satisfaction of commuters. Public spaces are also crucial factors influencing travel satisfaction. For instance, Ma et al. (50) concluded that recreational facilities (benches, shade, etc.) have a significant effect on walking satisfaction. Furthermore, Fan et al. (51) explored the impact of service facilities on satisfaction with barrier-free travel.

In addition to the direct effects of road environment on travel satisfaction, Ye and Titheridge (52) stated that the effect of the built environment on travel satisfaction are indirect, but nevertheless highly influenced by travel mode choice. There are differences in the impact of road environment factors on travel satisfaction across travel modes. For example, in regards to walking, green space exposure during travel has a strong positive effect on travel satisfaction; though there was no significant correlation for cycling or e-cycling modes (15). Zacharias and Liu (24) conducted a study on the factors influencing the access to metro stations across different modes, finding that road connectivity, intersection safety, greenery, and shade, are positive factors for walking mode; service facilities, parking facilities, detours, and distance affect riding mode; while for transit mode, it is bus stop location that most impacts satisfaction. Nevertheless, current research on rural travel satisfaction has yet to examine micro-level environmental factors.



2.4 Contribution of the literature to this study

A review of the existing literature thus reveals significant limitations of previous studies. These are: (1) Research on travel satisfaction is limited in its focus to urban areas, whereas studies on rural travel satisfaction have been neglected. This is an important omission, as the unique characteristics of rural areas indicate different conclusions may arise. (2) Existing research has explored factors influencing general travel satisfaction, commuting satisfaction, and satisfaction with specific modes of travel. However, there is a lack of research on the factors influencing satisfaction with specific activities such as visits to rural periodic markets. (3) Regarding the factors influencing travel satisfaction, scholars tend to focus more on macro-level road environment elements, overlooking micro-level environmental factors. (4) There is limited research exploring the direct or indirect impact of road environment on travel satisfaction for different travel modes. Comparative analyses regarding differences in satisfaction across different modes of travel are thus lacking.

To address the limitations, a thorough analysis of rural periodic market travel satisfaction across different travel modes is warranted. This study focuses on rural areas in Chengdu, Sichuan, China. (1) It constructs a system of rural road environment elements from a micro-level perspective, exploring residents’ satisfaction with road environment elements across different travel modes. (2) Utilizing the Oprobit regression model as a quantitative research method, it analyzes the heterogeneity of the impact of road environment elements on periodic market travel satisfaction under those different modes. (3) Combining IPA analysis, it offers recommendations for road environment improvements in order to enhance periodic market travel satisfaction, and moreover provides insights that relevant authorities may avail themselves of in order to improve rural travel environments and more effectively plan rural development.




3 Methodology


3.1 Questionnaire design

To achieve the research objectives outlined above, a questionnaire was developed for this study, comprising four sections, as outlined below:

	1. Individual demographic characteristics of rural residents, such as age, gender, education level, occupation, household income, and family structure.
	2. Travel characteristics, including frequency of periodic market visits, mode of travel for periodic market visits, time required from home to the periodic market, and purposes of periodic market visits. The modes of travel for periodic market visits are categorized as walking, non-motorized vehicles (including bicycles and electric bikes), motorized vehicles (including motorcycles, cars, and agricultural vehicles), and bus.
	3. Rural residents’ evaluation of the importance of road environment characteristics for periodic market travel.
	4. Rural residents’ satisfaction with road environment characteristics for market travel and overall satisfaction with periodic market travel.

Drawing from existing literature, this study considers 14 road environment characteristics: traffic safety signs (49), road width (46), sidewalks (17), non-motorized vehicle lanes (39), pavement materials (33), disturbance situation (35), road deterioration (47), recreational facilities (50), service facilities (34), cleanliness (48), road greening (15), parking areas (24), bus services (38), and travel distance (53). During the survey process, a 5-point Likert scale was used to rate the road environment characteristics based on the perceived importance and satisfaction of rural residents: 1, indicating very unimportant or very dissatisfied, to 5, indicating very important or very satisfied.



3.2 Data sources

According to the latest Chengdu City Census Report, the proportion of permanent residents in Xindu District and Shuangliu District ranks highest in respect of the permanent population of Chengdu City. Additionally, within the administrative area of Chengdu City, the proportion of permanent rural residents in Xindu District and Shuangliu District ranks among the top three in terms of the total rural population. Of the county-level cities in Chengdu, Jianyang City, has a moderate proportion of rural inhabitants compared to the total rural population, but it is the only county-level city in Chengdu City that was recognized as an advanced area for rural revitalization in 2021. For this study, Xindu District, Shuangliu District, and Jianyang City in Chengdu City are selected as the research catchments, with villages randomly chosen for the survey.

In July 2022, the research team conducted a small-scale pre-survey to ensure the effectiveness and comprehensibility of the questionnaire results. Based on the findings from the preliminary household visits, modifications were made to the questionnaire content and language to better align with rural realities and enhance the questionnaire’s comprehensibility. Prior to the official survey, a workshop was held to explain the questionnaire content, provide training to surveyors, and refine the questionnaire to ensure readability. In October 2022, the research team dispatched 16 surveyors divided into 3 groups to conduct household surveys in Xindu District, Shuangliu District, and Jianyang City. Surveyors centered their activities around village committees or community centers, oportunistically soliciting villagers for the surveys. When administering the questionnaire, surveyors first explained the purpose of the survey to the respondents and then invited them to participate. Respondents’ voluntary participation was confirmed, and anonymity assured. Surveyors remained nearby to clarify any questions and assist respondents in completing the questionnaire. A total of 408 questionnaires were collected during the survey, with 387 deemed valid, resulting in an effective rate of 94.8%.



3.3 Data analysis


3.3.1 Ordered probit (Oprobit) regression model

To compare the differences in the impact of road environment elements on periodic market travel satisfaction under different travel modes, this study employed the Oprobit regression model to evaluate the differences in perceived satisfaction under different travel modes. The constructed Oprobit model is as follows:

[image: Equation depicting a linear model: y subscript i star equals alpha subscript 1 plus beta subscript 1i x subscript 1i plus ellipsis plus beta subscript ik x subscript ik plus epsilon subscript i, labeled equation one.]

In Equation (1), [image: Lowercase Greek letter alpha with subscript one.]represents the intercept term, [image: Lowercase Greek letter beta with a subscript i.]represents the coefficients to be estimated, [image: Mathematical notation showing a lowercase letter "x" with a subscript lowercase letter "i".] represents explanatory variables and control variables, [image: Lowercase Greek letter epsilon with a subscript lowercase letter i.] represents the error term, [image: Please upload the image or provide a URL, and I can help create the alt text for it.] represents the number of explanatory variables and control variables, and [image: Mathematical notation showing the variable "y" with subscript "i" and a superscript asterisk.] represents the latent variable of residents’ periodic market travel satisfaction. [image: The image shows the mathematical symbol for a subscript. It consists of the letter "y" with the letter "i" in subscript, indicating a specific element or variable in a sequence or set.] represents residents’ periodic market travel satisfaction, and its relationship with [image: Lowercase letter "y" with subscript "i" and a superscript asterisk.] is expressed as:

[image: Equation showing a piecewise function for \( y_i \). The function is defined as follows: \( y_i = 1 \) if \( y_i^* \leq K_1 \), \( y_i = 2 \) if \( K_1 < y_i^* \leq K_2 \), continuing similarly with multiple conditions up to \( y_i = 5 \) if \( K_4 < y_i^* \).]

In Equation (2), when [image: \( y_i^* \leq K_l \)], residents’ periodic market travel satisfaction is at a level of very dissatisfied; when [image: \( K_1 < y_i^* \leq K_2 \)], residents’ periodic market travel satisfaction is at a level of dissatisfied; and so forth, until when [image: Mathematical expression showing \( K_4 \) is less than \( y_i^* \).], residents’ periodic market travel satisfaction is at a level of very satisfied.



3.3.2 Importance performance map analysis

IPA is a method abbreviated for Importance-Performance Analysis, where Importance refers to the significance users attach to characteristics like the environment, or the importance of characteristics to users. Performance denotes satisfaction, which is a multidimensional concept believed to be the result of comparing expectations with actual experiences. The IPA evaluation system quantifies the gap between users’ actual perceptions and expectations for various indicators, analyzing object characteristics from the dimensions of importance and satisfaction. By using a matrix consisting of four quadrants, IPA determines priorities, reflecting improvement strategies and implementation sequences.

In this study, based on the IPA analysis method, the Importance Performance Map Analysis (IPMA) was constructed to provide suggestions for improving rural residents’ market travel satisfaction.





4 Results


4.1 Descriptive statistics


4.1.1 Individual characteristics of different travel modes

Table 1 presents the demographic characteristics of rural residents under different periodic market travel modes. Of the 387 respondents, the highest proportion, at 40.5%, chose non-motorized vehicle for travel, followed by those opting for motorized transportation, constituting 33.1% of the total. Additionally, 70 respondents chose bus for their travel needs, with the majority being individuals aged 60 and above. Among female respondents, the majority opted for non-motorized vehicle travel, while among male respondents, the majority opted for motorized vehicle travel. Regardless of gender, walking was the least preferred mode of travel. The respondents’ ages were generally 40 years and above, with the highest number of respondents aged over 60 years opting for bus travel. Among respondents aged below 60 years old, non-motorized vehicle travel was the most popular option. Regardless of marital and employment status, non-motorized vehicle travel was the most preferred mode, while walking was the least preferred.



TABLE 1 Descriptive statistics of the participants.
[image: Table showing the distribution of periodic market travel modes based on several variables: gender, age, marital status, educational level, employment status, monthly household income, travel time, and fair purpose. It categorizes travel modes into walking, non-motorized vehicles, motorized vehicles, and buses, with totals for each variable category. Percentages are given alongside absolute numbers.]

Regarding education level, a significant portion had received primary and middle school education, with both groups favoring non-motorized vehicle travel. Those with no formal education tended to prefer bus travel. Concerning monthly household income, nearly 60% earned over RMB 5,000 per month, and they held a preference for motorized vehicle travel. Those earning between RMB 2,000–5,000 per month favored non-motorized vehicle travel. Those earning below RMB 2,000 per month tended to rely on bus travel.

In terms of travel time from home to the periodic market, 60.2% of respondents indicated a duration of 10–20 min, mainly through non-motorized and motorized vehicle modes. Busses averaged 20–30 min, while walking typically took over 30 min. Regarding the purpose of travel to markets, almost all respondents visited in order to purchase daily necessities (93.8%), with a small percentage attending for recreational purposes, or to sell agricultural products.



4.1.2 Road environment perception under different travel modes

Regarding the different modes of market travel for rural residents, Figure 1 depicts their satisfaction with various road environment elements and overall satisfaction.

[image: Heatmap showing satisfaction levels across four travel modes: Walking, Non-motorized vehicles, Motorized vehicles, and Bus. Rows indicate factors like traffic safety, road width, sidewalks, cleanliness, and overall satisfaction. Colors range from light to dark red, representing increased satisfaction levels from one to five. Mean (M) and standard deviation (SD) are displayed for each category, illustrating variability and central tendencies.]

FIGURE 1
 Descriptive statistics of residents’ perception of satisfaction.


For rural residents who travel to market on foot, the highest satisfaction rating is for road cleanliness (M = 3.94), followed by pavement materials (M = 3.78). Conversely, sidewalks receiving the lowest rating, with 44% of respondents expressing dissatisfaction, and no respondents indicating strong satisfaction. The overall satisfaction score for the road environment is 3.03, indicating an average level of satisfaction.

For residents who travel to market by non-motorized vehicles, road cleanliness (M = 4.09) receives the highest rating, with 30% of respondents expressing extreme satisfaction. This is followed by pavement materials (M = 3.78) and road greening (M = 3.74). Sidewalks (M = 2.29) and non-motorized vehicle lanes (M = 2.64) are similarly rated lowest in terms of satisfaction, with 17% of residents expressing extreme dissatisfaction with sidewalk arrangements. The overall satisfaction indicates a level below average.

When using motorized vehicles for periodic market travel, villagers’ evaluation of road cleanliness (M = 3.92) remains the highest. Satisfaction ratings for sidewalks (M = 2.38) is the lowest, with over 50% of residents expressing dissatisfaction or extreme dissatisfaction. In terms of overall satisfaction, no residents chose extreme dissatisfaction, with 50% expressing satisfaction or extreme satisfaction.

For villagers using busses to travel to the periodic market, road cleanliness (M = 3.90) scored the highest satisfaction, followed by road greening (M = 3.76) and pavement materials (M = 3.75). Satisfaction ratings for sidewalks (M = 2.54) and non-motorized vehicle lanes (M = 2.80) are the lowest, with satisfaction for recreational facilities (M = 2.84) also below 3. Satisfaction scores for other elements range between 3 and 3.5, with 9% of bus users expressing extreme dissatisfaction with bus services. The overall satisfaction score is 3.04, indicating an average level of satisfaction.

Comparing the four different modes of travel, villagers’ evaluation of road cleanliness ranked consistently the highest, while sidewalks and non-motorized vehicle lanes receive the lowest ratings, with sidewalks being the least satisfactory. Overall, residents using motorized vehicles for periodic market travel have the highest overall evaluation score, while non-motorized vehicle travel has the lowest score.




4.2 Heterogeneity analysis of the impact of road environment on periodic market satisfaction under different travel modes

The influence of road environment elements on periodic market travel satisfaction varies across different modes of travel (See Figure 2).

[image: Two horizontal bar charts compare transportation modes: walking, non-motorized vehicles, motorized vehicles, and buses. The left chart assesses factors like traffic safety, road width, and deterioration. The right chart evaluates facilities, cleanliness, and distance. Each factor shows varying influences on the modes, denoted by colored bars.]

FIGURE 2
 Heterogeneity analysis of different travel modes.


The results indicate that the impact of various road environment elements on periodic market travel satisfaction varies to different extents across the four travel modes. Firstly, for residents who choose to walk to market, satisfaction with distance to market and bus services positively affects pedestrian travel satisfaction. Secondly, for residents who choose non-motorized vehicles as their means of transport to market, travel satisfaction is significantly positively influenced by non-motorized vehicle lanes, road width, pavement materials, distance to the market, bus services, and parking areas. By contrast, road cleanliness significantly negatively affects travel satisfaction for non-motorized vehicle travel. For residents who choose motorized vehicles for periodic market travel, traffic safety signs, sidewalks, road width, pavement materials, distance to the market, and recreational facilities all have a significant positive impact on travel satisfaction. Additionally, it is noteworthy that road greening and service facilities only have a significant impact on travel satisfaction for motorized vehicle periodic market travel, and that this impact is negative. Lastly, sidewalks, bus services, road cleanliness, and parking areas all have a significant positive impact on the travel satisfaction of residents who choose busses as their means of transport to market.



4.3 Importance performance map analysis

In order to identify those elements needing improvement that would lift overall periodic market travel satisfaction, this study conducted an Importance Performance Analysis (IPA). Further to evaluating satisfaction across 14 road environment elements, respondents also assessed the importance of those elements. Across the different travel modes groups, the overall average satisfaction and importance of the 14 elements were plotted and partitioned into four quadrants. The Importance Performance Map Analysis (IPMA) was determined by calculating the average values of importance and satisfaction for each element (see Figure 3).
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FIGURE 3
 Importance performance map analysis.


Figure 3A shows the IPMA results for the group of residents who walk to the periodic market. Among the 14 road environment elements, road cleanliness and pavement materials appear in the first quadrant, indicating relatively high importance and satisfaction. These aspects are currently in relatively good condition and need to be maintained in the future. The second quadrant includes road greening, traffic disturbances, service facilities, parking areas, and traffic safety signs. Here, satisfaction is relatively high while importance is low, suggesting that efforts to improve these aspects can be shifted to other areas needing more urgent improvement. The third quadrant consists only of non-motorized vehicle lanes, where both importance and satisfaction are relatively low, indicating no need for intervention regarding non-motorized vehicle lanes for the group of residents who walk to the periodic market. Road deterioration, recreational facilities, road width, distance to market, bus services, and sidewalks are located in the fourth quadrant, indicating high importance but relatively low satisfaction. Elements in this quadrant are in urgent need of improvement and ought to be prioritized for attention.

For rural residents who use non-motorized vehicles to travel to periodic market (see Figure 3B), no additional efforts are needed to improve distance to the market, pavement materials, service facilities, and recreational facilities. Additionally, efforts to improve road cleanliness, greening, traffic disturbances, and traffic safety signs, can be redirected to road deterioration, bus services, road width, parking areas, non-motorized vehicle lanes, and sidewalks. As a matter of comparison, for those residents who use motorized vehicles to travel to the market (see Figure 3C), parking areas appear in the first quadrant, indicating no need for urgent improvement.

Figure 3D reflects the importance-satisfaction results for residents who travel to the periodic market by bus. Only pavement materials appear in the first quadrant, indicating the need to maintain the current situation. No additional efforts are needed to improve recreational and service facilities, as well as non-motorized vehicle lanes for bus travel. Additionally, apart from sidewalks, road deterioration, road width, and bus services, distance traveled to the market also warrants timely improvement.

In summary, sidewalks, road deterioration, road width, and bus services are all located in the fourth quadrant, regardless of the travel mode. This reveals an urgent need to invest greater effort in improving periodic market travel satisfaction across all travel groups. Additionally, distance to market is problematic for both pedestrian and bus traveler groups, while residents using non-motorized and motorized vehicles seek improvements in non-motorized vehicle lanes. Furthermore, recreational facilities need improvement for residents who walk to the periodic market, while residents using non-motorized vehicles would benefit from improved parking facilities.




5 Discussion


5.1 Perceived heterogeneity across travel modes

Regardless of travel mode chosen, the satisfaction ratings for road cleanliness, greening, pavement materials, and road disruptions, are relatively high. This suggests that the road cleanliness and greening conditions are acceptable during rural residents’ periodic market travel, and that the pavement materials contribute to the overall desirability of travel, with minimal occurrences of vendors occupying roads or vehicles obstructing them. Regression results show that road disturbances and road deterioration do not significantly affect the overall satisfaction of periodic market travel. However, other road environment factors exhibit varying impacts on travel satisfaction across different travel modes.

With respect to sidewalks, satisfaction ratings are the lowest across the four travel modes. However, sidewalks significantly positively influence the satisfaction of periodic market travel for both motor vehicles and busses. The proper installation of pedestrian sidewalks can reduce conflicts between motorized vehicles, busses, and pedestrians, enhancing safety and convenience, thus increasing their satisfaction. It is worth noting that the regression results show that the impact of sidewalks on pedestrian travel satisfaction is not significant, which differs from the findings of Jung et al. and Kim et al. (46, 47). This may be because the space between roads and buildings as well as the shoulders between roads and fields are wide enough to provide pedestrians with greater space, while rural road traffic is also relatively low.

Additionally, results indicate that the impact of sidewalks on non-motorized vehicle travel satisfaction is not significant, whereas Tran et al. (54), suggest that sidewalks are an important factor influencing rideability. Based on the actual situation in rural areas, rural residents are aware of the safety issues associated with the blending of pedestrians and non-motorized vehicles. Still, due to the limited width of rural roads, the coexistence of pedestrians and vehicles is a common phenomenon. Residents indicate that they can accept pedestrians and non-motorized vehicles coexisting. However, they still assert the importance of setting up sidewalks for periodic market travel when road conditions permit (as shown in Figure 3B).

Rural residents have given relatively low satisfaction ratings for non-motorized vehicle lanes. However, improving the setup of non-motorized vehicle lanes only significantly impacts the satisfaction of non-motorized vehicle travel. The existence of non-motorized vehicle lanes can separate bicycles or electric vehicles from other motorized traffic, thereby enhancing the safety of cyclists (54). In the absence of non-motorized vehicle lanes, as mentioned earlier, pedestrians can choose to walk on raised embankments or road shoulders. For villagers traveling by motor vehicles and busses, on one hand, their size, speed, and safety, are seen positively. On the other hand, allocating space for non-motorized vehicle lanes on existing rural roads would reduce available space for motorized vehicle lanes.

Traffic safety signs, recreational facilities, convenience service facilities, and road greening only have a significant impact on motorized vehicle travel. Interestingly, the research results indicate that convenience service facilities have a significant negative impact on the satisfaction of motorized vehicle travel. This may be because the presence of convenience facilities attracts more people, while rural roadside convenience facilities (such as restrooms, convenience stores, etc.) typically lack parking areas. This leads to traffic congestion and disruptions, thus reducing travel satisfaction. Additionally, road greening also has a significant negative impact on motorized vehicle travel satisfaction. This finding contradicts some previous research results that suggest that good road greening can improve travel satisfaction (48, 55). By contrast, this finding confirms the research results of Zhu et al. (56), who suggest that the canopy of urban roadside trees are too large, their spacing being too wide or too narrow, and their height being too low such as to obstruct the sightlines of motorized vehicle users. Similarly, in rural areas, road greening can affect the visibility of traffic signs and signals. Moreover, under wet conditions, road greening may make the road surface more slippery or uneven, leading to decreased vehicle maneuverability.

Road width and pavement material significantly positively influence the satisfaction of both non-motorized and motorized vehicle travel, while their impact on pedestrian and bus travel satisfaction is not significant. Narrow roads not only cause inconvenience in passing and overtaking but also affect the delineation of traffic functional zones such as non-motorized vehicle lanes and motorized vehicle lanes (57). Increasing road width can significantly enhance the travel satisfaction of drivers. Additionally, poor road surface materials can lead to road potholes, mud, and other detrimental conditions (58), severely affecting the satisfaction of both non-motorized and motorized vehicle travel. For pedestrians, there are more options available which can mitigate the negative effects of insufficient road width and poor road surfaces. For bus travelers, as they are not directly involved in driving, they do not need to focus on the road and traffic conditions, as cyclists and drivers do.

Parking areas and road cleanliness have a significant impact on non-motorized and bus travel, but road cleanliness has a negative effect on the satisfaction of non-motorized vehicle travel. Although there is currently no research indicating the relationship between road cleanliness and non-motorized vehicle travel, some relationships can be inferred. In terms of road cleanliness, villagers generally express high satisfaction as main roads are typically maintained. However, main roads often experience higher traffic volume or speeds, which may result in more exhaust emissions and noise. Additionally, rural roads are generally narrow and lack designated lanes for non-motorized vehicles, thus negatively impacting the experience and safety of cyclists. This study found that parking areas have an impact on non-motorized vehicle travel satisfaction, which is also emphasized in the research by Zhan et al. (59) and Zacharias and Liu (24). With the increasing number of electric vehicles in rural areas, more residents are choosing electric vehicles as their mode of travel to markets. However, there are few dedicated parking lots near periodic markets, leading to an increasing parking problem. According to surveys, most vehicles are currently parked directly on the roadside, affecting pedestrian and vehicular traffic, and some residents expressed concerns about the risk of vehicle theft.

Bus services have no significant impact on motorized vehicle travel, which is consistent with the findings of Ye and Titheridge (38). The impact of bus services on bus travelers is evident (60, 61), but its effects on walking and non-motorized vehicles may be because the presence of bus services can provide alternative modes of travel for pedestrians and non-motorized vehicle users, especially during inclement weather conditions. Compared to walking, non-motorized vehicles, and motorized vehicles, the satisfaction of bus travel is less affected by distance because bus travelers prioritize factors such as frequency of service and direct routes (60, 61).



5.2 Capacity building of periodic market travel satisfaction

The results of the IPMA can be used to identify elements that need to be urgently improved in order to increase the level of satisfaction of rural residents traveling to periodic markets. The combined regression results (Figure 2) and IPMA results (Figure 3) show that bus services and travel distance are important improvement factors for residents attending periodic market on foot. In order to improve the satisfaction of non-motorized residents traveling to the periodic market, four elements can be considered: non-motorized lane provision, road width, bus services, and parking facilities. From the perspective of driving motorized residents, sidewalks and road width could be further upgraded. Improvements in sidewalks and bus services can increase bus travel satisfaction. Therefore, combining the results of this study and rural realities, the following capacity building is proposed (See Figure 4).
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FIGURE 4
 Capacity building diagram.



5.2.1 Improving satisfaction with non-motorized travel is a top priority

Based on the current rural travel situation, Table 1 indicates a preference among rural residents for non-motorized vehicles, with the highest number of people choosing non-motorized vehicles for periodic market travel. The results from Figure 1 suggest that the current rural periodic market road conditions are unfavorable for non-motorized vehicle travel, with the overall satisfaction score being the lowest among the four modes of travel. Therefore, it is necessary to focus on creating a favorable environment for non-motorized vehicle periodic market travel, which would not only improve satisfaction with non-motorized vehicle travel but also promote low-carbon travel. The primary issue to address is the division of traffic functional zones. This is due to inadequate overall road width needed to support the establishment of complete functional zones. Therefore, there is a need to increase investment in widening roads to meet the requirements of setting up dual lanes, non-motorized vehicle lanes, and sidewalks on main roads. Secondly, for villages with low traffic volume, it may be appropriate to reduce the setting of functional zones, such as merging sidewalks and non-motorized vehicle lanes for combined use, or only setting sidewalks and non-motorized vehicle lanes to one side. Finally, it is worth considering incorporating the construction of parking lots into periodic market construction upgrades in order to enhance travel satisfaction and achieve standardized management of periodic market vehicles.



5.2.2 Improving bus service to meet the needs of older adult individuals traveling to periodic market

Table 1 illustrates the demand of older adult individuals for periodic market travels via bus. Considering the aging population and the promotion of low-carbon travel in rural areas, enhancing bus services also represents a breakthrough in improving satisfaction with periodic market travel among rural residents. Firstly, for rural residents, due to the scattered distribution of their residences and limited destinations for daily travel, the operational hours of rural bus services remain limited, while the frequency of operation is low. Providing top-notch bus services in rural areas generally comes with high costs (62). In order to offer higher-quality rural bus services, substantial subsidies are needed. Secondly, the limited number of bus services is also a common concern among residents. Considering the cost of bus services and the travel habits of rural residents, it may be beneficial to increase the frequency of bus services in the morning to reduce peak-period waiting times. Thirdly, bus routes that do not travel directly periodic markets is a problem voiced by many villagers. According to Wang et al. (63), transfers significantly affect satisfaction with bus services. Given the limited destinations for rural residents’ travels, it may be worthwhile to consider designating important destinations as regular stops and adjusting bus routes to provide direct access to markets. Finally, for remote rural areas, the introduction of dedicated bus lines may be considered. Residents could pre-book their travel needs, and shuttle services could transport passengers directly from their homes to their destinations.



5.2.3 Sensible site selection improves walkability

Due to distance considerations, rural residents seldom choose to walk to the markets. Walking not only promotes environmental sustainability but also contributes to the physical health of villagers. Therefore, it is essential to strategically plan the location of periodic markets in order to meet the commuting distance requirements of residents as far as is practicable. For residents of remote and scattered villages, options such as the dedicated bus lines, as mentioned in section 5.2.2 could serve as alternatives to walking.

In conclusion, in order to enhance the satisfaction of rural residents with regards to periodic market travel, and increase the vitality of markets, a number of recommendations are apparent: promote the mobility of residents while fostering low-carbon travel, improve the delineation of traffic functional zones and bus services. Such recommendations, however, would require robust government support.





6 Conclusion

Improving periodic market travel satisfaction is strongly linked to enhancing the quality of life and subjective well-being of rural Chinese residents. Travel satisfaction is closely associated with road environment and mode choice, yet the heterogeneity of road environment and periodic market travel satisfaction across different modes remains unresolved. In light of this, this study conducted field surveys in rural areas of Sichuan Province, China, and found that regardless of the mode of travel chosen, rural residents were satisfied with road cleanliness but dissatisfied with sidewalks and non-motorized vehicle lanes. Furthermore, this study focused on analyzing the heterogeneity of road environment factors influencing periodic market travel satisfaction across different modes. The results reveal that, except for road traffic disturbances and road deterioration, which did not significantly affect mode of travel, other factors proved significant. Specifically, (1) bus services affected overall satisfaction for pedestrians, non-motorized vehicles, and busses; (2) road cleanliness had a significant negative impact on non-motorized vehicle travel satisfaction; and, (3) under the mode of motorized vehicle travel, road greening and service facilities showed significant negative effects. Moreover, aspects of the road environment in need of urgent improvement for periodic market travel satisfaction were identified. Specifically, road functional zone delineation holds out tremendous potential for enhancing periodic market travel satisfaction among rural residents, while improving bus services would also contribute to enhancing periodic market travel satisfaction.

Though demographic factors and other travel-related variables such as travel time, frequency of travel, gender, age, vehicle ownership, and income level, are all associated with travel satisfaction, this study focused solely on examining the differences in satisfaction evaluation among different modes of travel. Although this study contributes to the literature, its findings are geographically limited to rural residents in Sichuan, China, and therefore, the results may not be wholly applicable to all rural residents in other countries. This study aims to discuss the impact of perceived road environments on market travel satisfaction without considering the role of objective road environments. Combining both subjective and objective road environments would enhance the persuasiveness of the research. The data collection for this study primarily relies on questionnaire surveys. In the future, the study will consider utilizing diverse datasets for analysis.
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Background: With continuous efforts made to promote the strategic goals of carbon neutrality and carbon peak, it is crucial to meet the growing and diversified needs of the public for fitness by practicing the concept of green development and promote the combination of national fitness and ecological civilization.
Methods: To achieve this purpose, an OLS regression model was applied to estimate the role of green space exposure in Chinese residents’ participation in physical activity and its underlying mechanisms, using the microdata from the China General Social Survey (CGSS) data and the Provincial Vegetation Cover Index (NDVI) matched macrostatistical data.
Results: The empirical results show that green space exposure significantly increases the probability of residents’ physical activity participation, and creating a green environment is conducive to creating a favorable physical activity environment for residents. Also, the core conclusions still hold after the year-by-year regression test is passed and the endogeneity problem is addressed. As revealed by mechanistic studies, green space exposure has indirect effects on the physical activity participation of residents through the independent mediating roles of reducing carbon emissions and promoting social interaction. According to heterogeneity results, males, those in marriage, and urban dweller groups are more inclined to perform physical activity in green spaces.
Conclusion: The results show that the exposure of green space can help increase the probability of residents’ participation in physical exercise, and can that it achieved through two channels: reducing carbon emissions and enhancing social interaction. It is necessary to further strengthen the protection of the ecological lifestyle, give full play to the advantages of greenness and low-carbon, and create favorable conditions for the green development of a new model of national fitness.
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1 Introduction

The World Health Organization (WHO) defines physical activity as any physical movement produced by skeletal muscles that requires the consumption of energy. Regular physical activity helps prevent and manage noncommunicable diseases such as heart disease and stroke (1). It is an important initiative to promote the modernization and development of sports in China by comprehensively promoting the construction of healthy China, accelerating the implementation of health actions and significantly improving people’s health. However, the increasingly fast pace of life continues to accelerate leads to the low participation rate of residents in physical exercise, and the health crisis caused by insufficient exercise threatens the physical health of the public. In 2018, the sports participation rate in China reached merely 30.9%, and Chinese residents spent an average of as little as 31 min participating in sports (2), posing a realistic challenge to the construction of healthy China. Since 2022, the State Council has successively issued the Opinions on Building a Higher Level of Public Service System for National Fitness, proposing to create a new green and convenient national fitness carrier, for the integration of national fitness with the construction of ecological civilization (3). As an important part of the natural ecosystem on earth, green space performs various functions in relation to the ecosystem, such as reducing noise and pollution, regulating hydrology, and purifying the environment (4). Moreover, it also has such positive effects as reducing obesity, relieving stress, and alleviating depression and anxiety (5). This kind of green space, which combines natural ecological and humanistic features, plays a role in promoting the participation of residents in physical exercise.

According to the 2022 National Fitness Trend Report, 74.3% of the respondents preferred to exercise outdoors, with the open spaces in squares, fitness paths, and garden paths and paved areas in parks as the main venues for fitness activities (6). With the increasing awareness of physical health among residents, outdoor sports and fitness exercises have been accepted as an important lifestyle for public entertainment and leisure. As urbanization and industrialization advance continuously at this stage, the expansion of urban land use has resulted in the destruction of ecological land use, the fragmentation of green space patterns, the reduction of biodiversity, air environmental pollution and a series of other ecological and environmental issues (7). Consequently, the demand for travel by residents is reduced. In contrast, there is a continuous increase in sedentary behavior, obesity rates and chronic disease mortality rates. Also, physical activity decreases (8). As an effective measure of green space exposure, vegetation is more often used to monitor the changes in regional ecological quality. It performs various natural functions required to create a favorable condition for leading the green movement and building a healthy life, such as enhancing the carbon sequestration effect (9), promoting photosynthesis (10), and releasing negative oxygen ions (11). As a parametric indicator, NDVI reflects the level of land vegetation cover according to remote sensing information, which allows the denseness and growth of vegetation to be quantified more accurately (12). Various green space attributes, including its type, size, quality and accessibility affect its social and ecological benefits (13). At present, there has been widespread recognition given to the health benefits created by green space exposure as a public activity space for residents’ physical exercise (14). Green space exposure affects resident physical activity participation in different aspects. On the one hand, according to the framework of natural ecosystem-ecological exposure-health effects, green space exposure improves health patterns through various mechanisms of action, such as the reduction of air pollution, heat, and noise, the reduction of mental and physiological stress among residents, and increased exercise and socialization (15). On the other hand, according to social ecological theory, individual behavior and development are embedded in the external environment, working together to contribute to individual health (16). Physical activity participation reduces the health burden imposed by transportation emissions, mitigates the regional heat island effect, and expands green space (17). However, developed countries such as Europe and the United States are the focus of most research on the association between green space exposure and physical activity. Besides, there are no scholars in China who have conducted empirical econometric studies on the relationship between the two. Does the fact that the residents of China, the world’s largest developing country, are in a green space-exposed environment have any effect on physical activity participation? Does this effect change over time? What is the specific mechanism of this effect? These are the questions to be explored in depth in this paper.

Therefore, an empirical study is conducted in this paper from the perspective of health geography using the China General Social Survey (CGSS) data and the Normalized Vegetation Cover Index (NDVI) matched data at the provincial level for two purposes. One is to examine the impact of green space exposure on residents’ participation in physical exercise and its mechanism. The other is to explore the heterogeneity of the direct mechanism in a differentiated way. In this way, empirical evidence and empirical support are provided to meet the diversified needs of mass fitness activities and to construct a green, convenient and universal fitness ecosystem.



2 Literature review


2.1 Measurement and temporal evolution analysis of green space exposure

In the existing studies, there is still no standardized way of defining green space exposure measurement. The common measures include two-dimensional spatial indicators such as green space rate, green space area per capita and service radius, as well as three-dimensional dimensions such as greening of urban roads, parks, squares, and other green volume measurements. Among them, the Normalized Vegetation Cover Index (NDVI) is the most effective measure of green space exposure oriented to population behavior and health (18). As a parameter used to evaluate ground greening, NDVI requires using the long time series of remote sensing data to monitor the change of vegetation cover systematically at the regional scale. In this way, the spatial and temporal situation of green vegetation cover can be intuitively reflected. Meanwhile, a specific formula is used to determine the value of the index. Finally, a value between −1 and + 1 is generated. When the value is closer to −1, it suggests that the ground is covered with more clouds, water, and snow; when the value is 0, it indicates that the surface is covered with rocks or bare soil, etc.; if the value is positive and closer to 1, it indicates that the ground vegetation cover is increasing. Based on the calculation of difference between the red and infrared bands (19), NIR is defined as the near-infrared light reflected by healthy vegetation. When the degree of vegetation cover rises, the red light reflection decreases and the near-infrared light reflection increases. It is calculated through the following formula:

[image: NDVI formula shown as NDVI equals the near-infrared (NIR) minus red, divided by the near-infrared (NIR) plus red.]

In order to better analyze the dynamics of NDVI in China from 2000 to 2022, the Theil-Sen Median trend analysis and Mann-Kendall test (20, 21) were conducted to perform measurement. The Theil-Sen Median trend analysis is a non-parametric estimation technique commonly used to analyze longterm trends in vegetation NDVI (Normalized Difference Vegetation Index). Compared to other methods of trend analysis, it is less affected by outliers. Another nonparametric statistical test, namely the Mann-Kendall test, does not require the sample to follow a normal distribution. It is used to determine the significance of trends. By combining these two methods, the impact of climate change and human activities on vegetation growth can be better evaluated to reveal the longterm changes in NDVI. This approach is applicable to predict the effects of environmental factors on public sports. Considering SNDVI and Z-statistics, the trend of NDVI changes was delineated. Specifically, slope was delineated in the range of −0.0005 to 0.0005 for stable areas, no less than 0.0005 for the areas of improved vegetation, and less than −0.0005 for the areas of degraded vegetation. On the whole, the change of vegetation cover is crisscrossed; the degradation of vegetation cover is more significant in the eastern and western regions; the degree of vegetation cover shows improvement in the northwestern (including Shaanxi, Gansu, Ningxia, etc.), northeastern (Heilongjiang, Jilin, etc.) and northern (Beijing, Nei Mengu, etc.) regions; and the degree of vegetation cover in the southern region, as represented by Guangxi and Yunnan, is also improved significantly (Figure 1).
[image: Map of China showing trend analysis in various regions. Colors range from light to dark red, indicating trend values from -0.0005 to 0.0068, as per the legend. An inset shows detailed regions off the southeast coast.]

FIGURE 1
 Characteristics and trend analysis of NDVI changes in Chinese provinces, 2000–2022.




2.2 The green space effect: the direct effect of green space exposure on residents’ physical activity participation

In recent years, the continuous improvement of green infrastructure and social public sports service system prompts more and more scholars to explore how the transformation of national fitness can be promoted as a green ecological model, with the aim of making the public to receive more health benefits from green space exposure. According to the definition given by the U.S. National Environmental Protection Agency, in its Environmental Atlas, green space is referred to as all the areas covered by vegetation, including cropland, grasslands, woodlands, wetlands, and parks (22). Previously, the spatial effects of green space were assessed mainly according to land use types (23). However, green vegetation cover has now become a commonly used indicator of green space exposure for evaluation as satellite remote sensing technology advances (24). Through a review of the major practical advances on the health effects of green spaces at home and abroad, it can be found out that the focus of research is placed mainly on green space dose effects (25), the causal experiments on green space health in pathology (26), and restorative environmental gain effects (27). Specifically, there are some theories that can be applied to expound the impact of green space exposure on residents’ physical activity participation: (1) Social-ecological system theory. The American scholar Bronfenbrenner presented a systematic framework of socio-ecological models, arguing for the objective environment as a crucial influencing factor in health behavior interventions (16). As an important part of the natural environment, vegetation (including trees, green spaces, etc.) has positive effects on the physical and mental health of humans (15). As indicated in empirical research, a higher level of vegetation around the home or school may promote the physical or outdoor activity performed by humans (28). As revealed by Almanza et al., adolescents were 34–39% more likely to engage in physical activity in green spaces (29). (2) Self-determination theory. Proposed by American psychologists such as Deci, the motivational process theory of human self-determined behavior holds that individuals base their choices about their self-behavior on the full awareness of their personal needs and environmental information (30). Exercise adherence can be promoted when the enjoyment of exercise in a high-quality, pleasant green natural environment is intrinsically motivated (31). Those individuals engaging in green exercise regularly may understand the complementary benefits of green exercise compared to indoor environments either unconsciously or consciously, which reduces stress and invokes a sense of well-being (32, 33) (3) Space-behavior interaction theory. According to this theory, space (the geographic space of human activities) and behavior (human behavioral activities) are regarded as embodying a dialectical interaction and connection (34). Vegetation exhibits significant spatial variability properties. The residents living in high NDVI have relatively better somatic functioning and they are more likely to engage in regular physical activity within a green spatial environment, such as walking and calisthenics (35). In addition, those residents who exercise in more vegetated spaces experience less pollution, have more movable area, and engage in physical activity more frequently (36). Accordingly, Hypothesis H1 is proposed as follows:

 H1: The higher the likelihood that residents exposed to green space will participate in physical activity.





2.3 Carbon sequestration: mechanisms of carbon emissions

Carbon emissions may be an important mechanism through which green space exposure exerts influence on residents physical activity participation. In a narrow sense, carbon emissions are defined as the emissions of “carbon dioxide” (CO2). Broadly speaking, it involves the emissions of six gaseous substances, including carbon dioxide (CO2), methane, nitrous oxide, oxyfluorocarbons, perfluorocarbons, and sulfur hexafluoride (37). In recent years, the carbon sequestration effect of vegetation has become the focus of research conducted by many scholars. In general, vegetation shows a high rate of photosynthesis, which increases the capacity to absorb CO2 (38). Also, carbon emissions can be indirectly reduced through the functions of green space such as containing water, regulating climate anomalies, and absorbing pollutants (39). As a significant means of maintaining ecosystems, the carbon sequestration capacity of vegetation can enhance soil organic carbon sequestration and optimize the environment of local areas (40), which leads to positive social and ecological impacts (41, 42). By reducing carbon emissions, global health can be promoted. Also, the reduction in GHG emissions mitigates the health risks associated with air pollution, meets the demand of humans for high-quality living environments, and increases the amount of physical activity in the population (43, 44). Additionally, there is a close correlation between the health benefits of physical activity and the potential risk of pollution from carbon emissions. On the one hand, the emissions of greenhouse gases from transportation can be reduced by physical exercise, as an effective way to realize a low-carbon life, and the participation in walking, cycling and other sports and leisure activities. Also, individuals can develop a low-carbon concept in their daily exercise (45). On the other hand, excessive carbon emissions are likely to pose various natural hazards such as air pollutant concentration (46), frequent occurrence of extreme weather (47), and increased ecological risks to land (48). Thus, the convenience and comfort of residents’ outdoor activities are affected. Overall, there has been a general consensus reached in the academic community on the contribution of spatial pattern of vegetation to carbon sequestration. Besides, reducing carbon emissions may have a positive effect on engaging residents in outdoor physical activity. Accordingly, Hypothesis H2 is proposed as follows:


H2: Expansion of green space reduces carbon emissions, which in turn promotes physical activity participation among residents.
 



2.4 Cohort effects: a mechanism for social interaction

Aside from the abovementioned influencing mechanisms, social interactions were one of the reasons why participants engaged in green exercise (49). As the most basic form of communication between individuals, socialization is a social activity in which people have interaction with each other and engage in material and spiritual exchanges under certain conditions. According to plenty of empirical studies conducted globally on the effects of green space exposure on residents’ social interactions, the social value of vegetation effects is reflected to a large extent in the provision of open and free social spaces and nature experiences for social capital accumulation (50, 51). In prior research, it has been discovered that social interaction plays an important “bridging” role between green space and health (52). Green spaces are regarded as the places for residents’ social gatherings and other recreational activities, such as parks and greenways (53), and the socializing in public green space attracts more groups to participate in neighborhood interactions. This leads to the interactive feelings and attitudes toward each other through shared feelings and experiences, which allows disadvantaged groups access to more social capital while improving cross-group relations (54–56). Regarding the relationship between social interactions and physical activity participation, there are many studies confirming the positive relationship between social interaction and physical activity participation, i.e., the increase in frequency of social interactions translates into the increase in individual physical activity behavior (57). High-quality social capital is inseparable from high-quality social interactions, including verbal communication, behavioral interactions, and emotional exchanges (58). Also, sport social capital is better at explaining the social connection of interpersonal interactions in sport (59). Regardless of individual social capital or collective social capital, it has a positive impact on residents’ physical activity behaviors (60, 61). According to studies, the natural environments with high green vegetation, such as parks and meadows, perform the practical service function of social interaction, attracting more peers to participate in exercise for improved health (62). Accordingly, Hypothesis H3 is proposed as follows:


H3: Expansion of green space enhances residents’ social interactions, which in turn promotes physical activity participation.
 

By synthesizing the relationship argumentation and hypothesis derivation of the above relevant variables, we construct a theoretical framework model of green space exposure affecting residents’ participation in physical activity, and quantitatively assess the causal effect and mechanism of action. See Figure 2.

[image: Diagram showing relationships between four boxes: "Green space exposure (NDVI)" influences "Carbon emissions," "Social interaction," and "Physical activity participation," labeled as H1, H2, and H3 respectively. "Carbon emissions" and "Social interaction" also influence "Physical activity participation." Arrows indicate direction of influence.]

FIGURE 2
 The theoretical framework.





3 Materials and methods


3.1 Data sources

The population microsurvey data used in this paper is sourced from the China General Social Survey (CGSS), which is collected every two years, with the latest year updated to 2021. Covering 28 provinces (except Tibet, Hong Kong, Macao, and Taiwan), this data Research Topic reflects China’s social, economic, demographic, educational, and health changes, showing high representativeness and reliability. In this paper, China’s provincial NDVI macro data were matched with the micro China General Social Survey (CGSS), which is processed as follows. Firstly, the names of the required population-level variables were harmonized across the six periods of the CGSS database (2012, 2013, 2015, 2017, 2018, and 2021). Secondly, the microdata collected during a single year were longitudinally merged and then the merged data were cleaned. Again, the variables required for normalized vegetation index (NDVI) data for each province in China were calculated, extracted, and cleaned. Finally, the cleaned CGSS survey data were horizontally matched with the Normalized Vegetation Index (NDVI) using the CGSS province code and year code for urban and rural residents aged 18 years and older. In total, 40714 valid samples were obtained, with the sample size reaching 6415, 7297, 7081, 7481, 6882, and 5558 for the six surveys, respectively. As for the data on energy consumption of gasoline, coal and natural gas involved in the calculation of carbon emissions, they were collected from the China Economic Database (CEIO) and the China Energy Statistics Yearbook, etc., while the data on average annual precipitation in the provinces were sourced from the National Average Annual Precipitation Data by Province. All the results provided in this paper were calculated by Stata software.



3.2 Variable selection


3.2.1 Dependent variable

Physical activity participation is a social activity aimed at developing physical fitness, enhancing physical health and enriching spare-time cultural activities. The dependent variable is the current participation in physical activity of the population, and the CGSS questioned the respondents about how often they had engaged in physical activity in the previous year, as measured by the questionnaire, “In the past year, did you often engage in the following activities in your free time - participating in physical activity?” In order to facilitate statistical analysis and understand the persistence of residents’ participation in physical activity, a reference was made to the existing study (63). The answers provided as optional include “never, a few times a year or less, a few times a month, a few times a week, and every day,” which are assigned a value of 1 ~ 5. The higher the value, the higher the degree of residents’ participation in physical activity, which is an ordered multicategorical variable.



3.2.2 Independent variable

The independent variable used in this paper is the province normalized vegetation index (NDVI). In remote sensing images, the normalized vegetation index (NDVI) is taken as an important parameter that carries the information of vegetation cover changes. Herein, the NDVI dataset was preprocessed and calculated by using ENVI and ArcGIS software, etc. The value of NDVI ranges between −1 and 1. The closer the value is to 1, the higher the density of the green vegetation is (64).



3.2.3 Mediating variables

In this paper, the mechanism of action was analyzed from two perspectives: carbon emissions and social interaction. Carbon emissions are calculated using IPCC and the methods proposed by the Office of the National Coordinating Group for Climate Change Response and the Energy Research Institute of the National Development and Reform Commission (NDRC). The formula of CO2 calculation is expressed as follows:

[image: Equation for carbon dioxide emissions: \( CO_2 = \sum_{k=1}^{7} E_k \times CF_k \times CC_k \times COF_k \times \frac{44}{12} + m_0Q \).]

In Equation, the CO2 emission coefficient consists of the energy consumption of seven fossil fuels, including coke, coal, kerosene, diesel, gasoline, combustion oil and natural gas. Such gases persist in the atmosphere for a longer period of time, accounting for a high percentage. Given the ease to statistically account for them, the total amount of CO2 emissions is taken as the mediating variable to perform logarithmic treatment.

The second type of mediator variable used in this paper is social interaction. As for CGSS data, the question to be raised is: “In the past year, have you frequently engaged in the following activities during your leisure time: visiting friends, relaxation, and educational pursuits?” The answers provided as optional include “never, seldom, sometimes, often, very often,” with a value of 1–5 assigned. The larger the value, the more frequent the social interaction.



3.2.4 Control variables

The control variables used in this study were selected from other influencing factors in individual physical activity participation, including gender, age, household register, ethnicity, marital status, education level, health level, total personal income, and party member. Among them, gender is a dichotomous variable assigned a value of 1 for males and 0 for females. Age was defined as the year of the survey minus the year of birth. Household register was taken as a dichotomous variable, with urban areas assigned a value of 1 and rural areas assigned a value of 0. Ethnicity was assigned a value of 1 for Han Chinese and a value of 0 for other ethnic minorities (Mongols, Manchus, Hui, etc.). Marital status was categorized into not married and married. No marriage (unmarried, cohabiting, divorced, widowed) was assigned a value of 0, while being married (married for the first time with a spouse, remarried with a spouse, or separated but not divorced was assigned a value of 1). Education level was categorized as elementary school and below (without any education, private school and literacy class), junior high school, senior high school (general senior high school, vocational senior high school, middle school, technical school), university college (adult higher education, unified enrollment), and bachelor’s degree and above (adult higher education, unified enrollment, and postgraduate study). It was assigned the value of 1 to 5, respectively. For health level, from very unhealthy to very healthy, it was assigned a value ranging from 1 to 5. Total personal income is treated as natural logarithm. For party, party member was assigned a value of 1, and others were assigned a value of 0. In addition, control was imposed on province fixed effects and time fixed effects, considering the effect of time change and differences in economic development of respondents’ provincial regions. The details are presented in Table 1.



TABLE 1 Results of descriptive statistics.
[image: A table categorizing variables into dependent, independent, mediating, control, and instrumental variables. It includes mean and standard deviation (SD) values for each variable. Coding values define scales for physical activity participation, social interaction, and several control variables like gender, educational level, and health level. The instrumental variable is average annual rainfall. Mean and SD highlight data distribution for each variable.]




3.3 Research methods


3.3.1 Baseline identification model

In this paper, Stata17.0 software was applied to analyze the relationship between green space exposure and residents’ participation in physical activity. Furthermore, the baseline regression model was established as follows by controlling province and time fixed effects:

[image: Equation showing a regression model: \( PA_{ijt} = \alpha + \beta_1 NDVI_{ijt} + \delta C_{ijt} + \gamma_t + p_j + \mu_{ijt} \).]

where PAijt represents the physical activity participation status of individual residents of province j at time t; NDVIijt denotes the change in the normalized vegetation index of individual provincej at timet; Cijt represents a series of control variables affecting the physical activity participation of an individual, including age, gender, marital status, and education, etc.; Yt denotes the time-fixed effect; Pj denotes the province-fixed effect; α indicates the constant term; μijt represents the error term; and β1 and δ refer to the parameters to be estimated.



3.3.2 Mechanism testing model

In order to verify the mediating role of carbon emissions and social interactions between green space exposure and residents’ participation in physical activity, the stepwise regression method proposed by Baron and Kenny was used in this paper to verify whether there is a mediating effect (65). The specific formula is expressed as follows:

[image: Mathematical equation representing a model: \( M_{ijt} = \alpha + \beta_2 NDVI_{ijt} + \delta C_{ijt} + \gamma_t + p_j + \mu_{ijt} \) with equation number (2).]

[image: Equation for PA_ijt equals alpha plus beta_3 times NDVI_ijt plus theta times M_ijt plus delta times C_ijt plus gamma_t plus p_j plus mu_ijt.]

In Equation (1), β1 is the main effect, β3 is the direct effect, β2θ is the indirect effect, and the relationship between the coefficients is expressed as β1 = β3 + β2 × θ. Equation (2,3) Mijt is the mediator variable, including carbon emissions and social interactions. β2, β3, θ are the coefficients to be estimated, and μijt is the error term. The stepwise regression method is characterized by the low efficacy of statistical tests and the biased estimation of effects. In order to demonstrate the role of the mediating variables more accurately, the effects were decomposed using the “mixed effects” and “scale-change effects” decomposition method (KHB decomposition method) co-developed by Kristian et al. (66). Thus, the comparison in the independent contributions of the different mediating variables to the total effect was facilitated. This method is suitable when multidimensional mediating variables are involved.





4 Empirical results


4.1 Main characteristics of the survey sample

In order to better understand the changes in the main characteristics of the population in recent years, descriptive statistics were analyzed for the independent, dependent and mediating variables, etc., as shown in Table 2.



TABLE 2 Main characteristics of the survey sample.
[image: A table displaying data from 2012 to 2021 on various categories including physical activity participation, NDVI, gender, age, ethnicity, party membership, marital status, household register, educational level, health level, total personal income, carbon emissions, and social interactions. Each category is broken down by year, displaying numbers and percentages. The master sample size and participation rates are highlighted for each year.]



4.2 Baseline regression results

According to the research purpose and model setting of this paper, Hausman test was conducted to determine whether to use fixed or random model. According to the test results, it was significant at 0.05 level, rejecting the random effect hypothesis. Therefore, the fixed effect model was adopted. Multicollinearity was tested by measuring the variance inflation factor (VIF). It is generally accepted that there is a serious problem of multicollinearity if the VIF exceeds 2 for most of the variables, which affects the preestimation results of the study. As revealed by the measurement, the VIF values of all the variables ranged between 1 and 2, except for political status (2.15), and the Mean VIF value was 1.69. Since there was no serious problem of multicollinearity, it was considered suitable for regression analysis.

Table 3 lists the results of the baseline regression model, with the relationship between the effect of NDVI and residents’ participation in physical activity first explored. With control imposed on province and time fixed effects, the effect of NDVI on residents’ participation in physical activity was found to be positively and significantly correlated (β = 0.549, p < 0.01), suggesting a significant rise in the willingness of residents to participate in physical activity with an increase in the vegetation cover index. After the inclusion of control variables and province and time fixed effects, Model (2) yielded a positive coefficient on NDVI (β = 0.617, p < 0.01), and the coefficients on the control variables were all as expected. Specifically, the level of participation in physical activity is higher among the residents who are female, older adults, Han Chinese, party member, not in marriage, urban, having a high level of education, a high level of health, and a high total personal income. Since NDVI changes constantly from year to year, there may be obvious differences in the impact on residents’ participation in physical activity. Thus, independent regressions were performed on the data of six years, respectively, as a test on how the persistence and timeliness of NDVI impact residents’ participation in physical activity, so as to explore the impact of NDVI on residents’ participation in physical activity in more depth. According to the results of year-by-year regression, Models (3) to (8) all indicate that NDVI has a significant promoting effect on residents’ physical activity participation, and the increase was the highest in 2012. Through year-by-year regression, the impact of NDVI changes on residents’ participation in physical activity was verified, and evidence was provided to support the rationality of subsequent policy establishment and formulation. Thus, the conclusion was further confirmed.



TABLE 3 Baseline regression results of NDVI on physical activity participation of Chinese residents.
[image: Table displaying statistical results from multiple models spanning the years 2012 to 2021, focusing on variables like NDVI, gender, age, ethnicity, party, marital status, household register, educational level, health level, and total personal income. Columns show coefficients with standard errors in parentheses. Significance levels indicated by asterisks. Models also account for provincial and time fixed effects. Observations and R-squared values are included.]



4.3 Robustness test


4.3.1 Endogenous test

To prevent the endogeneity problems caused by omitted variables, DWH was used to test the presence of endogeneity problems. When the F-value is significant at the 1% confidence interval, it indicates an endogeneity problem of green space exposure affecting residents’ physical activity participation. The average annual precipitation was obtained from the average annual precipitation data of each province in China. To ensure the rationality of instrumental variable selection, there are 2 basic conditions to satisfy. One is the endogenous nature of the instrumental variables. Moisture is an important environmental factor that affects plant survival, growth and distribution. For smooth oxygenation and functioning, vegetation growth requires moderate moisture. The other one is the exogeneity of the instrumental variables. There is an absence of direct or indirect evidence that average annual precipitation has direct effects on the physical activity participation of the population. IV-2sls was used for estimation. According to the results, average annual precipitation had a significant effect on NDVI, and the F-statistic value exceeded 10%, indicating the absence of weak instrumental variable. Also, according to the principle of testing instrumental variables, there was no need to perform over-identification test when the number of instrumental variables equaled the number of endogenous variables. The second-stage regression of NDVI on residents’ participation in physical activity was significant at the 1% level, which was consistent with the results of the baseline regression. See Table 4.



TABLE 4 Endogeneity and robustness test.
[image: Table displaying statistical results across four phases: "First phase", "Second phase", "Replacement of empirical model", and "Change the independent variable". Variables include "Average annual rainfall", "NDVI", "Control variables", "Provincial fixed effects", "Time fixed effects", "DWH test", "F-Statistical value", "R²", and "Observations". Significant values at 1%, 5%, and 10% levels are marked with asterisks. ]



4.3.2 Replacement of empirical model

In order to make the empirical findings more reliable, an ordered probability model (Ologit) was employed to validate the findings. According to the results, with control applied on province and time fixed effects, NDVI had a positive effect on residents’ participation in physical activity and was significant at the 1% level, demonstrating the robustness of the findings. See Table 4.



4.3.3 Change the independent variable

Through the equal interval classification performed in ArcGIS (67–69), the NDVI explanatory variables were categorized into five levels: Level I (0 ≤ NDVI ≤0.2), Level II (0.2 < NDVI ≤0.4), Level III (0.4 < NDVI ≤0.6), Level IV (0.6 < NDVI ≤0.8), and Level V (0.8 < NDVI ≤1.0). As indicated by the empirical results, the impact coefficient of NDVI was 0.0763 and significant at 1% level, which reaffirmed the robustness of the findings. See Table 4.




4.4 Mechanism of action analysis

According to the stepwise regression results, Model (2) shows that the coefficient of NDVI on carbon emission is −0.883, which is significant at 1% level, indicating a significant inhibitory effect of NDVI on carbon emission. In Model (3), physical activity participation as the outcome variable, NDVI as the predictor variable, and carbon emission as the mediator variable are factored into the regression equation, revealing that carbon emission has a significant inhibitory effect on residents’ physical activity participation. Thus, the mediator path of NDVI→carbon emission→physical activity participation is preliminarily verified. Model (4) shows that the coefficient of the effect of NDVI on social interaction is 0.272, which is significant at the 1% level. It indicates the significant contribution of NDVI to the social interaction of residents. According to the results of the mediation model of model (5), the coefficient of the impact of social interaction on residents’ participation in physical activity is 0.341, which is significant at the 1% level. Besides, the impact on participation in physical activity is less significant than the regression coefficient of the main effect of Model (1). It is initially judged that there is a mediation path of NDVI→social interaction→physical activity participation. See Table 5.



TABLE 5 Tests of mediating effects of carbon emissions and social interactions.
[image: Regression table detailing the effects of variables on physical activity, carbon emissions, and social interaction. NDVI, carbon emissions, and social interaction have significant relationships at different confidence levels. All models include control variables, provincial and time fixed effects, with an observation count of 40,714. Significance levels are marked with asterisks.]

In order to accurately demonstrate the independent role of the two mediating variables, carbon emissions and social interactions, the KHB decomposition method was used to decompose the mediating effects and further verify the robustness of the mediating roles. The KHB decomposition method performs better in clarifying the direct effect, indirect effect and the independent contribution of each mediating variable. According to Table 6, the mediating effects of carbon emission and social interaction account for 23.19 and 15.04% of the total effect, respectively, with neither of them including 0 at the upper and lower bounds of the 95% confidence intervals. It indicates that carbon emission and social interaction are the important mechanisms of action for the NDVI influencing residents’ participation in physical activity. See Table 6.



TABLE 6 KHB mediation effect decomposition test table.
[image: Table comparing carbon emissions and social interaction effects. For carbon emissions: total effect coefficient is 0.617, direct effect 0.474, indirect effect 0.143 with a 23.19% contribution rate. For social interaction: total effect coefficient is 0.617, direct effect 0.524, indirect effect 0.092 with a 15.04% contribution rate. Significance is indicated by asterisks.]



4.5 Heterogeneity analysis

In order to reveal the differential impact of NDVI on the physical activity participation of residents with different characteristics, the sample was categorized into different gender, marital, and household cohorts for heterogeneity tests. According to Table 7, the gender cluster suggested that NDVI had a significant effect on physical activity participation for both male and female residents, with regression coefficients showing a more pronounced effect for male residents. As revealed by the marriage cohort, NDVI contributed more to physical activity participation among married residents. In terms of household cohorts, NDVI contributed more to physical activity participation among urban residents than rural residents, showing significance at the 1% level. The above results suggest a more important role of NDVI in physical activity participation for males, those in marriage, and urban residents.



TABLE 7 Heterogeneity of gender, marriage, and household register.
[image: Table displaying regression results for various groups: Female, Male, Not in marriage, In marriage, Rural, and Urban. NDVI coefficients range from 0.509 to 0.651, all significant at the 1% level. Standard errors are listed in parentheses. Provincial and time fixed effects are controlled. Observations vary, with R-squared values between 0.122 and 0.259.]




5 Discussion

In this study, six years of CGSS data were used to explore the correlation between green space exposure and physical activity participation among Chinese residents, and to examine whether an indirect effect is caused through mediating factors. This provides empirical evidence for promoting physical activity participation among Chinese residents. According to the above results, NDVI contributed significantly to the physical activity participation of Chinese residents, which is consistent with the results of previous studies. There is a significant increase in the likelihood of residents’ physical activity participation with a rise in NDVI. Also, this likelihood increases as the NDVI index changes. According to studies, the residents perceiving higher-quality greenery may spend more time participating in physical activity and experience better mental health, including urban parks, green belts, and streetscapes (70). However, there is also evidence suggesting no significant correlation between green space and physical activity (71–73). Similarly, in New Zealand, the access to parks is irrelevant to exercise (74). There are some possible reasons for this. One is that vegetation shows variation in growth between different regions of China due to precipitation and sunshine climate, and the other one is that the differences in green space attribute characteristics, quality characteristics, availability and accessibility all contribute to the differences in physical activity among residents. For example, Sallis et al. found out that the differences in park density caused variations in physical activity levels (75). Reportedly, a study conducted in Japan on the therapeutic effects of forests showed that the subjects scored significantly higher in subjective vitality when walking in the forest than in urban environments (76). According to a study, the edge density of urban vegetation fragmentation (e.g., scrubland) in the United States was associated with the active physical activity and normal BMI of residents. Also, a reduction in forest patch density may contribute to a higher prevalence (77). In another study, a different measure of green space exposure was used. Mytton et al. used GLUD data to conduct a cross-sectional survey and reported the relationship between green space and overall physical activity in the United Kingdom (78). It was found out that one in five residents living in green land in England had a lower mortality rate, which may be related to the engagement in more physical activities. However, the green space available to individuals in the environment was not considered to measure physical activity levels. With no control on some other factors, including weather and season, physical activity may be affected (79). Notably, the positive impact of green space exposure on physical activity is demonstrated by the fact that one study attempted to explore the potential mediating causal pathways between green space and health by constructing a mediated model of physical activity through a small-scale experimental study (28). In addition, attention shall be paid to the potential gaps in the use of parks and green spaces for vulnerable populations during the pandemic (80). Health agencies, including the American Public Health Association and the Centers for Disease Control and Prevention, have emphasized the importance of staying active while sheltering in place during COVID-19, such as visiting parks and green spaces (81). Proper physical distancing and face covering reduce the risk of infection, making parks and green spaces safe places for physical activity during the pandemic (82). This provides a reference for the government to develop a public health framework. In this study, the correlation between green space and Chinese residents’ participation in physical activity was explored using large-scale survey data. To a certain extent, this can refine the limitations of the results of the experimental causal study. However, this study ignored such factors as vegetation type, geomorphology, management, and maintenance, etc. Therefore, further studies will be carried out to empirically explore the relationship by collecting a wide range of availability data.

In addition, green space exposure can promote physical activity participation among residents by reducing carbon emissions. In previous studies, it has been found out that NDVI can improve population health by intercepting airborne particulate matter or by facilitating the uptake of gaseous pollutants through leaf stomata on the surface (83). In our study, it is shown that the carbon emissions from economic and social development can be offset by effectively utilizing the carbon sequestration function of vegetation, which creates a favorable ecological environment for residents’ participation in physical activity. Given a wide geographic area in China as covered by our study population, this result allows for the finding that increasing greenness and decreasing carbon emission pollution may have a synergistic effect on the health of the Chinese population. This makes it possible to promote physical activity. The greener the area, the more vegetation may be required to mitigate the negative impacts of atmospheric carbon dioxide emissions (84). The commonly proposed mechanisms include trees absorbing particulate matter such as oxygen-nitrogen compounds, sulfur dioxide, and ozone (85), with superior activity space created for residents to engage in physical activity (86). In addition to achieving carbon neutrality, building more green spaces plays an important role in maintaining climate-protected cities (87). Manchester, for example, has taken steps to expand green spaces by planting trees (88), which promotes low-carbon outdoor sports. Due to data availability and study time constraints, it was difficult to validate the differences in NDVI on carbon emissions and residents’ participation in physical activity in different provinces and regions of China. Allowing for this, it is necessary to conduct cluster analysis based on the geographic areas of green space exposure to understand the role of potential mechanisms more accurately.

Another finding of this study is that NDVI can promote physical activity participation by enhancing residents’ social interactions, which is consistent with existing research. The correlation between green space environments and social interactions has been demonstrated in numerous studies. For example, green environments can promote the normal interactions between communities (51), increase neighborhood tolerance (89) and reduce aggression (90). As revealed by further research, green space promotes the interaction between people, which in turn affects their health (91), and those with higher levels of participation in social interaction activities have better health (92). Compared to manmade built environments, high-quality green environments provide a high-quality natural experience, extend the time residents spend in the space or their willingness to visit, and increase the frequency and intensity of social interactions. Compared to those who are more isolated in their daily lives, the older adults with close social networks have been reported to walk in urban green space parks more frequently (93). At the same time, it is more likely for the residents with more social interactions to participate in physical activity. More importantly, social interaction has a potential to mediate the role between NDVI and physical activity participation. Parks and green spaces are the important places for residents to interact socially with others. As revealed by studies, adolescents value the opportunities to engage in physical activity and social interactions in urban green spaces, such as group exercise games. Overall, the green space plays a positive role in promoting the effective improvement of physical activity levels by creating an ideal and comfortable place for residents to engage in social interactions. Therefore, it is necessary to enhance ecological environmental protection, expand green development space, promote the construction of neighborhood social networks, and meet the residents’ daily exercise needs.

In our study, it was also found out that NDVI was more effective in promoting physical activity participation among men, those in marriage, and urban residents. From a gender perspective, males are more likely to participate in sport in green spaces, for two possible reasons. On the one hand, men and women differ in their lifestyles, environmental preferences and exercise habits. It has been shown that men who engage in instrumental physical activity are more likely to engage in the green movement (94). Men often engage in more outdoor activities and physical labor, which increases the likelihood of green space exposure. In comparison, women prefer walking to indoor places such as supermarkets and grocery stores. On the other hand, men and women tend to experience and utilize green space differently. When exercising in a park or greenway, women are more concerned about their personal safety (14) and they are less likely to engage in high-intensity physical activity (95). Notably, women may be more closely concerned with perceived health in green space environments despite the results suggesting that men have higher levels of exercise participation in green space. Also, the solidified notion of the division of family roles, which makes women assume more family caregiving responsibilities, may contribute significantly to the lower exercise participation of women. For detailed exploration in subsequent studies, applying control on home environment factors will be considered. In the marital cohort, NDVI was found to play a greater role in promoting physical activity participation among married residents. In terms of domicile groups, urban residents are more likely than rural residents to be physically active in green space. The variation in the carbon sink capacity of urban and rural green spaces is an important influencing factor for the differences in exercise among residents. As a strong guarantee for enhancing the carbon sink capacity of regional vegetation, sustainable urban development can not only increase the utilization rate of ecological units such as wetland parks, street greenspaces, pocket parks, etc., but also diversify outdoor sports facilities, thus significantly increasing the participation of urban residents in physical exercise.

The contributions of this study are as follows. Firstly, previous studies have focused more on developed countries (such as the United States, the United Kingdom or New Zealand), with a lack of attention paid to the empirical research on China as the largest developing country in the world. In this study, the relationship between the exposure to green space and residents’ participation in physical activity in China was analyzed to examine the two intermediary mechanisms of carbon emissions. This contributes to creating a good sports environment for the residents, thus promoting their active physical activity. Secondly, as physical inactivity is a major concern for global public health, a variety of factors were explored to analyze the demographic differences in the influence of green space exposure on residents’ participation in physical activity. This provides a guidance for local governments to formulate targeted policies aimed at improving the level of physical activities among residents. There are also some limitations in this study. Firstly, the data on population physical activity participation were collected using self-reports, which affected the ability to make causal inferences in this study. Secondly, to answer the question about whether the physical activity participation reported by respondents took place in a green space environment and the lack of investigation into the perceived aspects of green space environments, future research should be conducted to make causal inferences through the objective environmental perceptions of residents and quasi-experimental studies. Finally, due to the uneven distribution of green space across regions in China, the differential characteristics of exercise among residents of different provinces should be studied. Also, it is necessary to further quantify the effects of green vegetation types and spatial components on physical exercise.



6 Conclusion

With China General Survey Data (CGSS) and Provincial Vegetation Cover Index (NDVI) matched data as samples, the impact of green space exposure on Chinese residents’ participation in physical activity is examined in this paper from the perspective of health geography. Also, an empirical research is conducted on the mechanisms of carbon sequestration and cohort effect, which provides new theoretical perspectives and empirical evidences for accelerating the promotion of greening of lifestyles and the development of national fitness at a high level. According to the results, there is a green space effect of green space exposure on residents’ participation in physical activity, as manifested by the fact that an increase in NDVI promotes the active participation of an individual in physical activity. Notably, the conclusion still holds after robustness tests, such as endogeneity problem treatment, the replacement of the empirical model, and the change in the independent variables. As revealed by mechanistic analyses, carbon emissions and social interaction are the important mechanisms of action for green space exposure to influence residents’ participation in physical activity. According to heterogeneity analysis, group variability existed in green space effects. Comparatively, green space exposure has a more pronounced effect on physical activity participation among men, those in marriage, and urban residents.
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In the contemporary context marked by globalization and the growing prominence of sustainable development, assessing urban tourism competitiveness has emerged as a crucial research domain. This paper aims to develop a comprehensive model for evaluating city tourism competitiveness, grounded in the principles of sustainable development. The model incorporates factors such as city tourism resources, environmental considerations, economic aspects, and societal factors. This holistic approach seeks to offer valuable insights for the city tourism industry. The study conducts a thorough analysis of current research both domestically and internationally, highlighting gaps and articulating the objectives and significance of the research. Employing a machine learning-based empowerment method, the paper determines the significance of evaluation indices and utilizes the Topsis method for assessing urban tourism competitiveness. Distinguishing itself from traditional evaluation methods, this model integrates the principles of sustainable development throughout the evaluation process, with environmental, social, and economic sustainability serving as pivotal evaluation indicators. Empirical analysis involves the evaluation of tourism competitiveness for select cities, facilitating inter-city comparisons. Results from empirical studies demonstrate the model’s effectiveness in evaluating urban tourism competitiveness, providing targeted developmental recommendations for urban tourism.
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1 Introduction

In today’s increasingly globalized global economy, urban tourism, as an important economic activity, not only plays a key role in promoting the development of local industries but also becomes an important aspect of sustainable urban development (1). The concept of sustainable development emphasizes the balance of economic, social, and environmental aspects, and the sustainability of urban tourism, as a complex system involving multiple fields, has attracted extensive attention from scholars and practitioners (2).

With the growth of population and the continuous progress of urbanization, urban tourism competitiveness has become a topic of great concern (3). Urban tourism competitiveness is directly related to the status and attractiveness of a city in the tourism market, so how to scientifically evaluate the competitiveness of urban tourism has become an urgent problem for city managers and decision-makers (4). In the context of sustainable development, the evaluation of urban tourism competitiveness should not only consider the economic benefits, but also comprehensively consider social, cultural, and environmental factors to ensure that the development of urban tourism is not only a short-term economic stimulus but also a long-term sustainable development path (5, 6).

As an important component of economic development, urban tourism not only creates employment opportunities and financial revenue for cities but also has a profound impact on urban sustainability through activities that promote culture, social interaction, and environmental protection. However, with the booming development of global tourism and the intensifying competition among cities, the enhancement of urban tourism competitiveness has become a common challenge for all cities. In this context, constructing a scientific and reasonable evaluation model of urban tourism competitiveness is of great significance for formulating reasonable urban tourism development strategies and improving the overall competitiveness of cities (7).

This paper constructs an evaluation model of urban tourism competitiveness in line with the context of sustainable development to comprehensively and scientifically assess the competitiveness of cities in the field of tourism. Through in-depth analysis of the elements of the city tourism system, aims to provide city decision-makers with more comprehensive information so that they can plan and manage the city tourism development more effectively and promote its development in a sustainable and balanced direction.

The urban tourism competitiveness evaluation model proposed in this study is based on the concept of sustainable development, focusing on multidimensional factors such as public health, environment, society, and economy. The core of the model lies in the use of machine learning technology to determine the weights of the evaluation indicators and the quantitative evaluation combined with the Topsis method, aiming to provide a scientific and comprehensive competitiveness assessment of urban tourism, to promote the sustainable development of urban tourism.

Compared with the traditional evaluation model, this model has innovations and contributions in the following aspects:


1.1 Sustainable development perspective

This model deeply roots the concept of sustainable development in the evaluation model, which not only focuses on the economic benefits of tourism but also emphasizes the performance of the environment, society, and public health, which helps to guide the development of urban tourism in a healthier and more sustainable direction.



1.2 Machine learning assignment method

Machine learning algorithms are used to determine the weights of evaluation indicators, which improves the scientific and objective nature of the evaluation process. This method can automatically learn from a large amount of data to find out the most appropriate weight allocation, thus making the evaluation results more accurate.



1.3 Quantitative evaluation by Topsis method

The quantitative evaluation by Topsis method can effectively deal with the decision-making problem of multiple indicators and objects, which makes the evaluation results more credible and practical.



1.4 Empirical analysis and recommendations

Through empirical analysis, this study evaluates the tourism competitiveness of specific cities and provides targeted development recommendations for urban tourism based on the evaluation results, which helps policymakers optimize the allocation of tourism resources and enhance the competitiveness of urban tourism.




2 Literature review

Foreign research on the construction of a tourism competitiveness evaluation system started earlier (8). Starting from the late 1980s, with the emergence of Michael Porter’s competition theory and diamond model (as shown in Figure 1), quantitative research on tourism competitiveness has proliferated (9, 10). By the end of the 20th century and the beginning of the 21st century, some scholars emphasized the important role of tourism information in urban tourism competition (11). Tourists tend to choose destinations with more information (12). At the same time, the evaluation research of city tourism competitiveness expanded to many basic indicators of the city, forming a comprehensive evaluation system that emphasizes more on supporting conditions. Research on tourism competitiveness also uses various methods such as ANOVA, behavioral theory, linear regression, and other methods for quantitative evaluation of urban tourism competitiveness (13, 14). Literature (15) proposed a GIS-based model for assessing urban tourism potential. The model uses a novel hybrid modeling approach to assess the city’s tourism potential.

[image: Flowchart illustrating the dynamics of competitiveness in a tourism industry. It shows interactions between the government, related supporting industries, factor of production, business strategy, market demand, and favorable circumstances. Arrows indicate the interconnections and feedback loops, emphasizing how these elements can strengthen or weaken competitiveness.]

FIGURE 1
 Diamond model.


Domestic research on tourism competitiveness began in the 1990s. Hao Shouyi et al. conducted a preliminary study on the concept, meaning, and measurement of urban tourism competitiveness (16). Domestic research on tourism competitiveness mainly focuses on two aspects. On the one hand, it is to analyze and explore the measurement of the influencing factors of competitiveness, and on the other hand, it is based on the construction and application of the evaluation system (17). In terms of influencing factors, a considerable number of scholars use three main measurement indicators, namely, city tourism performance or status quo, city tourism development trend or potential, and city economic and social environment base, to establish a multilevel indicator evaluation system (18). The main methods are hierarchical analysis, cluster analysis, entropy value method, etc. (19–21). Literature (22) proposed a sustainability and competitiveness evaluation framework for measuring tourism destinations through data envelopment analysis. Literature (23) proposed a tourism competitiveness evaluation model for urban historical and cultural neighborhoods. The model adopts multi-source data and uses hierarchical analysis for competitiveness evaluation. Literature (24) constructed a tourism land competitiveness evaluation model based on the neural network method to reveal the pattern of rural tourism land competitiveness in Miyun District.

Although these existing studies provide rich perspectives for assessing the competitiveness of urban tourism, there is still some room for research. One of the notable spaces is that the concept of sustainable development has not yet been fully integrated into the evaluation system in a comprehensive and in-depth manner. Traditional research usually focuses on economic perspectives such as tourism resources, economic efficiency, and market size, but pays insufficient attention to the trinity of environmental, social, and economic dimensions of sustainable development.

Specifically, in terms of environmental sustainability, although some studies have begun to recognize the importance of environmental protection to tourism competitiveness, in-depth research is still needed on how to effectively integrate environmental factors into the evaluation system of urban tourism competitiveness and quantify their impact on the long-term healthy development of tourism. As for the social dimension, considerations on how tourism activities can promote community development, protect cultural heritage, enhance the level of public services, and safeguard social equity have not been adequately reflected in the established evaluation models.

In addition, another research gap is manifested in the degree of modernization and intelligence of evaluation methods. When setting the weights of evaluation indexes, many current studies still use fixed weight allocation or a method based on expert judgment, which largely ignores the great potential of big data and intelligent algorithms in revealing the deep structure and dynamic evolution of tourism competitiveness.

Given this, this paper innovatively constructs a set of urban tourism competitiveness evaluation models based on the principle of sustainable development. Based on the original evaluation of tourism resources, tourism economy, and tourism environment, the model incorporates sustainability into consideration for the first time to ensure the comprehensiveness and three-dimensionality of the evaluation system. Through the introduction of the machine learning weighting method, the model can dynamically and accurately assign reasonable weights to the evaluation indicators based on the actual data, thus effectively overcoming the subjectivity and static nature of the traditional evaluation methods in weight setting. After that, the Topsis method is used to evaluate the competitiveness of urban tourism. The model in this paper provides personalized development suggestions for the urban tourism industry in line with the principle of sustainable development, enriches the theoretical framework of urban tourism competitiveness evaluation, and highlights the importance of the model in promoting the sustainable development of the tourism industry.



3 State of the art


3.1 Importance of the concept of sustainable development for the tourism industry

Sustainable tourism activities include environmental, economic, social, and cultural aspects of tourism development. The concept of these four aspects of sustainable tourism development can be illustrated in Figure 2. As natural resources may be exploited in the tourism industry, tourism activities sometimes have significant impacts on the ecosystem, economy, society, and tourism culture. Thus, to prevent climate change and ecological degradation, it is important to take into account the balance of these four dimensions, so that the tourism industry can develop in the short term, while at the same time better ensuring long-term sustainable development. The principle of sustainable development should be applied to all types of tourism activities and tourism operations, and tourism enterprises should establish long-term and short-term strategies and plans.

[image: Diagram showing the sustainable development of tourism, interconnected with four elements: ecologically sustainable development, sustainable economic development, sustainable social development, and sustainable development of tourism culture, all linked with bidirectional arrows.]

FIGURE 2
 Four key dimensions for achieving sustainable tourism development.


The concept of sustainable development has important and far-reaching significance for the tourism industry, which is mainly reflected in the following five aspects, as shown in Figure 3.

[image: Diagram illustrating the meaning of sustainable tourism with five connected aspects: environmental protection and resource use, social equity and cultural respect, economic development integration, long-term competitiveness, and mitigating negative impacts on destinations.]

FIGURE 3
 Implications of the concept of sustainable development for the tourism industry.



3.1.1 Environmental protection and sustainable use of resources

Tourism is often dependent on the natural environment and cultural resources, which are limited. The concept of sustainable development emphasizes the protection of the natural environment, ecosystems, and cultural heritage to ensure that they can be used sustainably in the long term. By adopting environmentally friendly measures and promoting the use of renewable energy sources, tourism can reduce its negative impact on the environment and ensure the sustainability of its resources.



3.1.2 Social equity and cultural respect

Sustainable development encourages the tourism industry to focus on social equity and cultural respect alongside economic development. This includes providing equitable employment opportunities, respecting the culture and traditions of local communities, and ensuring that tourism development does not negatively impact local societies. By adopting socially responsible and culturally respectful practices, tourism can contribute to socially and culturally sustainable development.



3.1.3 Integration of economic development with the local economy

The sustainable development of tourism contributes to the realization of sustained economic growth and ensures its integration into the local economy. By promoting the participation of local businesses and communities in the tourism value chain, tourism can become an engine of economic development, leading to the development of local employment and industry. This helps to reduce poverty and improve the standard of living of the local population.



3.1.4 Long-term competitiveness of tourism

Sustainable development is a key factor in the long-term competitiveness of the tourism industry. As society’s focus on sustainability issues continues to grow, so do consumer demands for environmental protection, social responsibility, and cultural respect. Adopting sustainable practices can help improve corporate image, enhance brand value, and attract more tourists and investment. Therefore, sustainable development has become a strategic advantage in the highly competitive tourism market.



3.1.5 Mitigating the negative impacts of tourism on destinations

The concept of sustainable development emphasizes minimizing negative impacts on destinations, including environmental damage, overexploitation, and cultural erosion. Through sustainable planning and management, the tourism industry can ensure that tourist visits minimize the impact of the destination, thereby protecting its unique natural and cultural resources.

Taken together, the concept of sustainable development for tourism implies balancing and harmonizing the economic, social, and environmental dimensions. Such a holistic approach contributes to a healthier, more stable, and sustainable tourism model.




3.2 Machine learning algorithms


3.2.1 Logistic regression

Logistic regression is: widely used in the fields of tourism suitability evaluation and tourism competitiveness evaluation (25, 26). Compared with general regression models, the advantage of this model is that its independent variables do not need to satisfy the normal distribution and can be discrete or continuous. In this model, the correlation between variables can be expressed as Equation 1:

[image: Mathematical expression for \( u \) equals \( \frac{1}{1 + e^{-k}} \), labeled as equation \( (1) \).]

Where: [image: Lowercase letter "u" in italic font.] represents the fitness probability of the event occurring, floating in the interval [0, 1] on the Sigmond function curve. [image: A stylized lowercase letter "k" is depicted with a subtle blur or shadow effect, enhancing its visual appearance. The font is simple and clean, emphasizing the letter's curves and lines.] represent a linear combination of the independent variables.

LR is built with the “Logistic Regression” module of the Sklearn library in Python 3.8.



3.2.2 Support vector machines

SVM is a learning method to solve nonlinear linkage and high-dimensional problems by constructing an optimal plane (27, 28). With a solid statistical theoretical foundation and a concise mathematical model, it has a unique advantage in solving small-sample identification problems and is widely used in the fields of tourism demand forecasting, tourism potential evaluation, and tourism sentiment analysis. The objective function L of the optimal solution of this model is Equation 2:

[image: Mathematical expression for a function \( L(m, c, g) \) equals \(\frac{1}{2} m^T m + \sum_{x=1}^{u} g_x \left[ 1 - j_x \left( m^T l_x + c \right) \right] \), labeled as equation (2).]

Where: [image: Lowercase italic letter "m" in a serif font.] is a set of vectors representing the weights. [image: Italic letter "m" with a superscript "T".] is a column vector of this set of weights. [image: The image shows a lowercase italic letter "u".] represents the total number of samples. [image: The image shows the mathematical notation "g sub x" with the letter "g" and a small "x" below and to the right, indicating a subscript.] represents the Lagrange multiplier. [image: The image shows the mathematical notation "j sub x", representing a variable \( j \) with a subscript \( x \).] represents the actual value of the xth sample. [image: Lowercase letter "i" with subscript "x" in a mathematical notation style.] represents the eigenvalue of the xth sample. [image: Stylized lowercase letter "c" with a small vertical line extending from the top of the curve, resembling a mathematical symbol often used to denote a constant.] is a constant.

The construction of SVMs is done using the “SVC” module of the Sklearn library in Python 3.8.



3.2.3 Random forest

RF is a Bagging integrated learning algorithm with decision trees as base classifiers (29), which has achieved good research results in the fields of tourism preference prediction and tourism land suitability evaluation. The model contains multiple decision tree submodels, and the classification results of the model are determined by the classification results of each decision tree. Therefore, it has high stability and expandability. The basic formula of the model is:

[image: Mathematical expression showing the function \( f(i) \) equal to \( \frac{1}{H} \) multiplied by the sum from \( h = 1 \) to \( H \) of \( N_h(i; \theta_h) \).]

Where in Equation 3: [image: Mathematical notation of a function, \( f(i) \), where \( f \) is a function of the variable \( i \).] is the output. [image: It looks like you've referenced an image, but it hasn't been uploaded. Please upload the image or provide a URL for me to generate alt text.] is the independent variable. [image: The image depicts a lowercase italicized letter "h".] is the number of trees in the decision tree. [image: Greek letter theta with a subscript "h".] is the parameter vector of the bth tree. [image: Mathematical expression showing \( N_h(i; \theta_h) \) with a subscript \( h \) and function parameters \( i \) and \( \theta_h \).] is the CART algorithm for constructing the decision tree.

The construction of RF is realized in Python 3.8 using the “Random Forest Classifier” module of the Sklearn library.



3.2.4 Extreme gradient boosting tree

XGB is a Boosting integrated learning model based on iterative operations of weak classifiers (30). Since its proposal in 2017, XGB has been widely used in the fields of tourism destination image evaluation and tourism traffic trend prediction with its advantages of high accuracy and scalability. Its weak classifiers are both tree and linear models, and it can utilize the central processor to perform complex multi-threaded parallel operations, thus improving the model prediction accuracy, stability, and computational efficiency.

XGB is built in Python 3.8 using the “XGBClassifier” module of the Xgboost library.

The challenge of sustainable tourism is how to enhance the benefits of tourism by moving in the right direction, while at the same time requiring the ability to mitigate the negative impacts of other aspects. In this paper, machine learning and the Topsis method are combined to construct a city tourism competitiveness model. The model can give the strengths and weaknesses of different cities in the field of tourism and provide targeted development suggestions for sustainable urban tourism.





4 Methodology


4.1 Technical routes

The technical route of this paper is shown in Figure 4, including the construction of an indicator system, machine learning modeling, and evaluation of urban tourism competitiveness in three parts: (1) Establish the evaluation indicator system of urban tourism competitiveness around the perspective of resources, natural environment, and other factors, form the indicator factor data set, and then calculate the indicator value of each evaluation unit. (2) Substitute the index data into each machine learning model for training, compare the performance evaluation criteria of each model, and then select the optimal model. (3) The optimal model is used to identify the competitiveness of city tourism and output the importance degree of evaluation indexes. Construct a Topsis assessment model to evaluate urban tourism competitiveness.

[image: Flowchart depicting a process for city tourism competitiveness evaluation. It starts with a competitiveness evaluation indicator system, followed by machine learning modeling, model accuracy evaluation, and selection of an optimal model. This leads to validation, focusing on competitive evaluation and the importance of indicators.]

FIGURE 4
 Technical route.


In selecting machine learning algorithms, this paper considers the interpretability, accuracy, generalization ability, and computational efficiency of the model. In this paper, the random forest model was chosen for assignment because it is insensitive to noise and outliers in the data and can provide importance scores for variables. In the evaluation of urban tourism competitiveness, random forest can consider multiple indicators comprehensively and reduce the impact of outliers of individual indicators.

In constructing the indicator system, this paper follows the principles of comprehensiveness, representativeness, and operability to ensure that the indicators can comprehensively cover all aspects of urban tourism and accurately reflect the key elements of urban tourism competitiveness.

Compared with traditional evaluation methods, the evaluation model based on machine learning has stronger data processing capabilities, captures the nonlinear relationship between variables, has better generalization capabilities, and can automatically adjust the weights according to new data and feedback.

In the context of sustainable development, this model not only considers economic factors but also incorporates environmental and social sustainability indicators, which is an important improvement over traditional evaluation methods. By taking these factors into account, this model can evaluate the competitiveness of urban tourism more comprehensively and provide targeted development suggestions for urban tourism.



4.2 Competitiveness evaluation indicator system

The selection and construction of evaluation indicator of urban tourism competitiveness directly affect the objectivity and scientificity of the study, therefore, when measuring the level of urban tourism competitiveness, it is usually necessary to establish an objective and scientific evaluation indicator system, the construction of which follows the following principles.

Principle of scientificity. The selection of evaluation indicators should be based on scientific theories and rigorous data analysis to ensure the scientificity and reliability of the indicators. The evaluation indicators should be in line with the actual situation of urban tourism competitiveness, reflecting its influencing factors and intrinsic relationships. Overall, the importance of the indicators should be clear, avoiding subjective assessment as much as possible and fully reflecting the objectives of the evaluation.

Principle of representativeness. Evaluation indicators should be representative and able to represent the level of urban tourism competitiveness. The selection of evaluation indicators should take into account their scope of application and target groups, and be able to provide useful information and guidance while taking into account the realistic background of the indicators and the mutual independence of the indicators, and avoiding duplication.

Principle of operationalization. The selection of evaluation indicators should be operational, i.e., capable of being measured, analyzed, and improved. Evaluation indicators should have clear definitions and methods of access, and be able to be operationalized and managed in practice to facilitate monitoring and tracking of the achievement of objectives.

Principle of quantitative comparability. Evaluation indicators should be quantitative and comparable to facilitate comparison and analysis of urban tourism competitiveness in different regions and time periods. The selection of evaluation indicators should be based on reliable data sources and statistical methods to ensure the comparability and reliability of evaluation results.

According to the principles of scientific, representative, operable, and quantitatively comparable indicator design, the finalized evaluation system includes 4 first-level indicators and 26 s-level indicators for tourism resources, tourism performance, tourism environment, and tourism economy (as shown in Table 1).



TABLE 1 Competitiveness evaluation indicator system of urban tourism.
[image: Table of Level 1 and Level 2 indicators related to tourism. B1 focuses on tourism resources, with indicators like the number of scenic spots and cultural heritages. B2 addresses tourism performance, including gross receipts and tourist arrivals. B3 relates to the tourism environment, covering transportation, telecommunications, and air quality. B4 includes economic indicators like urban GDP and social consumer goods sales.]



4.3 Evaluation model construction


4.3.1 Random forest empowerment

The basic idea of random forest assignment is to determine the indicator weights by assessing the degree of importance of the indicators. Compared with objective weighting methods such as entropy weighting, it can dig deeper into the relationship between indicators and threat values in the target threat database that already has target threat values, and obtain more reasonable indicator weights. The degree of importance of indicators can be assessed from two aspects.

On the one hand, in the process of modeling, if an indicator makes a greater contribution to the growth process of the regression tree in a random forest, it means that this indicator is more important and should be given a greater weight, which is recorded as α. It is calculated as follows:

Step 1 Calculate the mean square error for each node in each tree, where the mean square error of node s is Equation 4:

[image: Mean Squared Error (MSE) formula displayed as: \( MSE_s = \frac{1}{T_s} \sum_{x=1}^{T_s} (c_s - j_x)^2 \); equation number four.]

Step 2 Calculate the node contribution of each metric by expressing the contribution of metric [image: A cursive lowercase letter "y" is shown, rendered in a smooth and flowing style.] at node [image: It seems like there might be an issue with the image upload. Please try uploading the image file again or provide a URL, and I will help you create the alternate text.] as the difference in the mean square error between the parent and child nodes after branching in Equation 5:

[image: Mathematical equation: \( Q_{ys}^{MSE} = MSE_s - MSE_l - MSE_r \). Numbered as equation 5.]

Step 3 Compute the total impact of each indicator by establishing the cumulative effect of indicator [image: It seems there's an issue with the image upload. Please try uploading the image again or provide a URL if it's hosted online. Additionally, you can add a caption for context if you like.] as Equation 6:

[image: Mathematical equation labeled as equation six. It shows \( Q_{ny}^{MSE} = \sum_{s \in W} Q_{ys}^{MSE} \).]

Where [image: The letter "W" is displayed in a serif font on a white background.] is the set of nodes where indicator [image: Certainly! Please upload the image or provide a URL so I can assist you with the alt text.] appears in the tth regression tree.

Step 4 Get the weight of each indicator as Equation 7:

[image: The formula shows α sub y equals the sum from n equals one to N of Q sub n y superscript MSE, divided by the sum over y in w of the sum from n equals one to N of Q sub n y superscript MSE. It is labeled as equation seven.]

Where [image: The letter "n" is presented in a serif typeface, slightly slanted to the right, resembling a handwritten style.] is the number of regression trees in the forest. [image: If you would like to provide the image or a URL for it, I can help create the alt text. Make sure to upload the image so I can assist you effectively.] is the set of splitting indicators.

On the other hand, from the results of the model, when the random forest model is trained, we take a method to evaluate the importance of each indicator. This is done by randomly resetting the value of each indicator in the dataset in turn, and then observing the change in model performance. If the model effect drops a lot, this indicates that the indicator has a significant role in influencing the target value. In this case, it is logical to assign a greater weight to this indicator, noting this weight as β in Equation 8.

[image: The image shows the formula for R-squared: \(R^2 = 1 - \frac{\sum_{x=1}^{T}(f_x - j_x)^2}{\sum_{x=1}^{T}(j_x - j)^2}\).]

Where: [image: Mathematical notation showing a lowercase "f" with a subscript "x".] is the model regression value. [image: Lowercase letter "j" with subscript "x".] is the true value of sample [image: Mathematical symbol for the variable "x" in lowercase italic font.]. [image: It seems there was an issue with the image upload. Please try uploading the image again or provide a URL to the image. Let me know if there is any specific context or information you would like to include.] is the average of the true values of the samples.

Step 1 For the trained Random Forest model choose [image: The image shows the mathematical notation "R squared" with the letter "R" followed by a superscript "2", commonly used in statistics to represent the coefficient of determination.] as a measure of model performance, calculated as Equation 9:

[image: Equation showing \( R_y = R_l^2 - R_e^2 \) with the number nine in parentheses on the right.]

Where: [image: Formula showing the letter "R" with a squared exponent and a subscript "I".] is the performance score before reset. [image: \( R^2_e \) is a mathematical expression with the letter R squared, and a subscript e.] is the performance score after reset.

Step 2 Iterate through all the indicators to get the importance score of each indicator. Then the weight of indicator [image: If you upload an image or provide a URL, I can help create the alt text for it. Please also include any specific details or context you'd like me to consider.] is Equation 10:

[image: Formula for beta sub y is given as R sub y divided by the sum from x equals one to w prime of R sub y. Equation number ten.]

Where: [image: The mathematical notation "w" with a prime symbol.] is the number of indicators. [image: Mathematical notation showing "R" with a subscript "y".] is the indicator importance score.

Finally, [image: Lowercase Greek letter alpha in a serif font.] and [image: It seems like there might be an issue with the image or text you provided. Could you please upload an image directly or describe it in more detail?] are weighted and combined to obtain the indicator weights as in Equation 11:

[image: The equation shown is: lambda sub y equals phi tilde alpha sub y plus open parenthesis one minus phi tilde close parenthesis beta sub y, labeled as equation eleven.]

Where: [image: I'm sorry, I can't provide alt text for that as it seems like a mathematical symbol or expression rather than an image. If you have an image you'd like described, please upload it or provide a URL.] is the adjustment coefficient, taking the value from 0 to 1.

Random Forest empowerment.



4.3.2 Topsis assessment

Topsis is a model commonly used in risk assessment, which is a ranking method that approximates the ideal solution for multi-attribute decision-making problems. The ranking is usually obtained by calculating the distance between each evaluated solution the optimal ideal solution and the worst ideal solution.

Step 1 Determine the threat affiliation matrix [image: Equation displaying \( K = (k_{xy})_{w \times t} \), where \( k_{xy} \) denotes the elements within a matrix and \( w \) and \( t \) represent the matrix dimensions.] through the affiliation function.

Step 2 Determine the ideal optimal solution [image: Mathematical expression showing a vector \( k^+ \), represented as \((k_1^+, k_2^+, \ldots, k_t^+)\), indicating a sequence of elements with superscript plus signs.] and the ideal worst solution [image: A mathematical notation representing a vector \( \bar{k} \) composed of elements \( (\bar{k}_1, \bar{k}_2, \ldots, \bar{k}_t) \).].

Step 3 Calculate the distance [image: Mathematical expression featuring the letter D with a superscript plus sign and a subscript x.] and [image: The image shows a mathematical expression representing a set, denoted as \( D_x^- \), where the superscript minus sign indicates a specific subset or modification related to \( x \).] of each objective from the ideal optimal solution and ideal worst solution, respectively in Equations 12, 13:

[image: The image shows a mathematical equation labeled as equation 12. The equation is \(D_x^+ = \sqrt{\sum_{y=1}^{t} \lambda_y (k_y^+ - k_{xy})^2}\).]

[image: The formula shown is \( D_x = \sqrt{\sum_{y=1}^{t} \lambda_y (k_y - k_{xy})^2} \), labeled as equation (13).]

Where: [image: Lowercase Greek letter lambda followed by a subscript lowercase letter upsilon.] is the weight of the yth indicator, which is obtained from the proposed random forest based assignment method.

Step 4 Get the relative closeness as in Equation 14:

[image: Mathematical equation with S sub x equals D sub x with a bar over it, divided by D sub x with a plus sign and a bar over it, plus D sub x with a bar over it. Equation number fourteen.]

The relative closeness [image: Stylized letter "S" with a subscript "x".] reflects the degree of the trend of each evaluation close to the positive ideal solution, and the larger its value represents that the evaluation object is closer to the optimal ideal solution, and the better the evaluation result is. In this paper, we judge the comprehensive competitiveness of the city and the competitiveness level of each dimension according to the size of Si value, and make a comparative analysis.

The framework diagram of the evaluation model construction method in this paper is shown in Figure 5.

[image: Flowchart illustrating a process for empowerment using Random Forest and TOPSIS assessment. The Random Forest section involves calculating mean square errors, node contributions, and indicator weights through a combination of weights alpha and beta. The TOPSIS assessment determines a threat affiliation matrix, identifies optimal solutions, calculates distances, and derives relative closeness.]

FIGURE 5
 The framework diagram of the evaluation model construction.


The limitations and assumptions in the overall model are shown below:

Limitations in the model analysis process: random forest assignment determines weights by mining the relationship between indicators and target threat values. Its effectiveness is limited by the quality and completeness of the data and the ability to handle strongly correlated or redundant features in a high dimensional space. The Topsis method is sensitive to the distribution of the original data, especially when the data is extremely skewed, and a simple distance metric may not fully reflect the true strengths and weaknesses of the evaluation target.

Assumptions in the model analysis process: (1) In generating the decision tree, Random Forest uses Bootstrap sampling to generate the training set, assuming that such sampling is representative of the overall population and does not lead to misestimation of the importance of features due to sampling bias. (2) The Topsis method assumes that the decision maker’s preferences are consistent across all the metrics. (3) The Topsis method assumes that the effect between different metrics on the total effect are linear and independent.




4.4 The public health implications of this paper’s model

This paper proposes a model for evaluating the competitiveness of urban tourism that is closely related to public health and urban planning practitioners. The model provides a comprehensive framework that integrates the concept of sustainable development into urban tourism evaluation and contributes to the theoretical development on sustainable tourism research. The application of machine learning techniques provides new ways to analyze complex datasets, enhancing our understanding of the multifaceted relationships that affect tourism competitiveness.

From a public health perspective, the model recognizes that environmental and social sustainability are key components of urban tourism competitiveness. This is consistent with the increasingly recognized links between tourism activities, health outcomes and community well-being. By incorporating indicators that reflect the health and quality of life of local residents, the model supports the development of tourism strategies that favor healthier urban environments.

For urban planning practitioners, the model provides a practical tool for assessing the impact of tourism development on urban sustainability. It can guide the decision-making process by providing insights on how to optimize different aspects of urban planning (e.g., transportation, infrastructure, and land use) for sustainable tourism growth. This can lead to the creation of urban spaces that are not only attractive to tourists, but also environmentally sustainable and socially inclusive.

In conclusion, the model presented in this paper addresses the multifaceted challenges of urban tourism development in the context of sustainable development, providing a holistic approach that is highly relevant to public health and urban planning practitioners. By considering the interconnections between tourism, environment, society and economy, the model supports sustainable development that contributes to urban tourism.

By addressing these revision requests, the authors will significantly strengthen their manuscript, making a compelling case for its contribution to the ongoing discourse on sustainable urban tourism development and its implications for public health.




5 Result analysis and discussion


5.1 Data sources

The cross-section data is characterized by high dispersion and highlights differences, accordingly, the cross-section data of 2020 is adopted to analyze the competitiveness level. The data are mainly obtained from local statistical yearbooks, statistical bulletins on economic and social development of cities, government work reports, websites of the Culture and Tourism Development Commission, etc.

However, there are a number of biases or limitations that may be encountered during the collection and analysis of data that may have an impact on the general applicability of the study’s findings.

First, the timeliness of the data is an important consideration. Due to the limitation of the frequency of data updates, the data used in the model may not reflect the latest tourism development, which will affect the model’s ability to predict current and future tourism competitiveness.

Second, the statistical indicators on which the model relies may not fully cover all the factors that affect the competitiveness of urban tourism. For example, some non-material factors, such as city image and cultural atmosphere, may be difficult to measure through statistical data. These factors may have an important impact on tourism competitiveness but fail to be included in the model.

In addition, there may be some potential biases in the analysis process. For example, the modeling may be based on certain assumptions which may not be consistent with the actual situation.



5.2 Optimal model selection

The dataset is divided into training set and test set in 7:3 ratio. Among them, the training set is used for the creation and training of each machine learning model, and Bayesian optimization is used for the hyper-parameter tuning of the model. The test set is used for model accuracy evaluation of each model, and the confusion matrix (As shown in Figure 6), precision, accuracy, recall, and F1 scores (As shown in Figure 7) of each model are output according to the macro-averaging calculation method.

[image: Confusion matrices for four models: (A) Logistic Regression (LR), (B) Support Vector Machine (SVM), (C) Random Forest (RF), and (D) XGBoost (XGB). Each matrix shows predictions for three classes (C1, C2, C3) against true labels. Correct predictions are in green, incorrect in yellow and red, highlighting model performance differences.]

FIGURE 6
 Confusion matrix for prediction of each model.


[image: Bar chart comparing machine learning models: LR, SVM, RF, and XGB across Accuracy, Precision, Recall, and F1 indicators. RF shows the highest values for Accuracy and Recall, while XGB leads in Precision and F1.]

FIGURE 7
 Results of the accuracy assessment metrics for each model.


In the results of the accuracy evaluation of each model, the highest value of accuracy was predicted by RF (0.831), followed by XGB (0.814). Whereas, the lowest value of accuracy (0.781) occurs for the prediction of LR and SVM. The range of values for precision is 0.786 to 0.830 and the highest and lowest values are for the prediction of RF and LR, respectively. RF has the highest recall of 0.831. Whereas LR and SVM have the lowest recall of 0.781. The highest F1 score is for RF (0.830) followed by XGB (0.815) and the lowest value is for SVM (0.777).

Integrating each accuracy evaluation criterion, the evaluation accuracy of the four machine learning models is better overall. Among them, two nonlinear integrated learning models (RF, XGB) have relatively higher recognition accuracy for urban tourism competitiveness, while linear models LR and SVM (linear kernel) have relatively lower recognition accuracy. RF demonstrates superior performance in terms of recognition when compared to the other models. Consequently, it stands out as the most suitable choice for the assessment of urban tourism competitiveness within the context of this study.



5.3 Evaluation of urban tourism competitiveness in different provinces

Machine learning was used to analyze the importance of indicators and the results are shown in Figure 8.

[image: Horizontal bar chart displaying the importance of various indicators labeled C1 to C26. Indicator C1 has the highest importance, while others vary in significance. The x-axis measures importance from zero to 0.14.]

FIGURE 8
 Level of importance of indicators.


As can be seen from the composite scores of tourism consumption competitiveness of the 13 demonstration cities in Figure 9, Chengdu ranks first, with Hangzhou, Qingdao, and Nanjing ranking in decreasing order. On the whole, the tourism competitiveness of each city varies greatly and is unbalanced.

[image: Bar chart showing composite scores of various cities. Chengdu leads with 0.677, followed by Hangzhou at 0.653, and Qingdao at 0.549. Langfang scores the lowest at 0.195. Other cities include Nanjing, Wuhan, Kunming, Changsha, Suzhou, Jinan, Luoyang, Changchun, and Ordos.]

FIGURE 9
 Urban tourism competitiveness composite score.


This result not only validates the validity of the model but also reveals the opportunities and challenges faced by different cities on the path to sustainable development of the tourism industry. Relating these results to the research objectives, it can be seen that the evaluation model proposed in this paper provides a substantial contribution to the field of public health by helping to identify and prioritize key issues that directly affect public health and environmental sustainability in tourism destinations. By increasing attention to public health indicators in the evaluation of tourism competitiveness, urban decision-makers can be prompted to pay more attention to environmental protection and residents’ health when formulating tourism policies, thus promoting synergistic progress in tourism, public health, and urban environmental development, and realizing sustainable tourism development in the true sense of the word.



5.4 Evaluation of tourism competitiveness of different cities within the same province

The methodology of this paper is used to calculate the tourism competitiveness of the 14 prefectures and cities in Xinjiang, and to obtain the corresponding scores and rankings. Among them, Ili and Urumqi are in the lead (Table 2). The development level of each region in terms of tourism performance, tourism resources, economic support and environmental support of tourism destinations is further calculated (Figure 10).



TABLE 2 Results of tourism competitiveness evaluation.
[image: Table listing areas based on scoring range and strength level. "Strong" areas, scoring [1, 0.5], include Urumqi City and Ili Kazak Autonomous Prefecture. "Relatively strong" areas, scoring [0.5, 0.25], include Hami City and Changji Hui Autonomous Prefecture. "Weaker" areas, scoring [0.25, 0], include Turpan City and Kashgar Prefecture.]

[image: Bar chart comparing scores of tourism resources, performance, environment, and economy across 14 areas. The chart shows variations with Area 6 having high scores in resources and Area 5 excelling in performance. A table lists areas, including Urumqi City and Hotan area.]

FIGURE 10
 Detailed evaluation results of tourism competitiveness.


According to the results in Figure 10, the 14 prefectural and municipal cities in Xinjiang can be categorized into three types according to their tourism competitiveness: strong, stronger and weaker. The comprehensive score index of tourism competitiveness ≥0.5 is strong tourism competitiveness, and there are Urumqi City and Ili Kazakh Autonomous Prefecture. Comprehensive score index of tourism competitiveness ≥0.25 and < 0.5 is strong tourism competitiveness, and there are four places: Hami City, Changji Hui Autonomous Prefecture, Kelamayi City, and Bayin’guoleng Mongol Autonomous Prefecture. There are eight places in Turpan City, Kizilsu and Kirghiz Autonomous Prefecture, Hotan, Tacheng, Altay, Kashgar, Aksu and Bortala Mongol Autonomous Prefecture, where the tourism competitiveness index is <0.25, which is considered to be weaker.

As can be seen from Figure 10, in the first level (strong), there are two places, Urumqi and Ili Kazakh Autonomous Prefecture. They are ranked first and second in terms of profitability and tourism resources. Although Ili Kazakh Autonomous Prefecture does not rank high in the economic support and environmental support assessment rankings, it still ranks first in tourism competitiveness in the XUAR based on tourism resources and profitability. The situation is similar in Urumqi.

According to the results of the tourism competitiveness classification of the 14 prefectural and municipal cities in Xinjiang in Table 2 and Figure 10, we can see that there are significant hierarchical differences in the development and comprehensive competitiveness of the tourism industry in different regions. This classification is of great significance for the study of optimization of tourism industry layout, rational allocation of resources, and sustainable development path in Xinjiang, and also provides a scientific basis for local governments to formulate targeted tourism policies and strategies.

The stronger tourism competitiveness of places such as Urumqi and Ili Kazakh Autonomous Prefecture, due to their higher tourism composite scores, suggests that these regions have better tourism environments, infrastructure, service quality, and economic benefits. However, it also implies greater tourist flows and activity intensity. This places higher demands on public health management and environmental protection.

For Hami City, Changji Hui Autonomous Prefecture, Karamay City, and Bayinguoleng Mongol Autonomous Prefecture, which have stronger tourism competitiveness, the process of enhancing tourism competitiveness requires attention to the impact of tourism development on public health and environmental capacity, in addition to continuing to optimize tourism products and services. Through rational planning and management, possible public health problems should be prevented and the positive contribution of tourism activities to the local ecological environment and people’s health should be ensured.

As for regions with weaker tourism competitiveness, such as Turpan City, Kizilsu Kyrgyz Autonomous Prefecture, Hotan Region, Tacheng Region, Altay Region, Kashgar Region, Aksu Region, and Bortala Mongol Autonomous Prefecture, although there is still room for improvement in the current competitiveness of tourism, this at the same time signals great potential for development. In the process of planning and promoting the upgrading of the tourism industry in these regions, lessons should be learned from the successes and failures of other regions, and at the same time, efforts should be made to strengthen the construction of the public health system, and public health standards and requirements should be integrated into the tourism development plan in a forward-looking manner, to achieve synergy between the tourism industry and public health. This will not only enhance the competitiveness of tourism but also protect the health and safety of residents and tourists, as well as the protection of the ecological environment. In addition, the development of tourism can also be used as an opportunity to promote the construction and improvement of public health facilities in these areas, further enhancing the health protection level of residents and tourists.




6 Conclusions and recommendations


6.1 Conclusion

The tourism business is extremely competitive at the moment, and the degree of standardization of tourist locations is significant. In many places, creating unique tourism brands has become a crucial strategy for increasing tourism competitiveness and drawing in foreign visitors. The importance of growing the tourism industry and its strategic role in regional economic growth have grown even more in the context of sustainable development. It is essential that the tourism business undergo reform and modernization. Within the framework of regional tourism, the concept of combining all parties’ resources to create a travel-integrated destination is congruent with the growth of the tourism industry, enhancing its competitiveness, forging unique brands, and promoting tourism-related side businesses. First, this study builds a city tourist competitiveness evaluation system with 26 specific indicators from four dimensions: tourism economy, tourism consumption performance, tourism resources, and tourism environment. This is based on research on tourism competitiveness evaluation systems. Second, this paper suggests a way to assess the competitiveness of urban tourism by fusing Topsis with machine learning. This method fully explores the wealth of information found in tourism data and effectively avoids the subjectivity of the conventional approach, offering a more thorough and scientific assessment of the competitiveness of urban tourism. This paper’s model, which offers a novel methodology and point of reference for future research on tourism competitiveness, analyzes and measures the ranking of urban tourism competitiveness of different provinces as well as the evaluation of urban tourism competitiveness among various cities and municipalities in the same province.

This study shows that its contribution to environmental health and public well-being lies in the fact that by promoting the evolution of tourism in a more sustainable direction, tourism resources can be more effectively protected and rationally utilized, thus maintaining a healthy ecological environment; at the same time, this move also improves the public’s access to high-quality tourism services, which indirectly improves the public’s experience of quality of life and sense of well-being. The future research directions of this paper are:

	1. further explore the applicability of the model in different urban environments, such as analyzing the impact of city size, geographic location, resource endowment, and other factors on the model’s effect, and studying how to adjust and optimize the model parameters according to the specific conditions of different cities.
	2. explore the scalability of the model, and study how to apply and validate the model in the evaluation of tourism competitiveness in a wider range of datasets, more evaluation dimensions, and at different levels (e.g., national, regional, scenic spots, etc.).
	3. study in depth the dynamic relationship between tourism competitiveness enhancement and environmental health and public welfare, to provide more solid theoretical support and empirical evidence for the formulation of tourism development strategies with both economic benefits and environmental and social benefits.
	4. Integrate the results of the model with the planning and management practices of tourism destinations to guide the formulation and implementation of policies, to promote the development of the tourism industry while effectively safeguarding and improving environmental quality and public welfare.



6.2 Recommendations for sustainable urban tourism

Based on the above conclusions, to realize the sustainable development of urban tourism, suggestions can be made in the following aspects:

1. Optimize the development and protection of tourism resources: cities should pay attention to the protection and rational development of tourism resources to ensure their sustainable use. They should carry out in-depth excavation of tourism resources with characteristics such as natural landscapes and historical and cultural relics to enhance their tourism value, and take effective measures to protect these resources to prevent overdevelopment and destruction.

2. Enhance the quality of tourism services: Improve the quality of tourism employees and enhance the level of tourism services, including the service areas of tour guides, accommodation, catering, and transportation. Through the provision of quality services, the satisfaction of tourists will be enhanced and the city’s tourism competitiveness will be improved.

3. Developing characteristic tourism products: according to the city’s characteristics and advantages, develop tourism products with special features, such as folk tourism, ecotourism, red tourism, and so on. Differentiated tourism products, attract different types of tourists and improve the attractiveness of the destination.

	4. Strengthen tourism publicity and promotion: Make full use of various media channels to increase the publicity of the destination and improve its visibility. At the same time, strengthen cooperation with travel agencies, online travel platforms, and other partners to broaden tourism marketing channels.
	5. Innovate tourism marketing strategies: utilize the Internet, big data, and other modern technological means to analyze tourists’ needs and behaviors, formulate precise marketing strategies, and enhance the attractiveness of the destination.
	6. Promote the integration and development of tourism with other industries: the integration and development of tourism with other industries such as agriculture, industry, culture, and sports can enrich the content of tourism products, extend the tourism industry chain, and improve the economic benefits of tourism. For example, the development of rural tourism, industrial tourism, sports tourism, and so on.
	7. Improve tourism infrastructure: Strengthen the construction of tourism infrastructure, including transportation, accommodation, catering, scenic spot facilities, etc., to provide tourists with a convenient and comfortable tourism environment.
	8. Implement green tourism development strategy: advocate green tourism and promote low-carbon and environmentally friendly tourism methods, such as hiking and cycling. At the same time, strengthen the management of tourism waste disposal, energy saving, and emission reduction to reduce the impact of tourism on the environment.
	9. Improve tourism policy support: The government should introduce a series of policies favorable to the development of tourism, such as tax incentives, land policies, financial support, etc., to provide a strong guarantee for the sustainable development of tourism.
	10. Establish a sound tourism supervision system: strengthen the supervision of the tourism market, standardize the order of the tourism market, and protect the rights and interests of tourists. At the same time, establish a sound tourism safety supervision system to ensure tourism safety.

Through the above measures, we can enhance the competitiveness of urban tourism and realize the sustainable development of tourism. At the same time, it provides tourists with a better tourism experience and promotes the development of the regional economy.
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Virtual urban green environment images and audio stimuli had been proven to have restorative effects on subjects’ physical and mental health. In this area, researchers predominantly focused on visual, auditory and olfactory aspects, while tactile and gustatory senses have been minimally explored. However, the optimal combination of sensory stimuli for promoting physical and mental recovery remains unclear. Therefore, a simulated sensory stimulation approach involving 240 participants was employed, with 30 individuals included in each of the eight experimental groups: the visual–auditory (VA), visual–auditory-olfactory (VAO), visual–auditory-tactile (VAT), visual–auditory-gustatory(VAG), visual–auditory-olfactory-tactile (VAOT), visual–auditory-olfactory-gustatory (VAOG), visual–auditory-tactile-gustatory (VATG), and visual–auditory-olfactory-tactile-gustatory (VAOTG) groups. This study aimed to explore the differences in participants’ physiological and psychological health recovery after exposure to different combinations of simulated sensory stimuli in virtual UGSs. The results indicated that the following: (1) In terms of physiological recovery, the blood pressure of the 8 experimental groups decreased significantly after the experiment, indicating that the virtual urban green space environment has a certain recovery effect on physiological state. The combination of VAOTG stimuli in the multisensory group resulted in the best blood pressure recovery (p < 0.05). Tactile is an important sense to enhance the physiological recovery effect. Olfactory-tactile or tactile-gustatory stimuli interactions significantly enhance physiological recovery, emphasizing the importance of tactile stimulation in improving physiological recovery. (2) In terms of psychological recovery, the common trigger of olfactory-gustatory is the most key element to enhance psychological recovery through multi-sensory stimulation of virtual urban green space environment. VAOG stimulation had the best effect on psychological recovery (p < 0.05), followed by VAOTG stimulation (p < 0.05). Gustatory is an important sense to enhance the psychological recovery effect, and both the tactile-gustatory interaction and the olfactory-gustatory interaction significantly enhance the recovery effect. At the same time, the psychological recovery effect obtained by four or more sensory combinations was higher than that obtained by two or three sensory stimulation groups. This study confirms more possibilities for ways to restore physical and mental health through virtual natural environments. It expands the research on the benefits of virtual nature experience and provides theoretical support for the application of this method.
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1 Introduction

In recent years, numerous studies have shown that UGSs contribute to mitigating health losses among city dwellers by positively influencing emotional well-being (McMahan and Estes, 2015; Pirchio et al., 2021), alleviating anxiety and stress (Hedblom et al., 2019; Pirchio et al., 2021), enhancing cognitive abilities (Bratman et al., 2012), and reducing the incidence and mortality rates of cardiovascular and respiratory diseases (Maas et al., 2006; Tsunetsugu et al., 2013). The virtual environment stimulation method is mature and had been proved scientific and feasible by many researchers (Gall et al., 2021; Mollazadeh and Zhu, 2021; Capatina et al., 2024). Although the process and mechanism of virtual natural environment stimulation and real experience had not been thoroughly compared and demonstrated, they had certain similarities in terms of their effects on health (Li et al., 2023; Wen et al., 2024). A simulated nature experience has been shown to attract young people to digital media over outdoor recreation (Pergams and Zaradic, 2006) and to facilitate the rotection of seniors from environmental hazards and barriers (Satariano et al., 2012; Wen et al., 2018). Crucially, human-nature connections can be enhanced by exposure to simulated natural environments, and people may be more inclined to visit their actual counterparts (Litleskare et al., 2020; Chan et al., 2023). At the same time, virtual nature experience had been proved to increase real pro-environmental behaviors (Ibanez and Roussel, 2022; Spangenberger et al., 2024), and thus obtain health benefits through the real natural environment.

Currently, there is a relatively limited amount of research on the restorative aspects of virtual UGSs involving multisensory stimulation. The human senses of visual, audition, olfaction, tactile, and gustation are interconnected and mutually constraining (Schreuder et al., 2016). Only a few studies have focused on various sensory combinations that promote restoration and the quality of environmental perception (Hedblom et al., 2019; Zhang et al., 2019). Visual and auditory are the sensory elements that scholars initially considered. Research indicates that the accessibility of visual information influences the auditory perception of both artificial and natural sounds, while the accessibility of auditory information affects the perception of various visual elements (Jeon and Jo, 2020). Scholars have analyzed the characteristics of the interactive effects between vision and hearing using methods such as 3D virtual technology, suggesting that visual and auditory information are consistent. The most valuable sensory combination is vision and hearing, with vision taking the lead (Lindquist, 2014; Lindquist and Lange, 2014). The research have explored the physiological and psychological responses of individuals to combined visual and auditory stimuli, such as bird songs, confirming that people experience actual restoration from bird songs and associated landscapes (Ratcliffe et al., 2013). Through a combined audio-visual study, Zhao et al. found that the presence of birdsong enhances the psychological recovery potential of green spaces (Zhao et al., 2018). Deng et al. showed that integrating natural sounds such as birdsong into visual scenes of UGSs can enhance psychological recovery (Deng et al., 2020). In terms of research on the impact of environmental perception quality evaluation, Viollon et al. found that among eight types of urban soundscapes, the birdsong soundscape had the greatest impact on the visual degree of urbanization (Viollon et al., 2002).

On this basis, several scholars have gradually incorporated olfaction into multisensory empirical research. Ulrich suggested that many smells and sounds in the natural environment affect people’s feelings and emotions (Ulrich, 1983). Through indoor simulation experiments, several scholars have verified that the addition of olfactory stimulation increases the restorative potential of the original audio-visual environment (Sona et al., 2019). The differentiated outcomes of additional sensory combinations have led scholars to think about more complex interactions between multiple sensory stimuli. Several studies have shown a masking effect between auditory and olfactory stimuli. When one stimulus is strong, the perceived intensity of the other stimulus is weak. For example, an increase in hearing reduces the perception of smell, but an increase in smell increases the perception of hearing (Wang et al., 2022). Ba and Kang suggested that the type of odor, concentration of the odor, and different bird song volumes jointly affect overall comfort and consistency (Ba and Kang, 2019). In addition, Song et al. conducted a physiological-psychological recovery study based on a forest scene, and the results showed that, compared with other stimuli, the visual-olfactory stimuli combination played a more effective role in the control group (Song et al., 2021). Although scholars have focused on three sensory factors (bird songs, visual natural scenes, and plant smells) (Hedblom et al., 2019; Sona et al., 2019), the restorative effects of bird songs and other sensory combinations have not been compared, limiting their use in terms of reference. In the study by Song et al., the ln (LF/HF) values (representing the ratio of low-frequency to high-frequency power, indicative of heart rate variability) suggested that a single visual stimulus exhibits a greater recovery trend than a visual-olfactory stimuli combination (Song et al., 2019, 2021). In addition, scholars have conducted internet surveys and simulated 3D experiments using three parameters—functional, physiological, and subjective evaluations—to investigate the relationships between auditory and olfaction in the landscapes of pocket parks and their impacts on human health (Bitterman and Simonov, 2017). They argued that the use of a multisensory experience design in urban pocket parks contributes to improving quality of life, promoting relaxation, and alleviating work-related stress for urban residents (Bitterman and Simonov, 2017). Touch and taste are rarely involved in simulating stimuli, but studies have shown the tactile sensations produced through contact with plants in green spaces, along with the gustatory characteristics of plant branches, leaves, and fruits, have effects on the mental health of consumers, thereby influencing people’s experiences in environments (Ziegler, 2015).

In summary, research on the relationship between multisensory experiences and the restorative effects of UGSs has focused mainly on vision and hearing, with less research on the other senses. Moreover, when sensory stimulation is complex, it is not just a simple superposition of beneficial relationships. Physical access to nature is sometimes restricted by various factors, resulting in urbanities being deprived of the opportunity to enjoy nature (Bratman et al., 2019). In addition, the elderly, supervised personnel, patients and other people with impaired mobility also need the stimulation of virtual natural environment to restore physical and mental health (Nadkarni et al., 2021; Li et al., 2023; Wen et al., 2024). At the same time, the rise of the meta-universe also provides a higher possibility of obtaining health effects through virtual natural environment experiences (Capatina et al., 2024). It is necessary to explore the interaction and restoration effect of different sensory stimuli in virtual urban green space environment.

Therefore, with vision-audition as the basic sense, this study explored the differences in the impact of different virtual sensory stimulation in UGSs on the recovery of physiological and psychological health based on eight sensory combinations: the visual–auditory (VA), visual–auditory-olfactory (VAO), visual–auditory-tactile (VAT), visual–auditory-gustatory (VAG), visual–auditory-olfactory-tactile (VAOT), visual–auditory-olfactory-gustatory (VAOG), visual–auditory-tactile-gustatory (VATG), and visual–auditory-tactile-olfactory-gustatory (VATOG) stimuli combinations.



2 Materials and methods


2.1 Participants

Posters were placed around campus to recruit participants with the following characteristics: (1) self-reported normal vision and hearing, (2) no physical or mental illness, and (3) not taking any medications. Participants were asked to avoid smoking, drinking, and strenuous physical activity throughout the study period. Kotabe et al. proposed that the ratings of 20 participants are sufficient to obtain reliable image evaluation (Ziegler, 2015). To improve the reliability and validity of the experimental results, 240 volunteers (50% male; 50% female, average age 21.3 ± 2.8 years) were ultimately recruited for the study. There were a total of 8 experimental groups in this study (the VA group [T1]; VAO group [T2]; VAT group [T3]; VAG group [T4]; VAOT group [T5]; VAOG group [T6]; VATG group [T7]; and VATOG group [T8]). To control for the interference of gender on the results, volunteers of both genders were randomly assigned experimental serial numbers ranging from 1 to 120 and were assigned to each experimental group in order, ensuring that each experimental group included 30 people (15 males and 15 females). The study was performed with the approval of the local Ethics Committee of the College of Landscape Architecture, Sichuan Agricultural University, China.



2.2 Sensory stimulation materials

The experiment involved a total of five sensory stimuli, as depicted in the Figure 1 below. A detailed description of each stimulus is provided in the following text:

[image: Two people are seated at a desk wearing headsets and eye masks, engaging in sensory experiments. Surrounding images illustrate five types of stimulation: olfactory (plants), auditory (sound waves), visual (nature scene), tactile (potted plant), and gustatory (tomatoes). Various connections link these sensory elements to the participants.]

FIGURE 1
 Experiment with five sensory stimuli (visual, auditory, olfactory, tactile, and gustatory).



2.2.1 Visual stimulation materials

As visual materials of real landscapes, images are widely used in research because of the ability to effectively control for confounding variables (Cañas et al., 2009). This research method ensures that participants’ subjective judgements are not affected by weather, temperature, background sounds, or human activities in the real environment (Wang et al., 2017; Deng et al., 2020). This study utilized real-world photographs of UGSs in Chengdu, Sichuan Province, China, taken with a SONY DSLR-A350 camera as the visual stimuli. The photographs were captured from the normal perspective of an individual to simulate the human visual experience. To ensure the representativeness of the samples, a total of 28 sites were selected to be photographed. Initially, 10 images were taken at each site, resulting in 280 images for preliminary screening. Five experts evaluated these images, and ultimately, 25 images were selected as the formal experimental materials. The complete visual material is detailed in the Supplementary material. During the formal experiment, the visual stimuli were automatically switched every 12 s, for a total duration of 5 min.



2.2.2 Auditory stimulation materials

The auditory stimuli were natural sounds collected simultaneously during the abovementioned visual material collection process. Birdsong, running water, and the rustling of leaves in the wind were the three main sound stimuli collected. Recording equipment was used to record three types of sounds in the environment. The recording equipment was 1.5 m from the ground. The duration of each audio recording was no less than 1 min. The recorded audio was imported into Adobe Audition 2022 software for extraction, separation, noise reduction, merging, loudness matching, and the adjustment of sound pressure levels. The resulting audio files (MP3) for the three types of sounds were subsequently exported. Afterward, Adobe Audition 2022 software was used to integrate the audio material, synchronizing it with the visual material. For example, the sound of flowing water could only be synchronized with images containing water scenes, and the intensity was adjusted based on the scene. To ensure that participants could clearly hear the sounds in the laboratory without feeling annoyed, the sound pressure level was set between 40 and 60 dBA with a step size of 5 dBA. A subjective loudness preexperiment was conducted with 10 volunteers who rated the perceived loudness on a scale from 1 to 5 (ranging from very quiet to very noisy). The results indicated that a sound pressure level of 55 dB was clear but not ear-piercing for all the sound stimuli. The final experimental audio material was adjusted within this loudness and sound pressure level range, with a duration totaling 5 min.



2.2.3 Olfactory stimulation materials

The olfactory stimulation material used was Gardenia jasminoides, a shrub commonly found in the environment. Gardenia jasminoides belongs to the Rubiaceae family and is a deciduous shrub with fragrant flowers, typically borne singly at the top of the branches. The collected branches were placed in an opaque box for 5 min before the experiment to allow fragrance volatilization (Qi et al., 2022). Following the pretest assessment, a tripod was used to position the branches parallel to and approximately 30 cm from the side of the participant’s face, as shown in Figure 1. This placement allowed participants to smell the fragrance while avoiding any peripheral visual contact with the plant. This method facilitated more efficient release of the plant’s fragrance and eliminated psychological cues resulting from visual stimuli.



2.2.4 Tactile stimulation materials

The tactile stimulation material used for this experiment was a potted Pachira glabra Pasq. plant. These plants have heights ranging from 8 to 15 cm, with an upright stem that is slightly rough. The plants exhibit palmate compound leaves with 5–7 leaflets, shaped like elongated ovals or inverted eggs, with each leaflet measuring 12–15 cm in length and approximately 6 cm in width (as shown in Figure 1). The plant’s stem feels similar to that of the trunks of common trees found in UGSs; the plant is not prickly and can easily be touched. These characteristics align with the experimental requirements for activating the sense of touch. In the experimental groups involving tactile stimulation, the participants were reminded before the experiment that they could touch the plants spontaneously during the experiment.



2.2.5 Gustatory stimulation materials

The gustatory material used in this study was the cherry tomato, which is a natural fruit. It tastes sour and sweet and can effectively activate the sense of taste. Prior to the experiment, a preliminary screening of taste stimuli was conducted to ensure uniformity in size, color, and appearance. Random tastings were performed to guarantee a consistent taste experience. During the formal experiment, the cleaned fruits were placed in transparent, simple containers (as shown in Figure 1). In the experimental group involving gustatory stimuli, the participants were informed before the experiment that they were free to spontaneously consume the fruits during the experiment.




2.3 Measurements


2.3.1 Physiological indicators

Blood pressure (systolic blood pressure [SBP; mmHg], diastolic blood pressure [DBP; mmHg], pulse [P; bpm]) was measured on the left arm before and after the experiment using a sphygmomanometer (Omron, HEM-6322T, Tokyo, Japan). To minimize errors, two measurements were taken both before and after the experiment, and the average was calculated as the final result. Blood pressure and pulse rate are considered indicators of the body’s state of arousal or relaxation. During periods of tension, both the SBP and DBP tend to increase, whereas they decrease during relaxation. An increase in pulse occurs during exercise or during emotional fluctuations.



2.3.2 Psychological indicators

The Profile of Mood States (POMS) was utilized as the psychological tool in this study. The POMS consists of 40 adjectives rated on a scale from 0 to 4 (“0” indicates “not at all,” and “4” indicates “extremely”). These adjectives can be consolidated into seven emotional dimensions: tension-anxiety (T-A), depression (D), anger- hostility (A-H), vigor (V), fatigue (F), confusion (C), and self-esteem (S). Three psychological indicators—positive mood (PM), negative mood (NM), and total mood disturbance (TMD)—can be calculated from the 40 adjective scores (Uysal et al., 2016). The complete POMS can be found in the Supplementary material.




2.4 Study sites

The experimental location was selected in the Landscape Laboratory of Sichuan Agricultural University. During the experiment, the room temperature was controlled at 25°C through the air conditioning system. The experimental location was divided into a pretest laboratory and a formal laboratory. The two laboratories were adjacent and had the same spatial layout. The subjects entered the formal laboratory after completing the pretest. The difference between the two laboratories was that in the formal laboratory, the corresponding stimulation materials were placed according to the actual stimulation, while in the pretest laboratory, only pretest indicators were measured. This method ensured that all participants completed the experiments in a uniform environment and eliminated interference from factors such as residual odors in the laboratory. The participants were informed of the entire process and purpose of the experiment in advance and signed an informed consent form before the experiment.



2.5 Procedure

The experiment took place in April 2023 and spanned more than 8 days. During the experiment, the doors and windows were closed, the blackout curtains were drawn, and indoor lighting was uniformly turned on to control the illumination environment. The room temperature was regulated through an air conditioning system. The experiment was divided into four main sections, and the whole experiment lasted approximately 20 min, as illustrated in Figure 2.

[image: Flowchart with four steps over 20 minutes. Step 1 (0-5 mins): Sit, relax, introduce, fill info. Step 2 (5-10 mins): Pretest stimulus, fill POMS, measure blood pressure/pulse. Step 3 (10-15 mins): Multisensory stimulation. Step 4 (15-20 mins): Fill POMS, measure blood pressure/pulse.]

FIGURE 2
 Flowchart of the experiment.


The first part involved collecting basic information from participants and informing them in advance about the purpose and details of the study to help them understand the experiment and minimize errors during data collection. Participants were then instructed to sit quietly and relax for 3 min to reduce the impact of other states before the experiment. The second part was the pretest, where participants entered the pretest laboratory, wore headphones, listened to noisy audio for 5 min, and simultaneously performed mathematical calculations. After the pretest, participants completed the POMS, and their blood pressure and pulse were measured. The pretest results for all eight experimental groups were identical, and the tests were conducted in the same environment. The third part involved sensory stimulation. The corresponding stimulation materials for visual, auditory, olfactory, tactile, and gustatory stimuli were arranged in the formal laboratory in advance according to the treatment of the different experimental groups. Research has shown that contact with a natural environment for 3–5 min can provide a sufficient restorative experience (Deng et al., 2020). Therefore, after entering the formal laboratory, the subjects were exposed to sensory stimuli collected from UGSs for 5 min and underwent the related experiences described in Section 2.2. Notably, only one type of treatment group experiment was conducted each day. After each experimental day, thorough cleaning and ventilation were carried out to ensure that no residual odors or other interfering factors remained in the environment. This practice was followed before starting the experiments for the other treatment groups the next day, eliminating interference from lingering odors or other materials. The fourth part involved posttest measurements. After exposure to sensory stimuli, participants underwent another assessment of their psychological state using the POMS, along with the measurement and recording of their blood pressure and pulse. The complete experimental process is illustrated in Figure 3.

[image: Two individuals sit across from each other at a desk in various scenarios labeled A to F. Both wear dark glasses. Images A, C, and F show them typing on laptops. Images B and E depict the standing individual using a device. Image D includes a plant on the desk. A monitor and office chairs are present in all images.]

FIGURE 3
 Schematic diagram of the experimental procedure [(A) pretest stimulus (noise + calculation); (B) Blood pressure and pulse measurements before the experiment; (C) Measurement of psychological indicators before the experiment; (D) sensory stimulation; (E) Blood pressure and pulse measurements after the experiment; (F) Measurement of psychological indicators after the experiment].




2.6 Statistical analyses

Paired T-test was used to analyze the differences of physiological and psychological indicators before and after the experiment, and the difference data before and after each indicator met the normal distribution as a whole, meeting the prerequisites of paired T-test. One-way analysis of variance (ANOVA) was used to compare the difference between groups of physiological and psychological indicators before and after the experiment. The data of each group met the homogeneity of variance and there were significant differences between the groups. The post hoc multiple test was performed by Bonferroni test. All the statistical analyses were conducted using SPSS 24.0 (SPSS, Chicago, IL, USA). In this study, a p-value <0.05 was considered to indicate statistical significance.




3 Results


3.1 Physiological recovery

The physiological indicators before and after the experiment for the eight experimental groups are presented in Figure 4. After the environmental intervention, the blood pressure values for each experimental group decreased, while the pause values slightly decreased or remained relatively constant compared to the pretest values.

[image: Bar graphs compare pretest and posttest data for diastolic blood pressure (DBP), systolic blood pressure (SBP), and pulse (P) across eight time points (T1 to T8). Each set shows slight variations between pretest and posttest values.]

FIGURE 4
 Blood pressure and pulse index results for each group (mean ± standard deviation).


To determine whether the differences between groups were objective, further statistical tests were conducted on the data of each group. The differences between the groups conformed to the homogeneity of variances and were normally distributed, meeting the prerequisites of the paired t test. As shown in Figure 5, the SBP of all eight experimental groups significantly decreased after the experiment (p < 0.05). There was no significant difference in the DBP of the T3 group before and after the experiment, but the other seven experimental groups exhibited a significant decrease in DBP (p < 0.05). The pulse decreased in all groups, but a significant decrease was observed only in the T3 group (t = −2.18, p = 0.037) and T8 group (t = −3.15, p = 0.004), as shown in Figure 6.

[image: Bar graphs labeled A and B compare pretest and posttest diastolic (DBP) and systolic (SBP) blood pressure measurements, respectively. Graph A shows a decrease in DBP from pretest to posttest across all time points T1 to T8. Graph B displays a similar reduction in SBP from pretest to posttest. Statistical significance is indicated by asterisks, with varying levels across different time points.]

FIGURE 5
 Difference of blood pressure among groups (Mean ± standard deviation; *p < 0.05, **p < 0.01; (A) Diastolic blood pressure [DBP], (B) Systolic blood pressure [SBP]).


[image: Bar chart comparing pretest and posttest heart rates measured in beats per minute across eight trials (T1 to T8). Each trial has a pair of bars with error bars. Significant differences are indicated at T2 and T8. Dark gray bars represent pretest values, and light gray bars represent posttest values.]

FIGURE 6
 Differences in pulse (P) among the groups (means ± standard deviations; *p < 0.05, **p < 0.01).


Specifically, as shown in Table 1, the greatest decrease in DBP was observed in the T8 group (−5.23 ± 0.78 mmHg) and the second greatest decrease was observed in the T5 group (−4.23 ± 0.85 mmHg). DBP decreased the least in the T4 group (−2.00 ± 0.97 mmHg), and the second-lowest decrease was observed in the T1 group (−3.57 ± 1.02 mmHg). The decreases in DBP were similar in the remaining groups: the T2 group (−3.80 ± 0.90 mmHg), T3 group (−3.97 ± 0.93 mmHg), and T7 group (−3.70 ± 0.72 mmHg). The decrease in SBP was the largest in the T3 group (−7.80 ± 0.97 mmHg) and the second largest in the T2 group (−7.47 ± 1.30 mmHg), and the decrease in the T1 group was similar (−7.27 ± 1.05 mmHg). The decrease in SBP was the lowest in the T6 group (−3.10 ± 1.38 mmHg), and the decreases in the other groups were similar, ranging from 6.73 to 6.90 mmHg. The T2 group exhibited a greater decrease in the pause rate (−4.93 ± 2.26 bpm) than the T8 group (−2.93 ± 0.93 bpm).



TABLE 1 Paired T-test results of blood pressure and pulse samples.
[image: Table showing the results of test groups T1 to T8 with indicators for diastolic blood pressure (DBP), systolic blood pressure (SBP), and pulse (P). Columns include differences post-pre, standard deviation (SD), standard error (SE), 95% confidence intervals (CI) with lower and upper limits, t-values, and p-values. Significant p-values are marked with asterisks. Total participants are 240 with n equal to 30 for each group.]

As shown in Figure 7, the recovery difference results of physiological indicators between groups showed that there were significant differences between VAOT (T5) and VAOTG (T8) recovery effects and the other groups (p < 0.05), and the reduction rate was significantly higher than that of the other groups, indicating that olfactory-tactile interaction can significantly increase the recovery of DBP. The recovery effect of VATG (T7) and VAOTG (T8) was significantly different from that of other groups (p < 0.05), and the decline rate was significantly higher than that of other groups, indicating that tactile -gustatory interaction could significantly increase the recovery of SBP, while the difference was not significant among other groups. The recovery effect of VAOG (T6) was significantly different from that of the other groups (p < 0.05), and the decrease rate was significantly lower than that of the other groups, indicating that olfactory-tactile interaction could reduce the recovery effect of systolic blood pressure (still had a recovery effect), and the difference between the other groups was not significant. There were no significant differences in pulse recovery between groups. The result of the variance model of physiological index recovery between groups was shown in Table 2. The result of multiple comparisons of Bonferroni for more specific inter-group differences was shown in Table 3.

[image: Three box plots labeled A, B, and C show changes in blood pressure and heart rate. Plot A displays changes in diastolic blood pressure (ΔDBP) across eight time points (T1-T8), with a significant decrease marked by asterisks. Plot B shows changes in systolic blood pressure (ΔSBP) similarly marked. Plot C illustrates changes in heart rate (ΔP) with less variation and outlier points. Each plot includes median lines, interquartile ranges, and outliers.]

FIGURE 7
 Results of variance analysis of recovery effects of physiological indicators between groups [(A) Diastolic blood pressure (DBP), (B) Systolic blood pressure (SBP), (C) Pulse (P); *p < 0.05, **p < 0.01].




TABLE 2 Results of ANOVA of physiological indicators recovery between groups.
[image: Table showing analysis of variance results for diastolic blood pressure (DBP), systolic blood pressure (SBP), and pulse (P). Significant mean differences at the 0.05 level for DBP and SBP are indicated. Data includes sum of squares, degrees of freedom (df), mean square, F values, and p-values for between and within groups.]



TABLE 3 The results of the Bonfreni Multiple Comparisons on the difference between the recovery groups of physiological indicators.
[image: Table showing mean differences in blood pressure indicators post-pre test. Columns include Test groups, Mean difference, SE, p-values, and 95% confidence intervals. Significant differences marked with an asterisk. Diastolic and systolic blood pressures compared across T1 to T8 phases.]



3.2 Psychological recovery

The psychological indicator results of the pretest and posttest for the eight experimental groups are shown in Figure 8. After the experiment, the negative dimension psychological indicators (T-A, A-H, F, D, and C) decreased in all the experimental groups, while the positive dimension psychological indicators (V and S) increased.

[image: Bar graph comparing pretest and posttest scores for categories T-A, A-H, F, D, V, C, and S across eight timelines T1 to T8. Posttest scores show a general increase, with T5 and T6 having notably higher posttest scores. Vertical axis represents scores from negative four to sixteen.]

FIGURE 8
 Results of the POMS for each group (T-A: tension-anxiety; A-H: anger- hostility; F: fatigue; D: depression; V: vigour; C: confusion; S: self-esteem).


To ascertain whether the intergroup differences were significant, further statistical analysis was conducted on the data from each group. The data satisfied the homogeneity of variance assumption and had a normal distribution, meeting the prerequisites for paired t-tests. Paired t-tests were conducted on the pretest and posttest data for all variables within each group, and the results [as shown in Figure 9 indicated significant decreases (p < 0.05) in NM scores across the T-A, A-H, C, D dimensions, as well as in the TMD score, for all eight experimental groups after the experiment]. The F dimension score decreased in all eight experimental groups, with significant differences observed between groups, except for the T2, T3, and T5 groups (p < 0.05). Overall, these findings indicate that UGSs can effectively alleviate the public’s NM states. The V dimension score for PM increased in all eight groups after the experiment, with significant differences observed between groups, except for the T3 group (p < 0.05). Similarly, the S dimension score increased after the experiment in all eight groups, with significant differences observed between groups, except for the T3, T4, and T5 groups (p < 0.05). Overall, these findings suggest that UGSs can effectively enhance the PM states of the public.

[image: Eight bar graphs labeled A to H compare pretest and posttest scores across eight different tests (T1 to T8). Each graph represents different metrics: T.A, A.H, C, D, V, Y, I.S, and TMD. Dark bars show posttest scores, which are higher across most tests, indicating improvement. Statistical significance is noted with asterisks.]

FIGURE 9
 Results of different emotional dimensions in 8 experimental groups. [(A) tension-anxiety (T-A); (B) anger- hostility (A-H); (C) confusion (C); (D) depression (D); (E) vigor (V); (F) fatigue (F); (G) self-esteem (S); (H) total mood disturbance (TMD)]. *p<0.05, **p<0.01.


Specifically, as shown in Table 4, within the T-A dimension, the values for all groups decreased, with the T8 group exhibiting the greatest reduction. The T6 and T7 groups had slightly greater reductions than did the T1 group, while the remaining four groups had lower reductions than did the T1 group, with the T5 group having the lowest reduction. In the A-H dimension, the values for all groups decreased, with the T6 group showing the greatest reduction. The T8 group ranked second in terms of reduction, followed by the T4 group. The reductions in the remaining three groups were similar to those in the T1 group. Concerning the C dimension, the values for the T1, T2, T4, T6, T7, and T8 groups all decreased. The T6 group had the greatest reduction, while the value for the T3 group increased, and the T5 group showed minimal changes. In the D dimension, the values for all the groups decreased, with the T6 and T8 groups exhibiting greater reductions. Within the V dimension, the values for all groups increased, with the most significant improvement observed in the T6 group. The T2 and T8 groups showed similar increases, which were slightly higher than that in the T1 group, while the increases in the remaining groups were lower than that in the T1 group. In the F dimension, the values for all the groups decreased, with greater decreases observed in the T6 and T8 groups. The T7 group ranked third in terms of reduction. Within the S dimension, the values for all groups increased, with notable improvements in the T6, T7, and T8 groups, all surpassing that for the T1 group. The improvements in the remaining groups were lower than that in the T1 group.



TABLE 4 Paired T-test results of POMS.
[image: A table showing statistical data for test groups T1 to T8. Each section lists indicators such as T-A, A-H, F, D, V, C, S, and TMD. Columns display difference (post-pre), standard deviation (SD), standard error (SE), 95% confidence interval (CI) lower and upper bounds, t-values, and p-values. Notable significance levels are marked with asterisks for p<0.05 and p<0.01.]

The seven dimensions were integrated into two major dimensions: PM and NM. The overall TMD recovery results and them were compared and analyzed, as shown in Figure 10. The results indicated positive effects on enhancing PM and reducing NM in all eight experimental groups, and a positive recovery effect on the TMD score was observed (lower TMD values indicate better recovery). Specifically, within the PM dimension, the T6 group exhibited the largest improvement, with the T8 group ranking second. Similar improvements were observed in the T2 and T7 groups compared to the T1 group. The T3, T4, and T5 groups showed less improvement than the T1 group did, with the T3 group showing the least improvement. The overall patterns of decrease in the NM and TMD scores among the groups were similar to the patterns observed in the improvement in the PM score.

[image: Bar chart showing the difference values for PM, NM, and TMD across times T1 to T8. PM bars are consistently higher, with T6 being the highest. NM and TMD are generally negative, with variations at each time point. Error bars indicate variability.]

FIGURE 10
 Results of the recovery of positive mood (PM), negative mood (NM) and total mood disturbance (TMD) in the 8 experimental groups.


As shown in Figure 11, the results show that the law of difference between NM and TMD groups is the same. The recovery effect of VAOG (T6), VAOTG (T7), and VAOTG (T8) is significantly different from that of other groups (p < 0.05), and the decline rate is significantly higher than that of other groups. These results indicate that olfactory-gustatory interaction can significantly increase the recovery effect of mental health, but there is no significant difference between other experimental groups. The difference between PM groups showed that the recovery effect of VAOG (T6) and VAOTG (T8) was significantly different from that of other groups (p < 0.05), and the increase rate was significantly higher than that of other groups, which also indicated that olfactory-gustatory interaction could significantly increase the recovery effect of mental health. There was no significant difference between other experimental groups. The result of the variance model of psychological index recovery between groups was shown in Table 5. The result of multiple comparisons of Bonferroni for more specific inter-group differences was shown in Table 6.

[image: Box plots A, B, and C display score changes over eight time points (T1 to T8) for NM, PM, and TMD, respectively. Significant differences are marked above the plots. Each plot illustrates median, quartiles, and outliers.]

FIGURE 11
 Results of variance analysis of recovery effects of psychological indicators between groups [(A) negative mood (NM); (B) positive mood (PM); (C) total mood disturbance (TMD); *p < 0.05, **p < 0.01].




TABLE 5 Results of ANOVA of psychological indicators recovery between groups.
[image: Table displaying analysis of variance results for three mood indicators: NM (negative mood), PM (positive mood), and TMD (total mood disturbance). It includes columns for sum of squares, degrees of freedom (df), mean square, F, and p-values, all showing significant p-values of 0.000 at the 0.05 level.]



TABLE 6 The results of the Bonferroni Multiple Comparisons on the difference between the recovery groups of psychological indicators.
[image: A data table presents multiple test indicators comparing groups over time, with columns for test groups, mean difference, standard error (SE), p-values, and confidence intervals (CI). It highlights significant mean differences at the 0.05 level, including groupings for NM (Negative Mood), PM (Positive Mood), and TMD (Total Mood Disturbance). Specific values, such as p = 0.000 and notable differences in mean values with asterisks, signify substantial variance in mood tests. Data notes indicate sample sizes: N=240, n=30.]




4 Discussion


4.1 Simulated multisensory stimulation and physiological recovery

The research findings revealed a significant decrease in SBP across all eight groups after the experiment. Except for the VAO group, the DBP significantly decreased in the remaining seven groups. Overall, these findings indicate that the sensory stimuli in all the groups had a certain restorative effect on physiological status, demonstrating that multisensory stimulation in UGSs can effectively alleviate public stress, which is consistent with prior research results (Zhao et al., 2018; Deng et al., 2020). Based on the foundation of VA stimuli, the individual addition of olfactory, tactile, or gustatory stimuli did not enhance the recovery of blood pressure. This finding aligns with previous studies (Ratcliffe et al., 2013; Zhao et al., 2018; Hedblom et al., 2019; Deng et al., 2020), as all eight sensory combinations had restorative effects on physiological health. The focus of discussion is on comparing the stronger restorative effects. Several studies have confirmed the beneficial role of olfaction in physiological recovery (Ulrich, 1983; Song et al., 2019, 2021). Olfactory stimulation is closely related to physiological recovery, such as pain alleviation and blood pressure regulation (Cha et al., 2010; Uysal et al., 2016). Overactivity in the sympathetic nervous system is one of the mechanisms of hypertension. Inhalation of odors through the nose can inhibit sympathetic nervous activity and reduce blood pressure. This may be one of the peripheral mechanisms underlying the blood pressure-lowering effects of olfactory stimulation (Haze et al., 2002; Tanida et al., 2006). However, intergroup comparisons between VA and VAO stimulation suggested that VAO stimulation is not necessarily superior to VA stimulation alone. This finding is consistent with the results of previous studies (Qi et al., 2022) and the viewpoint aligns with the idea that multiple sensory stimulation generates more complex outcomes than single or dual sensory stimulation (Hedblom et al., 2019). This study also provides effective guidance for future research in this field, suggesting a shift from primarily focusing on VAO stimuli to a more in-depth exploration of tactile and gustatory stimuli.

This study revealed that among the three groups treated with sensory stimulation via four modalities, the VAOT group (T5) and VATG group (T7) demonstrated better blood pressure recovery than did the VA group (T1). However, compared with the VA group (T1), in the VAOG group (T6), the blood pressure recovery effect was weaker, and the recovery effect in the VAOG group was also weaker than those in the VAO group (T2) and VAG group (T4). Taken together, these findings indicate that olfactory-gustatory stimuli interactions may diminish the recovery of blood pressure. For the physiological characteristic indicator of blood pressure, having more types of sensory stimuli does not necessarily result in better recovery. Furthermore, the recovery effects in the VAOT group (T5) were superior to those in the VAO group (T2) and VAT group (T3). Similarly, the VATG group (T7) exhibited better recovery than the VAT group (T3) and VAG group (T4). These findings collectively indicate that increasing sensory interaction involving olfaction-tactile and tactile-gustation stimuli can enhance physiological recovery on a VA basis. This further emphasizes that olfaction and gustation need to be coupled with tactile stimulation to produce optimal physiological recovery benefits.

Empirical research on the recovery effects of tactile stimulation on physiological indicators has been relatively scarce. However, some research has shown that C-tactile afferents may regulate oxytocin release during intimate tactile interactions, thereby reducing physiological and behavioral responses to stress sources (Tanida et al., 2006). This provides evidence for the association between tactile stimulation and physiological recovery. Different senses convert information from the real world into electrical signals that the brain can process, forming human cognition and experiences of things (Lin, 2004). There are complex connections between neurons and brain signals triggered by sensory stimuli (Kording et al., 2007; Schreuder et al., 2016). The variations in physiological recovery effects under different sensory stimuli combinations may be related to deep-level neuronal and brain signal feedback (Gunes and Pantic, 2010; Talsma et al., 2010). This study holds significant importance in advancing research on virtual multisensory stimulation in UGSs and physiological recovery.



4.2 Simulated multisensory stimulation and psychological restoration

The results indicate that, compared to baseline VA stimulation (T1), the introduction of individual olfactory stimuli (T2), tactile stimuli (T3), or gustatory stimuli (T4) did not enhance emotional recovery; in fact, the recovery effects were even lower than those in the T1 group. However, these findings do not conflict with those of previous studies (Viollon et al., 2002; Zhao et al., 2018; Hedblom et al., 2019; Deng et al., 2020), as all eight sensory stimuli combinations had a restorative effect on mental health. The emphasis of this discussion lies in comparing the stronger restorative effects. Although VAOT (T5) stimulation did not significantly improve psychological recovery, stimulation with combinations of four or more types of sensory stimuli resulted in greater psychological recovery. Considering PM, NM, and the TMD score, the optimal sensory stimulation for psychological recovery is VAOG stimulation (T6). VATOG stimulation (T8) follows closely. Overall, these findings demonstrated the need for additional sensory stimulation to promote the psychological recovery effect. In the field of psychological therapy, scholars have found that single sensory stimulation may exacerbate emotional disorders, but multisensory stimulation can play a positive role in emotional regulation, serving as an adjunctive treatment for depression (Haze et al., 2002). This finding is consistent with the patterns observed in the present study.

The increase in PM and decrease in NM in the VATG group (T7) were greater than those in both the VAT group (T3) and the VAG group (T4). This finding suggests that, based on VA stimulation, gustatory-tactile stimuli interactions can enhance psychological recovery. Although research on the relationship between UGS stimuli and health recovery rarely includes the sense of touch, the association between touch and mental health has been confirmed by various studies, supporting the scientific validity of this study. Previous research has shown that C-Tactile afferents in human hairy skin are associated with the encoding of emotional information (Vallbo et al., 1999; Wessberg et al., 2003). Many researchers have referred to the pleasurable tactile sensations caused by the targeted stimulation of C-Tactile afferents as “affective touch” (Gordon et al., 2013; McGlone et al., 2014; Perini et al., 2015). Affective touch can provide information about the external world and our internal states, shaping perceptions of others and ourselves. Therefore, despite the sense of touch occurring on the external surface of the body, it is considered an interoceptive experience (Craig, 2002). During the COVID-19 pandemic, a study revealed that 60% of respondents reported experiencing varying degrees of tactile deprivation, and the degree of tactile deprivation was negatively correlated with mental health (Field et al., 2020).

Olfaction-gustatory stimuli interaction led to the greatest increase in psychological health recovery. Among the eight experimental groups, only the T6 and T8 groups were exposed to olfaction-gustation stimuli synchronously, and these two groups were the top two among all the experimental groups in terms of recovery scores. Therefore, olfaction–gustatory stimuli interactions triggered by VA basic sensory stimulation in virtual UGS environment are crucial factors for enhancing psychological recovery. Combining the results of the two aspects mentioned above, while gustation alone may not significantly increase psychological recovery on the basis of VA stimulation, the combination of olfaction or somatosensation with taste stimulation enhances psychological recovery. This emphasizes the crucial role of taste stimulation in the restorative effects of virtual UGS environment on both physical and mental health. Although gustation has rarely been explored in studies on the relationship between UGS stimuli and health recovery, there is scientific evidence supporting its high correlation with mental health. There is a significant relationship between food and emotional choices, and reducing taste input can exacerbate emotional dysfunction (Yin et al., 2021). Taste loss is closely related to emotional distress, and taste dysfunction is positively correlated with anxiety and depression (Dudine et al., 2021). Reduced taste perception can significantly predict depression and may be considered a screening indicator for depression within the diagnostic and therapeutic system (Hur et al., 2018).



4.3 Application of multi-sensory stimulation in virtual urban green space environment

The results show that the sensory interaction of olfactory-tactile and tactile-gustatory stimuli based on VA information can increase the antihypertensive effect, indicating that touch is an important feature for improving physiological recovery. The elderly are a group with generally high blood pressure and have problems such as mobility difficulties (Hur et al., 2018). In the areas where the elderly are concentrated in hospitals and nursing homes, Videos of the urban green environment can be played in the ward or rehabilitation room, and the plants with good natural touch (Subhashree and Saud Bijit, 2017) can be guided to better achieve the effect of assisting in lowering blood pressure. Pay attention to avoiding the trunk or leaf surface of the hair and thorns to avoid causing damage. In order to obtain better recovery effect, we should also pay attention to the activation of smell or taste, and arrange fragrant plants with pleasant smell in the room (such as Osmanthus fragrans, Gardenia jasminoides, and Lavandula) (Subhashree and Saud Bijit, 2017). During the viewing process, fruits can be appropriately used to activate taste, so as to achieve the best physiological recovery effect.

Smell and touch should be combined with taste stimulation to further enhance psychological recovery benefits, indicating that taste stimulation plays a key role in the effect of virtual urban green space environment on physical and mental health recovery. In special places such as the supervision institute, studies have confirmed that watching virtual videos of natural environment can relieve the anxiety and reduce the pressure of the supervised personnel (Nadkarni et al., 2021). The results of this study are the same, and further prove that when receiving the stimulation of natural environment video, synchronizing with the activation of smell and taste can better obtain psychological recovery. Previous studies have shown that watching videos of natural environment during recess can help students recover their attention (Luo et al., 2023). The results of this study further indicate that during recess or some activity classes at school, reasonable interspersed videos of virtual natural environment should be played while guiding students to eat fruits (such as loquat, peach, pear, etc.). In addition, potted plants with natural fragrance are used in the classroom to activate students’ sense of smell, which can better help students relieve mental pressure and complete the next class better.



4.4 Limitations and future studies

The main limitation of this study is that ecological validity was not assessed. Despite the widespread use of simulated methods involving images and sounds (Cañas et al., 2009; Wang et al., 2017; Deng et al., 2020), this study delved into the rarely explored realms of tactile and gustatory stimuli for virtual multisensory stimulation in UGSs. In contrast to the more established methods used in visual, auditory, and olfactory simulation research (Song et al., 2019; Deng et al., 2020; Ratcliffe, 2021), there has been minimal scholarly comparison and validation of methods simulating touch and taste. Therefore, compared to stimuli generated in real-world environments, there may be instances where simulated stimuli do not entirely replicate real-world experiences, potentially impacting the results to a certain extent. Therefore, the conclusion of this study is aimed at the restoration effect of virtual urban green space environment, and has not been applied to the planning and design of real environment.

Future research could explore the following three aspects. First, to minimize the potential influence of demographic variables on the results, this study controlled for participants’ social attributes by recruiting university students of similar age. However, future research could broaden participant demographics, including individuals from various age groups, to conduct studies across multiple age ranges. Second, we can learn from previous scholars’ evaluation methods on the ecological effects of soundscape reproduction to evaluate the ecological effects of the multi-sensory stimulation method used in this experiment (Tarlao et al., 2022), so that the research conclusions can be applied to the planning and design of more realistic scenes. Third, touch and taste are aspects that have rarely been investigated in research on the relationship between sensory stimuli in UGSs and psychophysical recovery. Although this study included touch and taste, the subcategories were not refined. Therefore, future research can refine the different types of touch and taste stimuli and further deepen the related research.




5 Conclusion

In terms of physiological recovery, the blood pressure of the 8 experimental groups decreased significantly after the experiment, indicating that the virtual urban green space environment has a certain recovery effect on physiological state, and could effectively relieve the public’s stress state. While the combination of VAOTG stimuli in the multisensory group resulted in the best blood pressure recovery (p < 0.05), there was a non-linear relationship between blood pressure recovery and the number of sensory activations. Tactile is an important sense to enhance the physiological recovery effect. Within the context of VA stimuli, the interaction of olfactory-tactile and tactile-gustatory stimuli enhanced physiological recovery.

In terms of psychological recovery, the common trigger of olfactory-gustatory is the most key element to enhance psychological recovery through multi-sensory stimulation of virtual urban green space environment. VAOG stimulation had the best effect on psychological recovery (p < 0.05), followed by VAOTG stimulation (p < 0.05). Gustatory is an important sense to enhance the psychological recovery effect, and both the tactile-gustatory interaction and the olfactory-gustatory interaction significantly enhance the recovery effect. At the same time, the psychological recovery effect obtained by four or more sensory combinations was higher than that obtained by two or three sensory stimulation groups, which explained the necessity of multiple sensory activation on psychological recovery effect to a certain extent.
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Objective: This study examines the intricate interplay between architectural design and visitor emotional responses at the Jewish Museum Berlin, focusing on how specific spatial elements such as the Holocaust Tower, Garden of Exile, The Voids, and The Axis elicit varied affective experiences. The research aims to extend the discourse on environmental psychology and architectural empathy, particularly within the context of memorial museums.
Method: Employing a non-intrusive approach, the study gathered emotional response data using the Positive and Negative Affect Schedule (PANAS) from 113 museum visitors, with 102 valid responses analyzed. Environmental conditions such as light, sound, and spatial design were quantitatively measured to correlate with emotional responses captured at the end of visitors' tours across the designated museum spaces.
Results: Findings revealed that architectural elements significantly influence emotional responses. High levels of negative emotions like fear and anxiety were markedly evident in the Holocaust Tower due to its minimal lighting and stark concrete structure. Conversely, the Garden of Exile induced more positive emotions through its use of natural light and greenery, emphasizing the role of biophilic design in enhancing emotional well-being. Statistical analysis supported these observations, with variations in emotional impact across different spaces demonstrating the profound effect of architectural design on visitor experiences.
Conclusion: This study confirms that a variety of design elements and spatial strategies not only facilitate the presentation of historical narratives but also actively sculpt the emotional involvement and experiences of visitors. Our findings highlight the efficacy of emotionally-oriented architectural design in deepening the impact and engagement of museum visitors, emphasizing the transformative power of these environments in shaping visitor perceptions and interactions.


Keywords
emotionally-oriented design, emotional architecture, museum design, architectural psychology, visitor experience, environmental psychology


1 Introduction

Emotions, as complex psychological states involving subjective experiences, physiological responses, and behavioral expressions, are central to the human experience. They play a critical role in how we perceive, interact with, and remember our environments. In architectural contexts, emotions can range from awe and tranquility to anxiety and discomfort, influenced by elements such as spatial proportions, lighting, acoustics, and material finishes (Bower et al., 2019; Li, 2019; Shemesh et al., 2021; Zhang et al., 2022, 2023b). Understanding these emotional responses is crucial for creating spaces that not only serve functional needs but also foster well-being and meaningful experiences.

The interplay between architectural design and human emotion is a profound and complex subject that sits at the heart of environmental psychology and design studies. Architecture, transcending its utilitarian functions, wields the power to evoke a spectrum of emotions, shape behaviors, and create lasting memories. It is a tangible expression of culture and history, one that communicates and influences at a visceral level. Theoretical explorations in this domain affirm that the manipulation of light, volume, texture, and materiality in built environments can significantly sway individuals' mood states and psychological well-being (Webb, 2006; Ergan et al., 2018; Jafarian et al., 2018; Jiang et al., 2021; Zhang et al., 2022; Kim and Hong, 2023).

Consider the poignant role of memorial museums, where architectural design is tasked with the delicate balance of embodying historical narratives and facilitating reflective experiences. The Jewish Museum Berlin, designed by Daniel Libeskind, serves as a prime exemplar of how spatial design is intricately woven with emotional narrative (Sodaro, 2013; Tzortzi, 2017). This institution houses a confluence of spaces–The Axis, Garden of Exile, Holocaust Tower, and The Voids–each architecturally orchestrated to invoke distinct emotional responses from its visitors. The design embodies a dialogue between the stark realities of history and the potential for hope and renewal, leveraging the emotive capacity of architectural cues to guide visitors through a journey of collective memory and individual introspection (Feldman and Peleikis, 2014).

Given this context, the Jewish Museum Berlin was selected as a case study due to Libeskind's unique architectural vision. His design deliberately creates spaces intended to evoke both positive and negative emotions, which represents a significant departure from conventional architectural goals that typically prioritize comfort and positivity. This approach provides an ideal context for investigating how architectural elements shape emotional responses. By challenging visitors to engage with historical narratives on a deeply emotional level, Libeskind's design makes the Jewish Museum Berlin a compelling subject for studying the impact of architectural empathy.

The Axis, a metaphorical intersection of pathways, not only directs physical movement but also choreographs the emotional pacing of the visitor experience. The Garden of Exile, with its forest of pillars and disorienting angles, contrasts against the Holocaust Tower's imposing walls and constrained slivers of light, illustrating how light manipulation can be a powerful affective tool (Edensor, 2017; Zhang et al., 2022). The Voids, silent and resonant, offer a multisensory engagement that is as much about the presence of sound as it is about the voids of silence, echoing research that highlights the deep connection between sensory environments and emotional states (Henshaw and Mould, 2013; Fiebig et al., 2020; Algargoosh et al., 2022).

To effectively measure these emotional responses, various psychometric tools have been developed. One such tool is the Profile of Mood States (POMS), which assesses transient, distinct mood states through a series of adjectives rated by the respondent (McNair et al., 1971). Another is the Positive and Negative Affect Schedule (PANAS), which evaluates positive and negative affective states and is widely recognized for its reliability and validity in diverse settings (Watson et al., 1988). Additionally, tools like the Self-Assessment Manikin (SAM) provide a non-verbal pictorial assessment of emotional response, particularly useful in environments where verbal articulation may be challenging (Bradley and Lang, 1994).

Within this architectural milieu, the present study seeks to quantitatively investigate the emotional impact of these spaces on visitors. It draws upon the Positive and Negative Affect Schedule (PANAS) scale, a widely recognized metric for assessing affective dimensions (Watson et al., 1988). By grounding the subjective in the empirical, this research aims to contribute substantively to the dialogue on the empathetic capacity of architectural environments. It posits that designed spaces, particularly within the context of memorial museums, can function as catalysts for empathy, eliciting a range of emotions from contemplative sorrow to uplifting tranquillity (Watson, 2015; Golańska, 2015; Oren et al., 2022).

In synthesizing the PANAS findings with theoretical discourse, the study will explore how architectural form and content can act synergistically to enhance visitor engagement. It will address the interplay of memory, emotion, and place, offering insights into how spatial narratives can be thoughtfully constructed to resonate with visitors on an emotional and cognitive level. Such insights are anticipated to extend the current frameworks for architectural and environmental psychology, providing nuanced understandings of how spaces can be crafted to not just house experiences, but to actively shape and define them (Manzo, 2003; Shin, 2016).

Through this exploration, the study underscores the dynamic role of architecture in emotional storytelling within museum contexts. It is poised to offer valuable implications for design practices that seek to engage visitors beyond the visual, delving into the affective realm where architecture meets emotion, memory, and meaning (Lukas, 2012; Tolia-Kelly et al., 2017).



2 Method


2.1 Participants

This study adopted a non-intrusive method of data collection with visitors at the Jewish Museum Berlin, ensuring the authenticity of the emotional responses (Webb et al., 1999). Data were gathered from museum-goers at the conclusion of their visit to the Holocaust Tower, Garden of Exile, the “The Voids”, and the Axis spaces designed to provoke a range of emotional experiences. Research staff approached visitors at the exit of the museum, inviting those who had completed their tour to participate in the study. This strategy prioritized capturing the spontaneous emotional reactions of visitors, rather than pre-selected volunteers, thereby preserving the natural behavior and experiences within the museum environment.

Upon exiting, participants were asked to complete the Positive and Negative Affect Schedule (PANAS), a questionnaire that assesses a spectrum of emotional states triggered by the architectural and environmental attributes of the spaces visited. In addition to the PANAS, demographic data such as age, gender, and nationality were collected to facilitate a demographic breakdown of the emotional responses. The study engaged a total of 113 participants. After processing, 102 questionnaires were considered valid for analysis, with 11 discarded due to incompleteness. The demographics of the sample were diverse, with 59.46% identifying as female and 40.54% as male. The age distribution was as follows: 18–30 years old (33 participants), 31–40 years old (32 participants), 41–50 years old (31 participants), and over 50 years old (17 participants). All participants provided informed consent, ensuring ethical research practice.



2.2 Architectural space description

The Jewish Museum Berlin, designed by Daniel Libeskind, is a striking example of contemporary memorial architecture. The museum comprises several distinctive spaces, each with its unique architectural features intended to evoke a range of emotional responses (Figure 1). Below is a comprehensive description of these spaces, encompassing their spatial dimensions and design solutions.
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FIGURE 1
 (A) Schematic Overview of the Jewish Museum Berlin: the four main architectural spaces explored in this study–Holocaust Tower, Garden of Exile, The Axis, and The “Voids.”, (B) Plan of the Jewish Museum Berlin.


The Axis is a series of intersecting corridors that connect different parts of the museum. These pathways are designed to create a sense of direction and movement, guiding visitors through the museum's narrative. The walls are adorned with exhibits that provide context to the historical events commemorated by the museum. The Garden of Exile is an outdoor space featuring 49 concrete stelae, each 6 meters high, arranged in a grid pattern. The ground is tilted, creating a sense of disorientation and confusion, symbolizing the experience of exile. The stelae are filled with earth from Berlin and Jerusalem, emphasizing the connection between the past and the present. The Holocaust Tower is a tall, narrow, and empty space, measuring 24 meters in height with a small slit at the top allowing minimal natural light. The space is designed to evoke feelings of isolation, confinement, and introspection. The concrete walls and the stark, cold atmosphere contribute to the somber experience intended by the architect. The Voids are a series of empty spaces that run vertically through the building. These voids are intended to represent the absence of Jews in Berlin following the Holocaust. The largest of these voids, the Memory Void, contains an installation called “Shalekhet” (Fallen Leaves) by artist Menashe Kadishman, consisting of thousands of metal faces spread across the floor.

Libeskind's design employs sharp angles, irregular forms, and voids to convey the complexity and trauma of Jewish history. The use of materials such as concrete and steel, along with the interplay of light and shadow, enhances the emotional impact of the spaces. These architectural solutions are not merely aesthetic but are deeply symbolic, intended to engage visitors on both an intellectual and emotional level.



2.3 Measures

The Positive and Negative Affect Schedule (PANAS) was used to assess participants' emotional responses. PANAS is a widely recognized scale that measures two dimensions of affect: Positive Affect (PA) and Negative Affect (NA). Each dimension consists of 10 items. Participants rate the extent to which they feel each emotion on a scale from 1 (very slightly or not at all) to 5 (extremely). The Positive Affect items include interested, excited, strong, enthusiastic, proud, alert, inspired, determined, attentive, and active. The Negative Affect items include distressed, upset, guilty, scared, hostile, irritable, ashamed, nervous, jittery, and afraid (Watson et al., 1988).



2.4 Environmental measurements

In the Jewish Museum Berlin, comprehensive environmental and acoustic measurements were gathered from four distinct spaces using a suite of instruments: a sound level meter (Smart sensor AS804), light meter (UNI-T UT383), temperature and humidity meter (UNI-T UT333), audio recorder (Tascam DR-100MK III), and spectrometer (Sekonic C-700). These instruments were employed to collect precise data, as shown in Figure 2.
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FIGURE 2
 Comparative Environmental Measurements across Four Spaces of the Jewish Museum Berlin: (A) Holocaust Tower, (B) The Voids, (C) The Axis, and (D) Garden of Exile. Each panel presents light and sound spectra, accompanied by temperature, humidity, and decibel range data.


The purpose of presenting the data about color temperature, light intensity, sound levels, temperature, and humidity is to provide a detailed environmental context for each space within the museum. These environmental factors are known to significantly influence human emotional and psychological responses (De Rojas and Camarero, 2008). By measuring and documenting these parameters, the study aims to explore how specific environmental conditions may influence the emotional responses reported by visitors, thereby offering a more comprehensive understanding of how architectural elements affect visitor experiences (Goulding, 2000; Bigné et al., 2005; Halpenny, 2010).

For example, in the Holocaust Tower, illumination ranged from 2.7 to 5.7 Lux, with a natural spectrum color temperature of 4918K. The low lighting and cooler color temperature contribute to the overall somber and reflective atmosphere of the space. The temperature was recorded at 16.3 °C, and humidity at 46.3%, with sound levels varying between 39 and 84 decibels. The significant height of the space, 21 meters, created an echo effect, intensifying the auditory experience and potentially heightening feelings of isolation and introspection.

The Garden of Exile was illuminated much more variably, between 2,940 and 18,400 Lux, with natural light color temperatures from 5986 to 6234K, temperature at 16.6 °C, and humidity at 37.4%. Sound levels here ranged from 43.7 to 71.5 decibels, with ambient sounds such as bird calls enriching the outdoor environment. The variation in light intensity and the presence of natural elements like vegetation are intended to evoke feelings of confusion, displacement, but also a sense of connection to nature, promoting reflection and contemplation.

In “The Voids”, indoor natural light levels were measured from 279 to 429 Lux and color temperatures between 5716 to 5914K. The space was warmer at 19.7 °C and more humid at 58.7%, with sound levels reaching up to 98.2 decibels due to the presence of art installations and specific architectural acoustics. These environmental characteristics contribute to a complex sensory experience that engages visitors on multiple levels.

Finally, The Axis, defined as a pathway, recorded illumination levels from 67.5 to 115 Lux and cooler color temperatures of 3056 to 3081K. The temperature there was around 22 °C and humidity at 36.7%. Sound levels, affected by visitor interactions, reached up to 77.8 decibels, with LED lighting that limited the depth of sensory engagement.

The time frame used for measuring the sound spectrum in each space was standardized to a continuous 10-minute interval during peak visiting hours. This period was selected to capture the typical ambient noise levels and visitor interactions within each environment. The audio recordings were analyzed to determine the average and peak decibel levels, as well as the frequency distribution of sounds, ensuring a comprehensive acoustic profile of each space.

By presenting these environmental measurements, the study aims to explore how the physical characteristics of each space may influence the emotional reactions they elicit. This approach provides a nuanced understanding of how specific environmental conditions might contribute to the overall emotional impact of architectural design in a museum setting.



2.5 Analysis strategy

The study utilized the Positive and Negative Affect Schedule (PANAS) to measure emotional responses after visitors explored four distinct sections of the Berlin Jewish Museum: the Holocaust Tower, The Axis, The Voids, and the Garden of Exile. Data processing was meticulously carried out using Python, leveraging libraries such as Pandas for data manipulation and NumPy for numerical operations. This ensured the precision of the PANAS scores, which are crucial for assessing the immediate impact of each spatial design on visitors' emotions (Hovy, 2022).

Statistical analyses were conducted using independent samples t-tests to evaluate emotional variances across different spatial elements, with 'The Axis' serving as a baseline comparison. This analysis was facilitated by the SciPy library, a tool integral to executing statistical tests in Python. Additionally, the effect sizes were computed using Cohen's d, providing insights into the magnitude of emotional responses elicited by each architectural element (Howell, 1992).

The Axis was selected as the baseline for comparison due to its transitional nature and relative neutrality in emotional design. Unlike the Holocaust Tower, The Voids, and the Garden of Exile, which are explicitly designed to evoke strong emotional responses, The Axis serves primarily as a connective pathway linking different parts of the museum. Additionally, The Axis features exhibits along its sides, embodying characteristics typical of a standard museum exhibition space. This makes it an ideal reference point for measuring variations in emotional impact across more emotionally charged spaces. By using The Axis as a baseline, the study can more accurately isolate and identify the specific emotional influences of the other architectural elements.

The entire analysis was conducted and documented using a Jupyter Notebook, which facilitates the integration of live code with narrative text, enhancing the clarity and reproducibility of the research. We adhered to a conventional significance threshold of p < 0.05 throughout our analyses to ensure the statistical validity of our findings. The use of the SciPy library was central to our statistical analysis, allowing us to perform robust t-tests and calculate effect sizes efficiently. This, along with other Python tools such as Pandas for data manipulation, greatly streamlined the process and enhanced our ability to manipulate and visualize data effectively (Virtanen et al., 2020; McKinney, 2022).

By employing robust statistical tools and a reliable data analysis environment, the study effectively quantified the emotional impacts of architectural design, setting a precedent for future research in the domain of emotional architecture.




3 Result


3.1 Emotional responses across different spaces

This study conducted a comprehensive analysis of emotional responses to the architectural spaces within the Berlin Jewish Museum, namely the Holocaust Tower, The Axis, The Voids, and the Garden of Exile. Data extracted from Table 1, which displays the average PANAS (Positive and Negative Affect Schedule) scores for each space, reveals nuanced patterns in emotional engagement.


TABLE 1 Average PANAS scores for emotional responses across architectural spaces at the Jewish Museum Berlin: the table delineates the intensity of each emotion reported by visitors in the Holocaust Tower, The Axis, The Voids, and the Garden of Exile.
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Low affect emotions: Emotions such as guilt (Guilty) and shame (Ashamed) consistently scored low across all spaces, with average scores of 1.97, 1.70, 1.93, and 1.38 for Guilty and 1.57, 1.54, 1.43, and 1.45 for Ashamed in the Holocaust Tower, The Axis, The Voids, and Garden of Exile respectively. These low scores suggest that the museum's exhibits are less likely to evoke feelings of personal responsibility or embarrassment, likely reflecting the thematic elements focused more on historical reflection than on personal culpability.

Stable affect emotions: Emotions such as alertness (Alert) and activeness (Active) manifested moderately across all spaces, indicating a general state of engagement. For example, Alert scores were 4.13, 2.99, 3.72, and 2.44, while Active scores were 2.12, 2.64, 2.67, and 4.02 across the Holocaust Tower, The Axis, The Voids, and Garden of Exile respectively. These scores indicate that the museum's design consistently engages visitors, maintaining their attention and physical activity throughout the exhibits.

Highly variable emotions: Within the Berlin Jewish Museum, thematic and design differences had a pronounced impact on emotional responses in specific spaces. The Holocaust Tower exhibit, for instance, significantly elicited higher levels of distress-related emotions, with fear (Afraid) and anxiety (Nervous) scoring 3.80 and 3.94 respectively. These heightened scores likely reflect the intense historical context that the exhibit aims to convey. In stark contrast, the Garden of Exile area proved to be a space that fostered positive emotional states, achieving scores of 3.59 for inspiration (Inspired) and 4.06 for interest (Interested). These results highlight the Garden of Exile's effectiveness in evoking feelings of reflection and positive engagement, showcasing how different environmental themes can distinctly influence visitor emotions.

Positive emotions:

Active (Figure 3E): Among the positive emotions, the feeling of activeness showed the largest variance across the spaces. The scores for Active were 2.12 in the Holocaust Tower, 2.64 in The Axis, 2.67 in The Voids, and significantly higher at 4.02 in the Garden of Exile. This results in a maximum difference of 1.90, indicating that the Garden of Exile notably enhances visitors' feelings of activeness compared to the other spaces.


[image: Radar charts and box plots visualize positive and negative emotions across different spaces: Holocaust, Axis, Allies, Garden. Violin plots compare emotions like active, attentive, afraid, and ashamed across these spaces.]
FIGURE 3
 Emotional profiles and distributions in the Jewish Museum Berlin's architectural spaces: (A) Positive emotions radar chart. (B) Negative emotions radar chart. (C) Box plot of the distribution of positive emotion PANAS scores across different spaces. (D) Box plot of the distribution of negative emotion PANAS scores across different spaces. (E) Violin plot comparison for active across spaces. (F) Violin plot comparison for afraid across spaces. (G) Violin plot comparison for attentive across spaces. (H) Violin plot comparison for ashamed across spaces. Asterisks denote significance levels (*p < 0.05, **p < 0.01, ***p < 0.001).


Attentive (Figure 3G): In contrast, the emotion of attentiveness exhibited the smallest variance among the positive emotions. Scores were 2.98 in the Holocaust Tower, 2.73 in The Axis, 3.95 in The Voids, and 3.96 in the Garden of Exile, with a maximum difference of 1.23. This suggests a relatively consistent level of attentiveness across all exhibits, with slightly higher engagement in the latter two spaces.

Negative emotions:

Afraid (Figure 3F): For negative emotions, the feeling of fear (Afraid) showed the greatest variance. Scores were 3.80 in the Holocaust Tower, 2.10 in The Axis, 3.33 in The Voids, and 1.56 in the Garden of Exile, resulting in a maximum difference of 2.24. This indicates that the Holocaust Tower significantly elicits higher levels of fear compared to the other spaces, reflecting its intense historical context.

Ashamed (Figure 3H): Conversely, the emotion of shame (Ashamed) exhibited the smallest variance among negative emotions. The scores were 1.57 in the Holocaust Tower, 1.54 in The Axis, 1.43 in The Voids, and 1.45 in the Garden of Exile, with a minimal maximum difference of 0.14. These consistently low scores suggest that the museum's exhibits are less likely to evoke feelings of personal responsibility or embarrassment, likely due to their focus on historical reflection rather than personal culpability.



3.2 T-test results of emotional responses

Drawing on data visualized in the radar charts (Figures 3A, B) and the box plots (Figures 3C, D), this study offers an in-depth examination of the emotional responses to different spatial environments within the Berlin Jewish Museum: Holocaust Tower, The Axis, The Voids, and Garden of Exile. The Positive and Negative Affect Schedule (PANAS) scores provide a nuanced exploration of how each space influences visitors' emotional states.

From the radar charts, it's evident that certain spaces amplify specific emotions. The Holocaust Tower exhibit, as shown in Figure 3B, registers pronounced distress-related responses, particularly fear and anxiety, while the Garden of Exile, depicted in Figure 3A, facilitates positive emotions such as inspiration and interest.

The box plots in Figures 3C, D quantify these observations:

	• Holocaust Tower vs. The Axis: While the Holocaust Tower space did not significantly differ from the Axis in terms of positive emotional responses (t-statistic of -0.997; p-value of 0.320; Cohen's d of -0.14), it markedly elevated negative emotions (t-statistic of 6.625; p-value of 3.15 × 10−10; Cohen's d of 0.93), as Figure 3D illustrates.
	• The Voids vs. The Axis: Figure 3C reveals that The Voids space engendered a significant increase in positive emotions compared to the Axis (t-statistic of 3.555; p-value of 4.74 × 10−4; Cohen's d of 0.50). Figure 3D reflects a similar trend in negative emotions (t-statistic of 3.849; p-value of 1.60 × 10−4; Cohen's d of 0.54).
	• Garden of Exile vs. The Axis: As the most positively impactful environment, the Garden of Exile's influence on positive emotions is statistically significant (t-statistic of 9.376; p-value of 1.48 × 10−17; Cohen's d of 1.31). Conversely, it substantially reduces negative emotions (t-statistic of -8.174; p-value of 4.24 × 10−14; Cohen's d of -1.14), reinforcing its restorative role as seen in Figure 3D.

These detailed results, grounded in statistical analysis and visual evidence, underscore the profound and varied emotional impacts that architectural elements have on museum visitors, highlighting the importance of thoughtful spatial design in influencing visitor experience.




4 Discussion

The findings of this study provide a comprehensive analysis of the influence of architectural design on emotional responses, as illustrated by the experiences of visitors to the Jewish Museum Berlin. The statistical data from the PANAS questionnaires, along with the radar charts (Figures 3A, B) and box plots (Figures 3C, D), provided a multidimensional view of how each distinct space within the museum evoked varying emotional states among the participants.


4.1 Interpretation of findings

The results of this study, particularly the heightened negative emotional responses in the Holocaust Tower exhibit, suggest a complex interplay of environmental factors rather than solely the impact of low lighting on mood. Contrary to the expected calming effects of low lighting identified in studies by de Ruyter and van Dantzig (De Ruyter and Van Dantzig, 2019), Kombeiz (Kombeiz et al., 2017), and others, the Holocaust Tower's unique combination of minimal natural light, the stark, cold concrete architecture, and the towering voids, uniquely contributed to visitors' feelings of fear and anxiety (Campens, 2017). This distinct atmosphere, characterized by its chilling austerity and vast, empty spaces, was effectively aligned with the exhibit's thematic intent to invoke deep reflection on a dark period in history.

Conversely, the Garden of Exile leverages the principles of biophilic design through its integration of natural light and vegetation, echoing Evensen et al.'s assertion of nature's positive effects on human emotion (Dash, 2017; Evensen et al., 2017). This space consistently evoked feelings of inspiration and interest among visitors, suggesting that biophilic elements in architectural design can significantly contribute to the promotion of positive emotional states.

Furthermore, the auditory experience provided by “The Voids” sound installations played a crucial role in shaping the museum's emotional atmosphere, substantiating DeNora's findings on the emotive power of sound (DeNora, 2000; Ebbensgaard, 2017; Tavakoli et al., 2017). This multisensory approach appears to have been successful in enhancing visitors' emotional engagement, underpinning the significance of considering auditory elements within architectural spaces.

This study extends the current discourse on environmental psychology by empirically demonstrating the differential emotional impacts elicited by distinct architectural elements within a museum context. The substantial variance in emotional responses to each space underlines the potential for architecture to serve not merely as a backdrop for exhibits but as an active participant in the storytelling process of a museum. These insights offer valuable contributions to the field, suggesting that architectural design, when thoughtfully executed, has the power to evoke a deeply emotional narrative and profoundly affect the visitor experience.



4.2 Implications for architectural design

The quantitative findings of this research underscore the complex role that architectural spaces play as dynamic mediators of emotional experience within museums. The design of the Axis in the Jewish Museum Berlin, acting as a connector between the various thematic spaces, effectively sets the stage for an emotional transition, thereby heightening the contrast in affective responses as visitors move from one space to another.

This relational dynamic between the spaces suggests that the emotional impact of a museum visit is not solely dependent on the artefacts displayed but is significantly influenced by the journey the architecture curates. The Axis, therefore, serves a pivotal role in the emotional narrative of the museum, underpinning the importance of considering the sequence of spatial experiences in museum design. It is an interesting and essential aspect that architects and designers need to deliberate upon–the emotional interplay between successive spaces and its cumulative effect on visitor engagement.

The empirical evidence from this study supports the argument for a holistic approach to museum architecture, one that includes the intentional use of varying architectural elements to evoke and modulate emotions throughout the visitor's journey. The affective dimension of spatial design, as observed in the Jewish Museum Berlin, is a testament to the capacity of thoughtful architectural planning to not only showcase exhibits but also to elicit a spectrum of emotions that enrich the overall narrative and experience.



4.3 Limitations and future research

The present study, while offering valuable insights, has several limitations that warrant mention. The timing of the questionnaires was not synchronized with the measurement of environmental factors, which may affect the accuracy of capturing visitors' immediate emotional responses, particularly in the Garden of Exile space. As an outdoor area, the Garden is subject to environmental and weather variations, making it challenging to ensure a consistent experience for all visitors. This variability was not controlled for in the study and represents a potential confound in interpreting the emotional impact of this space.

The discrepancy in timing between the visitors' experiences and the administration of the PANAS questionnaire could lead to recall bias, where participants may not accurately remember or may reinterpret their emotional states after the fact. Cultural backgrounds and the age of participants were also not factored into the analysis, which could influence the interpretation of the emotional responses elicited by the museum's spaces. Additionally, the possibility of repeat visits by participants was not a consideration in the study's design, potentially affecting the novelty of the experience and subsequent emotional responses.

To address these limitations, future research could consider employing virtual reality (VR) technology to simulate the museum environment under controlled conditions, ensuring uniformity in visitors' experiences regardless of external factors such as weather. VR technology allows for the control of environmental variables, providing a consistent and replicable experience for all participants. Additionally, VR can facilitate the collection of physiological measures of emotional responses, such as galvanic skin response or heart rate variability, providing a more objective and nuanced understanding of the emotional effects of architectural spaces. Moreover, VR technology can be used to capture and analyze facial expressions to quantify emotions, adding another layer of emotional data. This method, as demonstrated in previous research (Zhang et al., 2023a), can provide real-time insights into participants' emotional states, offering a more comprehensive assessment of their experiences. Further investigation with a larger and more diverse sample, taking into account cultural and age differences, would also be beneficial in enhancing the generalizability of the findings to other commemorative architectural contexts. This approach would ensure that the emotional impacts of architectural design are understood across a broad spectrum of visitors, contributing to more inclusive and effective design strategies.




5 Conclusions

This study tentatively suggests that architectural elements such as lighting, vegetation, and sound may have a significant impact on the emotional responses of visitors to the specific spaces analyzed within the Jewish Museum Berlin. The findings indicate that minimal lighting in the Holocaust Tower likely intensified visitor experiences of sombre reflection, while the use of natural light and greenery in the Garden of Exile might have enhanced feelings of inspiration and interest. Similarly, sound installations in The Voids appear to have deepened the emotional engagement of the visitors.

These preliminary observations propose that the thoughtful integration of architectural and environmental factors can potentially enrich the visitor experience in commemorative spaces, offering a nuanced approach to museum design that goes beyond traditional exhibit presentation. However, it is important to note that this study focused solely on four specific spaces within the museum and did not include the exhibition spaces. Therefore, while our findings provide valuable insights, further research is necessary to confirm these observations and to explore their applicability in other settings within memorial museums.
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Background: Cinnamomum camphora is a commercially important tree species in China, and it’s also a common native tree in the forests of southern China. However, literature on the impact of Cinnamomum camphora essential oil (CCEO) on human psychophysiological activity is scarce. Hence, the primary objective of this study was to examine the effect of exposure to CCEO on the functioning of the human autonomic nervous system, electroencephalographic (EEG) activity, and emotional state.
Methods: Forty-three healthy university students participated. The data collected included heart rate (HR), blood pressure (BP), pulse rate, blood oxygen saturation (SpO2), electroencephalographic (EEG) activity, and the results of the Profile of Mood States (POMS) test.
Results: A drop in diastolic pressure (DBP) and pulse rate was also noticed after participants inhaled CCEO. Furthermore, EEG studies have demonstrated notable reductions in absolute beta (AB), absolute gamma (AG), absolute high beta (AHB), and relative gamma (RG) power spectra during exposure to CCEO. Conversely, the relative theta (RT) and power spectra values showed a significant increase. Additionally, the finding from POMS indicated that the fragrance evoked positive emotions and suppressed negative feelings.
Conclusion: The results suggest that exposure to CCEO may promote mental and physical relaxation, facilitate cognitive processes such as memory and attention, and enhance mood states.
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1 Introduction

Essential oils (EOs) are traditionally secondary metabolites extracted from various natural plant tissues that still retain the distinctive characteristics of the raw material (Yu et al., 2022). They are complex mixed compounds with alcohols, aldehydes, ketones, ethers, esters, acids, and oxides (Kim et al., 2018). Aroma-therapy is a form of therapy that focuses on the psychological impacts of EO scents and the physiological effects of inhaling its volatile chemicals (Lin et al., 2022). Since the ancient era, EOs have been utilized to promote humans’ physiological and psychological well-being (Angelucci et al., 2014). EOs and fragrance compounds have been employed in traditional medicine, aromatherapy, and herbal medicine to address a range of psychological and physical ailments, including but not limited to headaches, pain, insomnia, eczema, stress-induced anxiety, depression, and digestive issues (Hedayat and Tsifansky, 2008; Sowndhararajan and Kim, 2016).

Electroencephalography (EEG) is widely used to examine spontaneous brain activities (Sowndhararajan and Kim, 2016). Exposure to fragrance has been reported to affect brain activity and cognitive function (Iijima et al., 2009; Lin et al., 2022). The EEG power spectrum bands often employed in the investigation of brain activity include delta (0–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 Hz), and gamma (>30 Hz) waves (Sowndhararajan and Kim, 2016). EEG is a non-invasive, uncomplicated technology that assesses the olfactory system objectively (Krbot Skorić et al., 2015). Hence, in this study, EEG is used to evaluate subjects’ brain activity during the inhalation of Cinnamomum camphora.

Many types of aroma EOs are used to reduce anxiety and regulate mood (Masuo et al., 2021). A previous study found that inhaling lavender oil led to an increase in alpha power in EEG analysis, indicating better relaxation and an improved mood (Diego et al., 1998). Moreover, a study among women found that olfactory stimulation by Japanese cedar (Cryptomeria japonica) EO regulates mood states and suppresses sympathetic nervous activity, which improves mental health (Matsubara and Ohira, 2018). Recent scientific investigations have revealed that EOs obtained from various plant species, including the Korean fir, Siberian fir tree, Inula helenium, Angelica gigas, and peppermint, significantly affect brain wave activities (Diego et al., 1998; Matsubara et al., 2011; Sayorwan et al., 2012; Seo et al., 2016; Sowndhararajan et al., 2016, 2017; Kim et al., 2020; Lin et al., 2022).

In recent years, essential oils are widely used in several delivery populations, including children (Tripathy et al., 2023), adults (Lee et al., 2017), patients (Johnson et al., 2016; Lee and Hur, 2022), women (Matsumoto et al., 2013; Hong et al., 2018), teachers (Liu et al., 2013), and students (Choi et al., 2022). Given that college students are a unique population particularly prone to experiencing high levels of stress, anxiety, depression, and other psychological problems (Granieri et al., 2021; Faisal et al., 2022), aromatherapy has garnered significant research interest concerning the student population. Wakui et al. (2023) conducted a clinical trial involving 48 Japanese university students to assess the effects of bergamot essential oil. The findings indicated that the bergamot essential oil can alleviate psychological stress, improve sleep quality, and enhance morning wakefulness in the short term. Similarly, Özer et al. (2022) evaluated the efficacy of lemon essential oil in reducing test anxiety among nursing students. Their study demonstrated that lemon essential oil effectively reduced test anxiety by 43.3%. Furthermore, Kim and Song (2022) investigated the physiological and psychological relaxing effects of fir essential oil among university students. They utilized heart rate variability (HRV) and heart rate (HR) as physiological indicators, and the Profile of Mood States (POMS) and State–Trait Anxiety Inventory (STAI) as psychological indicators. Participants inhaled fir essential oil for 3 min, which resulted in lower ln(LF/HF) ratios, improved positive mood (vigor), and decreased negative moods and anxiety levels.

Cinnamomum camphora, a member of the Lauraceae family, is a deciduous broad-leaf tree native to regions such as South China, East Asia, India, and South Korea (Lee et al., 2022). Since China’s urbanization began in 1978, the Cinnamomum camphora, a typical indigenous street and park species, has been widely cultivated across urban areas (Zhang and Song, 2003). It is particularly prevalent from coastal regions to inland areas, including Taiwan and Hainan Province. Renowned for its valuable timber and diverse ecosystem services, this species serves as a cornerstone of urban forestry. It contributes significantly to the economic prosperity and environmental sustainability of numerous cities (Xiang et al., 2020). In addition, camphor trees have been extensively used in traditional Chinese herbal medicine, as nutritional supplements, perfume, health care items, and incense (Zhou and Yan, 2016). Cinnamomum camphora essential oil (CCEO) refers to a collection of volatile oil-like chemicals found in C. camphora that possess a distinct odor. It is utilized mainly in food, chemical, health care, and other industries (du et al., 2022). Furthermore, it holds significant value as a primary source of fragrances (Lee et al., 2022). CCEO comprises terpenes and phenylpropenes (Pragadheesh et al., 2013; Shi et al., 2013; Guo et al., 2016). These compounds possess several antioxidant, antidiabetic, anti-inflammatory (Lee et al., 2006), antibacterial (Zhou et al., 2016), and analgesic qualities (Xiao et al., 2021).

Despite extensive research having been conducted on the EOs of traditional medicinal plants and some tree species (Matsubara et al., 2011; Ikei et al., 2015; Han et al., 2017; Matsubara et al., 2017; Kim et al., 2018; Kim and Song, 2022; Zhang et al., 2022), studies on other types of plants are still minimal. Additionally, and the research indicators used have not been comprehensive. Investigations of the effects of Cinnamomum camphora essential oil on brain wave activity, the autonomic activity, and mood responses have rarely conducted. Therefore, this study aims to investigate the potential effects of inhaling CCEO on students’ physiological and psychological activities. The objective is to comprehensively evaluate its suitability for use in aromatherapy and to develop commercial values and resource utilization strategies for Cinnamomum camphora.



2 Materials and methods


2.1 Participants

A total of 43 healthy university students (26 females and 17 males, aged 18–25 years) at Fujian Agriculture and Forestry University were enrolled. None of the subjects had mental health problems, asthma, nasal diseases, or allergies to EOs. The objectives and schedule of the studies were clarified in advance, and participants were required to provide written informed consent before participation. Prior to the experiment, they were told to avoid excessive exercise, drinks containing alcohol, caffeine, smoking, or using any form of drug within 24 h of the investigation. This study was approved by the Human Research Ethics Committee of Fujian Provincial Hospital (K2019-03-006).



2.2 Olfactory stimulation

The CCEO was provided by the Department of Wood-Based Materials and Design, National Chiayi University. The essential oil was extracted from the leaves of Cinnamomu camphora using the steam distillation extraction method. For sensory evaluation, 1% of dilute CCEO was prepared using a colorless and odorless dipropylene glycol (DPG) solvent. This study employed a specialized incense diffuser capable of atomizing EOs and regulating the release duration. Specifically, the incense diffuser atomized the 1% CCEO solution, which was then further diluted with air before being provided to the subjects. CCEO was used as the olfactory stimulus, with normal room air as the control. The odor was administered for 5 min. Odors were presented to each subject by means of a funnel-shaped supplier fixed on the table, situated approximately 10 cm under the nose (Figure 1A).

[image: Diagram A depicts an experimental setup where normal air is passed through an incense diffuser containing C. camphora essential oil and directed towards a person's nose, with scent emitted at 3 liters per minute. The nose is positioned 10 centimeters from the diffuser. EEG measurements are taken during inhalation of either normal air or the essential oil for five minutes. Diagram B shows a top view of the human head with labeled EEG channel locations, including Fp1, Fp2, F7, F8, and others, arranged symmetrically across the scalp.]

FIGURE 1
 Experiment: (A) An incense diffuser; (B) EEG electrode placement locations using the international 10–20 system.


A consistent temperature of 26°C and a humidity level of 50% was maintained in the experimental chamber (4 × 2.5 × 2.8 m). Participants were instructed to remain seated, close their eyes, and breathe regularly during the assessment. The EEG data were obtained 5 min before and throughout the five-minute inhaling process. The participants were not provided any prior information on the scent used in the studies.



2.3 GC–MS analysis of Cinnamomum camphora essential oil

The volatile aromatic components in the essential oil of C. camphora were identified by gas chromatography and mass spectrometry (GC–MS) analysis. GC–MS analysis was carried out with a Agilent 8,890-7000E equipped with a DB-WAX column (60 m × 320 μm × 0.25 μm). The GC oven temperature was kept at 50°C for 2 min, then heated to 250°C at a rate of 3°C/min, and maintained for 14 min. One μL of the sample was injected, and helium was used as a carrier gas at the rate of 1 mL/min. The injector temperature was set at 220°C and the ion source temperature was set at 230°C. The components of the oil were identified by the mass spectral library (NIST 20).



2.4 Experimental design

This study employed a single-group pretest–posttest research design to investigate the effects of inhalation of CCEO. The participants were provided with the goal and procedure of the study before the experiment. During the EEG measurement, they were instructed to maintain a state of stillness without any movement.

The experimental procedure (Figure 2) was conducted in the following sequence: (1) the participants were initially given 10 min to adapt to the environment and provide their informed consent, after which the EEG cap was placed on their heads (20 min). (2) Each participant’s EEG was recorded for 5 min with eyes closed and while breathing normally; then, the baseline physiological parameters were measured, which included heart rate (HR), blood pressure (BP), pulse rate, blood oxygen saturation (SpO2). A POMS questionnaire was also administered and collected. (3) The CCEO was dispersed into the chamber using an incense diffuser without informing the participant for 5 min. The relevant physiological parameters and the POMS evaluation of the participants were once again measured. (4) After this, the EEG cap was removed. The entire experimental process lasted approximately 50 min.

[image: Flowchart detailing a study timeline beginning with introduction and consent, followed by physiological measurements and POMS test. Preparation includes adapting to the environment for 10 minutes and installing devices for 20 minutes. Pre-test involves five minutes of exposure to normal air. Post-test features EEG recording and exposure to C. camphora for five minutes. Wrap-up involves device removal taking 10 minutes. Arrows indicate the sequence of these steps.]

FIGURE 2
 Experimental procedure.




2.5 Data analysis

The average power values [microvolt (μv2/Hz)] were computed for a total of 25 EEG analysis indicators (Table 1). The topographical mapping (t-mapping) of EEG wave was constructed by using the EEGLAB12.0 software program. T-maps can clearly illustrate the differences in EEG power spectra. Data were shown as mean ± SEM. The measurements were taken before and after the CCEO inhalation. All of the data were analyzed using SPSS version 26.0, and the results’ significance was determined using paired t-tests (p < 0.05) to examine trends.



TABLE 1 The abbreviations, full names, and wavelength ranges of the EEG power spectrum indices.
[image: Table listing EEG power spectrum indicators with three columns: No., Indices, and EEG power spectrum indicators. Frequencies in Hertz are provided for each indicator, ranging from 4 to 50 Hertz. Examples include Absolute theta (4–8 Hz), Absolute alpha (8–13 Hz), and Spectral edge frequency 50% (4–50 Hz). Total of 25 entries.]



2.6 Physiological measurements


2.6.1 EEG recording

According to the International 10–20 System, the EEG recordings were made using a SMARTING 24-channels electrode cap. The electrodes were positioned on the scalp at Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, M1, M2, F7, F8, T7, T8, P7, P8, Fz, Cz, Pz, AFz, CPz, POz (Figure 1B). The electrodes were referenced to the ipsilateral earlobe electrodes, and M1 and M2 channels were used as reference electrodes. The EEG data was consistently captured at a sample frequency of 500 Hz, completing band-pass filtering within the frequency range of 0.5 to 50 Hz, followed by applying a 50 Hz notch filter. The EEG raw data was filtered and removed eye-blink or motor artifacts for each channel using MATLAB R2013b software. Power spectral data were analyzed using Fast-Fourier transform method (FFT). The EEG wave t-mapping was generated using the EEGLAB12.0 software program. The electrode gel (Wuhan Greentek Pty. Ltd., China) is applied into each electrode to connect with the surface of the scalp in order to drop the electric resistance of the scalp below 5 kΩ. The mean power values (μv2/Hz) are calculated, and the frequency bands such as alpha, beta, theta, gamma (25 indices) are recorded. EEG data will be compared between, before and during inhalation. The average power values were established to evaluate the effects of CCEO inhalation on the whole-brain area.



2.6.2 HR, BP, pulse, and SpO2

A BP monitor (HEM-92200 L, Omron DALIAN, Co., Ltd., China) was used to measure HR, BP, and pulse. SpO2 was measured by a finger monitor (Philips DB18). Each participant’s BP and HR were recorded thrice, consecutively, and the mean value of these measurements was computed. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) are the two fundamental constituents of BP. These values and HR were used to assess how stress affects the cardiovascular system (Rajoo et al., 2019), with higher values indicating greater stress.



2.6.3 Psychological measurements

The Profile of Mood State (POMS) test, created by Grove and Prapavessis (1992) and simplified by Beili (1995) for Chinese people, was employed to measure the psychological impacts of olfactory stimulation. It is a self-reporting questionnaire consisting of 40 items designed to assess mood states across the following 7 dimensions: “tension,” “depression,” “anger,” “fatigue,” “panic,” “energy,” and “self-esteem.” High scores in the positive subscale (energy and self-esteem) and low scores in all the other subscales reflect a positive mood or feeling (Yoshihara et al., 2011). The total mood disturbance (TMD) score was calculated as follows: [(tension +depression + anger + fatigue + panic – energy – self-esteem) +100] (Lin et al., 2019). An improved emotional state indicates a lower TMD score (McNair et al., 1992). A higher TMD score indicates a more significant level of mood disturbance (Yoshihara et al., 2011).





3 Results


3.1 Chemicals in Cinnamomum camphora

The volatile aromatic components in the essential oil of Cinnamomum camphora were identified by gas chromatography and mass spectrometry (GC–MS) analysis. Nine major substances were identified with a search similarity of over 90% and a relative content exceeding 1%, accounting for approximately 94.88% of the total components. CCEO is mainly composed of monoterpenes hydrocarbons (Table 2). The primary constituents in CCEO are camphor (32.28%), followed by α-pinene (13.74%), p-cymene (13.63%), β-pinene (11.89%), γ-terpinene (9.29%), 1,8-cineole (5.31%), α-terpinene (3.79%), terpinen-4-ol (2.64%), and terpinolene (2.31%).



TABLE 2 The main chemical composition of the essential oil from the Cinnamomum camphora.
[image: Table listing chemical components with details: S. number, component name, retention time in minutes, chemical formula, and peak area percentage. Components include α-Pinene with 8.53 minutes and 13.74% peak area, β-Pinene, α-Terpinene, and others like Camphor with a peak area of 32.28%.]



3.2 Physiological responses


3.2.1 Inhalation of CCEO on EEG power spectrum values

Table 3 depicts the significant changes in EEG power spectrum values before and during the CCEO inhalation. Among the 25 EEG indices analyzed, statistically significant differences were observed in 5. Figure 3 depicts the t-mapping of considerable EEG power spectrum value changes.



TABLE 3 Effect of inhalation of C. camphora on EEG power spectrum values.
[image: Table comparing EEG indices before and during inhalation at various sites, showing values in microvolts squared per hertz, t-test results, and p-values, indicating significance levels. Significant differences are marked with asterisks for p-values less than 0.05, 0.01, and 0.001.]

[image: Brain activity heat maps show changes before and during inhalation for individuals labeled AB, AG, AHB, RT, and RG. Each row represents data for one individual, with two columns indicating states before and during inhalation. The color gradient from blue to red represents increasing activity levels.]

FIGURE 3
 The t-mapping of EEG changes before and during the inhalation of CCEO. AB, absolute beta; AG, absolute gamma; AHB, absolute high beta; RT, relative theta; RG, relative gamma.


During exposure to CCEO, a decrease in AB (13–30 Hz) was observed in the left temporal region (P7). In addition, a notable reduction in absolute gamma (30–50 Hz) occurred in frontal (Fp1, Fp2, F3, F4, C3, C4, Fz, AFz), central (Cz, CPz), and parietal (P3, P4, P7, P8, Pz, POz) regions, while relative gamma decreased in the central region (C3, C4). A significant reduction of absolute high beta (20-30 Hz) was also observed in all the regions (Fp1, Fp2, F3, F4, F7, Fz, AFz, C3, C4, CZ, P3, POz, T7, P7, P8). It was also noteworthy that except for the obvious decreasing trend in the occipital region (O1, O2), a notable increase was identified in relative gamma waves over other regions (Fp1, Fp2, F3, F4, C3, C4, P3, P4, Fz, CZ, Pz).



3.2.2 Impact of the inhalation of CCEO on brain regions

We separated the recording electrodes into five sections based on the corresponding cortex beneath the skull to study the brain activities of each specified region: the frontal, temporal, central, parietal, and occipital areas (Liu et al., 2013). Single-channel analysis revealed that the CCEO could induce notable changes in 5 out of 25 EEG indices. We established distinct electrode groups dedicated to specific brain regions to investigate the activities associated with each of them. The frontal area comprises the following electrode placements: Fp1, Fp2, F3, F4, F7, F8, FZ, and AFz; T7 and T8 make up the temporal area of the brain; the central region comprises C3, C4, CZ, and CPz; the parietal area comprises P3, P4, P7, P8, and POz; and O1, and O2 make up the occipital area.

Following the CCEO inhalation, as shown in Figure 4, there was a significant decrease in absolute gamma (AG, 30–50 Hz) in frontal (3.62 to 2.48 μv2/ Hz), central (1.87 to 1.20 μv2/ Hz), and parietal (3.12 to 2.08 μv2/Hz) regions. Simultaneously, significant changes in absolute high beta (AHB, 20-30 Hz) wave power were observed in frontal (6.46 to 4.99 μv2/ Hz), central (3.77 to 2.96 μv2/ Hz), and parietal (5.76 to 4.48 μv2/Hz) regions. The overall results indicate that CCEO inhalation significantly affects the frontal, central, and parietal areas.

[image: Two bar graphs compare brain wave power (μV²/Hz) before and after two conditions, AG and AHB, across frontal, central, and parietal regions. The left graph (AG) shows significant power decrease in all regions. The right graph (AHB) also shows a decrease, with frontal and parietal regions marked significant. Asterisks indicate significance levels.]

FIGURE 4
 Representative brain wave power after inhaling C. camphora essential oil. AG, absolute gamma; AHB, absolute high beta. *Significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).




3.2.3 Effect of CCEO inhalation on HR, BP, pulse, and SpO2

CCEO inhalation had no statistically significant impact on participants’ HR, SBP, or SpO2 (Table 4). Nevertheless, it seemed to considerably affect the DBP and pulse rate. After inhaling CCEO for 5 min, participants’ DBP significantly decreased from 68.19 mmHg to 65.95 mmHg (p < 0.05), although the SBP remained unaffected. On the other hand, the pulse exhibited a significantly decreasing trend compared to the baseline session (p < 0.05), from 76.63 bpm to 72.02 bpm.



TABLE 4 Changes in HR, BP, pulse, and SpO2 after the CCEO intervention.
[image: Table displaying physiological parameters measured before and during inhalation. Heart Rate (HR) shows no significant change. Systolic Blood Pressure (SBP) remains similar. Diastolic Blood Pressure (DBP) significantly decreases with \( p = 0.016 \). Pulse shows a highly significant reduction with \( p < 0.001 \). Blood Oxygen Saturation (SpO₂) shows no significant change. Values are mean ± SEM.]




3.3 Psychological responses

The findings from POMS revealed statistically significant impacts on the subjects, indicating that the CCEO inhalation could reduce anxiety levels and improve mood. As shown in Figure 5, the changes considerably decreased the mean scores of tension from 17.77 to 13.72 (p < 0.001), depression from 18.65 to 15.85 (p < 0.001), anger from 15.72 to 14.42 (p < 0.05), and confusion from 15.45 to 10.95 (p < 0.001). The average score for these negative mood subscales demonstrates a statistically significant decline following exposure to the aroma of CCEO. Besides, energy and self-esteem (passive indicator) scores improved greatly, with energy from 22.67 to 25.55 (p < 0.001), and self-esteem from 11.77 to 13.47 (p < 0.01), following the inhalation of CCEO. Further, the TMD scores after stimulation were significantly lower than baseline (p < 0.01). The POMS thus revealed many positive findings indicating that CCEO inhalation significantly enhances mood and increases positive emotion.

[image: Bar chart comparing before and after scores for various emotional states and TMD. Categories include tension, depression, anger, fatigue, panic, energy, self-esteem, and TMD. Significant differences are marked with asterisks, showing improvements after the intervention.]

FIGURE 5
 Changes in POMS scores after the CCEO intervention. TMD, Total Mood Disturbance, N = 43, values represent the mean ± SEM. *Significant difference (ns > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).





4 Discussion

Numerous authors have previously reported the influence of the inhalation of EOs (lavender, rose, and agarwood oils), as well as aromatic components, on the psychological and physiological states of humans (Masago et al., 2000; Kober et al., 2013; Angelucci et al., 2014; Sowndhararajan and Kim, 2016). This current experiment revealed several possible benefits associated with exposure to C. camphora, eliciting multiple physiological and psychological responses, based on EEG and autonomous system assessments.

Regarding the chemical composition, the primary constituents of the CCEO are camphor (32.68%), α-pinene (13.74%), p-cymene (13.63%), and β-pinene (11.89%), which may be responsible for its aromatic properties and potential impacts on humans. It is widely recognized that EOs or aromatic compounds create a positive atmosphere (Seo et al., 2016). Many studies have proved that inhalation of α-pinene and p-cymene can produce a specific anxiolytic effect (Balahbib et al., 2021; Donelli et al., 2023). A survey conducted by Harumi Ike (Ikei et al., 2016) revealed that olfactory stimulation using α-pinene resulted in a considerable reduction in heart rate, induced physiological relaxation, and increased parasympathetic nervous activity. Another study by Kim et al. (2018) demonstrated the positive effects of α-pinene and β-pinene on increasing the brain’s relaxation and alertness states. Zhou et al. (2021) reported that volatile organic compounds released from Cinnamomum camphora forests have therapeutic properties for older people. Although numerous variables, including production methods, location, plant age, harvest time, and meteorological conditions may impact variations in EO yield and composition (Dhouioui et al., 2016).

Physiologically, the alterations in BP and pulse are associated with stress (Zhang et al., 2022). Heart rate and blood pressure are commonly utilized to measure the psychophysiological effects of fragrances. An increase in these physiological activities may indicate anxiety, stress, or a stimulating effect, whereas a decrease generally signifies relaxation (Hongratanaworakit, 2004; Watanuki and Kim, 2005; Angelucci et al., 2014). According to earlier research, a pleasant smell or inhalation of EOs such as lavender, ylang-ylang, and bitter orange may induce a decrease in HR, indicating a relaxing effect (Bensafi, 2002; Zhang and Yao, 2019). Notably, the inhalation of essential oils or aromatic plant volatile oils can directly stimulate the olfactory system, prompting the brain to produce neurotransmitters (Watanuki and Kim, 2005). Consequently, this activation stimulates the autonomic nervous system, which modulates physiological functions such as heart rate, blood pressure, pulse, breathing, memory, and stress response (Sayorwan et al., 2012; Kim et al., 2018). After the CCEO intervention, a significant decrease was observed in DBP and the pulse rate showed a downward trend. These findings suggest that the inhalation of CCEO could beneficially alleviate stress levels.

With regard to the impact of aroma on EEG activity, a significant reduction in AB (13–30 Hz) and AHB (20–30 Hz) were observed during inhalation of CCEO. High beta wave activity is mostly associated with the brain’s high awareness/alertness state (Kim et al., 2018). A study reported that the inhalation of peppermint fragrance may stimulate the brain to remain active (Lin et al., 2022). Similarly, a reduction in beta wave activities is mostly linked to slower brain function (Lee et al., 2014; Kim et al., 2018). Consequently, this study indicates that the inhalation of CCEO leads to a reduction in beta activity, which in turn may decrease the level of alertness.

In this study, RT waves significantly increased in 12 out of 24 electrodes due to the inhalation of CCEO. It has been suggested that theta wave activity may help maintain attention when engaging in challenging tasks (Razumnikova, 2007; Greenberg et al., 2015). In addition, the process of creating memories is greatly influenced by theta waves (Sowndhararajan and Kim, 2016). Matsubara et al. (2011) reported that inhalation of the EO of A. sibirica during a visual display terminal task increased theta wave activities, indicating that the EO of A. sibirica may help in recovery from mental fatigue and prevent mental health disturbances. Our finding is in agreement with previous studies. CCEO may, therefore, have the potential to maintain attention, improve memory, and prevent certain mental health problems.

In addition, AG and RG waves also decreased during exposure to CCEO. Gamma waves are thought to enhance feature binding in sensory processing since they are observed during working-memory matching and several early sensory responses (Skinner et al., 2000; Wang et al., 2013). RG was utilized as a stress evaluation marker in the prefrontal brain (Minguillon et al., 2016). Yerin et al. (2021) reported that mixed EOs with sweet orange, lavender, and amyris could relax the brain and confirm a state of mental immersion through an increase in RG. This finding is similar to the effects of CCEO on human brain activity. Hence, CCEO exposure may help relieve stress and improve positive emotions.

In summary, CCEO seems to positively impact brain activities, leading to improved attention and cognitive abilities. Regarding brain regions, the findings suggest that CCEO inhalation significantly impacts the frontal, central, and parietal areas to a greater extent compared to other regions, which are in charge of movement, attention, and cognition/memory functions, respectively (Sowndhararajan and Kim, 2016). Thus, experiencing a floral scent such as CCEO can potentially foster brain functions such as memory, attention, and cognition and evoke a physiological effect similar to relaxation.

Psychologically, CCEO may be beneficial to enhance the emotional state of individuals (Morfeld et al., 2007). This helps explain the shared experience of EO benefiting mood and emotions. This study also supports previous research on the benefits of CCEO in terms of improving mood (Du et al., 2022; Lee et al., 2022; Ueda et al., 2023). Ueda et al. (2023) evaluate the effects of inhaling CCEO on human brain and memory function using EEG and a working memory task. The study revealed that participants exhibited a preference for CCEO, and an enhancement in positive mood. These findings may be attributed to the specific concentration of CCEO and the duration of inhalation time. The POMS has been used to assess the effects of EO, such as yuzu (Matsumoto et al., 2016), lavender (Matsumoto et al., 2013), Japanese plum blossom (Jo et al., 2013), and white jasmine (Xiong et al., 2023), which have been proven to reduce the POMS score. In the present study, the POMS scores revealed a significant decrease in four negative themes and TMD values after inhaling CCPO, while the positive theme scores (energy, self-esteem) exhibited a significant increase. These findings suggest that, compared to odorless treatment, aromatherapy using CCPO may not only alleviate negative emotions such as anxiety, anger, and depression but also promote positive emotions.

However, this study has several potential limitations. Firstly, our research employs a brief duration of stimulation of Cinnamomum camphora essential oil. In subsequent times, obtaining extensive data spanning several days, months, and years will be vital. Secondly, the EEG recordings were adjusted to account for subjects’ eye movements, which may introduce some deviations. Thirdly, it was conducted with university students in their 20s. To enhance the generalizability of the findings, further studies should be predicated upon more expansive sample size, including diverse age ranges and demographic groupings.



5 Conclusion

In brief, the CCEO appears to have physiologically and psychologically positive stimulatory effects. These significant findings regarding the impact of inhaling CCEO on university students can be summarized as follows: (1) reduced sympathetic nervous activity; (2) improved energy and depressed negative feelings, such as tension and depression; (3) decreased alertness, improved attention, and memory, primarily affecting the brain’s frontal, central, and parietal areas. Thus, short-term inhalation of CCEO can cause physiological and psychological relaxation in university students. This study offers a valuable insight into the new value and function of Cinnamomum camphora essential oil, as it supports students’ well-being and can be used in aromatherapy for positive psychophysiological conditions, thereby fostering the development of complementary approaches and ecosystem service value of Cinnamomum camphora, especially in natural education, natural therapy and ecotourism.
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Introduction: This study addresses a critical gap in understanding how technological advancements, specifically industrial robots, influence urban pollution emissions and public health. The rapid evolution of technology and changing working conditions significantly affect these areas, yet research has not extensively explored this domain.
Methods: Utilizing 2018 China Labor-force Dynamic Survey (CLDS) dataset, this study examines the impact of industrial robots on public health. An analytical framework is employed to assess the correlation between the adoption of eco-friendly industrial robots and improvements in worker health, attributed to the reduction of pollution emissions.
Results: The findings reveal that the adoption of industrial robots significantly enhance both public physical and mental health. This study also identifies potential demographic heterogeneity in the effects of industrial robots. The benefits are more pronounced among non-insured manual female workers who are older, have lower education levels, and hold rural hukou. These benefits are closely linked to improvements in the quality of the production environment and reductions in pollution emissions at both macro and micro levels.
Discussion: The study underscores the significant potential of industrial robots to positively impact urban health, advocating for strategies that promote the development of safer, greener environments.
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1 Introduction

In recent years, urbanization in developing countries has rapidly accelerated due to the significant growth of the global economy. Currently, over 50% of the global population lives in urban areas-this is 3.9 billion, and by 2030, this number will rise to about 5 billion (1). Urbanization has a positive impact on residents’ quality of life by enhancing the quality of medical services and infrastructure available to them (2). However, urbanization also leads to the high concentration of secondary industries, such as manufacturing, within limited spaces (3). This intensive production results in severe environmental pollution, contributing significantly to overall urban pollution. For example, in 2021, China’s industrial sulfur dioxide emissions reached 2.748 million tons，accounting for 76.31% of the total emissions. Excessive emissions of industrial pollutants have not only resulted in severe pollution of water, air, and soil, but also contributed to human health issues such as respiratory ailments, cardiovascular diseases, and blood disorders (4).

Currently, new technologies represented by industrial robots play a significant role in production, fundamentally altering production. These technologies also bring important green environmental benefits, making them one of the key channels for achieving pollution reduction (5). However, existing literature does not directly address the relationship between the adoption of robots and urban green development. On one hand, according to the research by Gutierrez and Teshima (6), production technology and emission reduction technology are the main channels for enterprises to reduce emissions. The adoption of robots leads to advancements in production technology, improving productivity (7) and reducing energy intensity, known as the production effect. Furthermore, advancements in production technology and scale expansion increase corporate investment in emission reduction equipment, improving emission reduction technology (8), known as the emission reduction effect. Both the production effect and the emission reduction effect contribute to reducing emission intensity. On the other hand, scale expansion increases the total amount of pollution emissions, known as the scale effect.

Although existing research has drawn some important conclusions regarding the impact of robots on public health, significant gaps remain. According to the data from National Safety Council (NSC), in 2022, the number of preventable work deaths reached 4,695, and work-related medically consulted injuries totaled 4.53 million, costing 167 billion dollars. Robot adoption can significantly improve the working environment and reduce high-risk and high-pollution factors in the production field. Specifically, a one standard deviation increase in robot adoption (1.34 robots per 1,000 workers) reduces work-related injury rates by approximately 1.2 injuries per 100 full-time workers (9). Prior research in public health has mainly focused on specific groups, including the older adult or migrant populations. Additionally, the indicators used to measure public health outcomes vary widely and are often relatively singular, lacking a comprehensive approach. Finally, few studies have discussed the integration of green industrial practices within urban production spaces in relation to public safety and health. This poses our prime research question: how does robot adoption contribute to the green development of urban industrialization, and what is its impact on public health?

To answer this question, China is a natural choice for a study of robotics because of its incredible jump from negligible numbers of robots in the early 2000s to the world’s leading user of industrial robots in the 2010s, deploying over half the world’s industrial robots as of 20211 (see Figure 1). In recent years, China has been committed to reducing emissions and pollution, achieving significant results. From 2018 to 2021, China’s total investment in environmental pollution control has increased from 891.15 billion yuan to 949.18 billion yuan, industrial sulfur dioxide emissions have decreased from 5.161 million tons to 2.748 million tons, and industrial solid waste production also has decreased from 4152.69 million tons to 3970.06 million tons.2 Thus, it is crucial to thoroughly investigate the green innovation factors in production that affect the public health of urban residents.
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FIGURE 1
 Number of operational robots, by Country, 2000–2021. Source: International Federation of Robotics (IFR) database.


This study utilizes both macro and micro data to validate the relationship between green production in urban areas and public health across different regions of China. The analysis is based on large-scale population data from the China Labor-force Dynamic Survey (CLDS). Various public health variables were employed, including self-rated health, illness status, and mental health indicators. The findings indicate that robot adoption in workplaces benefits both public physical and mental health. Additionally, robots significantly reduce adverse weather conditions (PM 2.5) and polluted water levels at the city level. At the micro level, robot adoption reduces pollution in work environments and enhances safety in production processes, contributing to improved urban green spaces and public health. By mitigating environmental hazards, the integration of robotic technology in industrial production promotes a healthier, more sustainable urban environment, enhancing the well-being of city residents.

Furthermore, considering the significant bias in the impact of robot adoption on the labor market (10), the analysis also examined the varying effects on different demographic groups. The adoption of robots has notably improved high-pollution, high-risk production environments, significantly enhancing individual health in heavy physical labor occupations. Evidence shows that the adoption of robots has a more pronounced positive impact on the physical and mental health of non-insured manual female workers who are older, have lower education levels, and come from rural households. This indicates that technological application in production can significantly raise public health standards, thereby improving the overall well-being of workers.

The marginal contributions of this paper are: first, in terms of research perspective, this paper extends the impact of industrial robots on the job market from the level of jobs and wages to the production environment and public health, which is a useful addition to the existing literature and enriches the relevant studies on the socio-economic impacts of industrial robots. Second, in terms of research content, this paper uses regional macro-pollution data as the basic indicator of public environmental level, and uses micro-individual survey data to measure the working environment and work safety of workers, and on this basis identifies the potential mechanism of the robot adoption affecting workers’ health (physical and mental health). Third, in terms of policy implications, the findings of this study will serve as a valuable resource for urban planners and decision makers, contributing to the enhancement of public health among urban residents.

The remainder of the paper is organized as follows: Part II provides a more detailed literature review on public health; Part III describes the data variables and empirical model; Part IV presents the baseline results; Part V discusses the heterogeneity and potential mechanisms behind the impact of robot adoption on public health; and the conclusion summarizes the main findings and provides suggestions for future research.



2 Literature review


2.1 Urbanization, robotics and green workplace

The advent of Industry 4.0 has seen industrial robots become a cornerstone of modern manufacturing, significantly enhancing production efficiency and economic benefits. These robots contribute to operational cost savings, labor productivity improvements, and increased total factor productivity (11). Notably, while the primary intent of deploying industrial robots is economic, their adoption has inadvertently yielded substantial environmental benefits. These benefits include waste reduction, improved energy efficiency, and the facilitation of cleaner production processes (12), which collectively lower carbon intensity and promote sustainable development.

Industrial robots have catalyzed technological innovation within enterprises, fostering knowledge creation, learning capabilities, research and development (R&D), and talent investment (13, 14). This technological innovation simplifies green process innovations and reduces carbon intensity, demonstrating a potential alignment between economic growth and environmental sustainability (15). The optimization of production factors, driven by the integration of industrial robots, leads to a reconfiguration of production resources, enhancing energy efficiency and reducing carbon emissions (16). Consequently, industrial robots contribute to improving urban green spaces and public health.

The relationship between technological progress and pollution has been debated since the pioneering studies by Ehrlich and Holdren (17) and Simon (18). While some researches indicate that technological advancements can mitigate pollution (19–21), other studies present mixed results (22–24). The introduction of industrial robots provides environmental benefits such as reduced material losses, opportunities for digitized environmental monitoring, and enhanced environmental accounting systems. However, potential risks include increased energy intensity and electronic waste from proliferated production.

The impact of industrial robots on the environment is mediated through various mechanisms. Energy-efficiency effects typically reduce energy consumption, while rebound effects and scale effects can increase it. Many studies have explored these countervailing forces (25, 26). The relationship between energy consumption and air pollution is well-documented, with increased energy consumption being a primary cause of pollution and carbon dioxide emissions (27, 28).

Research on the robot adoption and their environmental impacts has yielded insightful findings. For instance, Chen et al. (29) used panel data from 72 countries and regions and found that robots decreased the ecological footprint through time-saving, green employment, and energy upgrading effects. Singhania and Saini (30) utilized carbon emission data from 21 countries spanning from 1990 to 2016, finding that the technological effects in developing countries demonstrate that R&D has played a role in mitigating environmental degradation. Xu et al. (31) used data from 279 prefecture-level cities in China between 2007 and 2016, discovering that trade liberalization has a suppressive effect on haze pollution through technological spillovers. Luan et al. (32) indicated that industrial robots improve productivity and energy efficiency, thus reducing greenhouse gas emissions. Moreover, Song et al. (33) and Zhu et al. (34) have shown that robot adoption reduces firms’ pollution intensity, especially in high-pollution industries.

Green technology innovation, initially introduced as “sustainable development” in the 1980s and later termed ‘eco-innovation’ in the 1990s, has become a focal point in reducing environmental pollution. Feng et al. (35) and Wang et al. (36) demonstrate that green technology innovation significantly mitigates pollution, using methods like the Spatial lag model and the Spatial Durbin model to analyze panel data across various Chinese cities and provinces. These innovations not only improve energy efficiency but also reduce emissions, aligning with broader sustainable development goals.

Despite these positive findings, existing research on the environmental impact of industrial robots is limited and fragmented. Most studies focus on either energy consumption or green technology innovation without integrating both aspects into a comprehensive analysis. Moreover, empirical evidence at the individual or city level is scarce, with most research conducted at the national level.



2.2 Technological advancements and public health

The intersection of technological advancement and public health presents a multifaceted landscape with significant implications for occupational safety, environmental sustainability, and healthcare delivery. Recent literature highlights both the potential benefits and limitations of integrating these technologies into various sectors.

Recent studies argue that AI and robots can reduce occupational injuries. For instance, robots can replace workers in hazardous environments, such as chemical and mining industries, thereby mitigating exposure to dangerous conditions (37, 38). Moreover, robots can enhance workplace safety by monitoring environments and issuing alerts when unsafe conditions arise (39). In rescue operations, robots can prevent secondary injuries to rescue workers, thereby safeguarding rescue teams (40).

However, the efficacy of robots in reducing occupational injuries is debated. Despite advancements in AI, more than 90% of jobs cannot be fully automated due to the limitations of current AI technology (41). Robots often lack the flexibility, comprehension, cognitive capacity, and decision-making skills that human workers possess, making effective human-computer interaction challenging (42, 43). Additionally, programming defects and reliability issues can lead to communication breakdowns and accidents, sometimes resulting in injuries or fatalities (37, 44, 45). The successful adoption of robots in reducing occupational injuries hinges on two critical premises: accurate and stable robot programming and well-trained operators (46). In developed countries, where AI technology is more advanced, robots can operate more reliably, and human-computer interactions are more effective (47). However, in developing countries, technology limitations and inadequate training for robot operators pose significant challenges (48, 49).

The role of robots in healthcare, especially in the context of public health emergencies like the COVID-19 pandemic, is also gaining attention. Robots have been deployed for disinfection, delivering medications and food, measuring vital signs, and assisting in border controls. During the 2015 Ebola outbreak, workshops highlighted the potential roles of robots in clinical care, logistics, and reconnaissance. In clinical care, robots are used for disease prevention, diagnosis, and patient management (40). The digitalization of healthcare offers significant potential for improving public health. AI can support community health workers and educators by providing information and decision-making support, thereby enhancing health outcomes, especially in underserved communities (50, 51). Also, the deployment of robots in public health settings extends beyond clinical care to include social support. For example, social robots can provide continued social interaction for isolated individuals, addressing the mental health challenges posed by prolonged quarantine.

In conclusion, the integration of advanced technologies into public health and occupational safety offers significant potential but also poses challenges that require careful consideration.




3 Data and methodology


3.1 Data


3.1.1 Explanatory variable

This study primarily bases the construction of explanatory variables on data from the International Federation of Robotics (IFR) database. IFR conducts an annual survey of global robot manufacturers, compiling first-hand data provided by these manufacturers to form the world robot statistics. Currently, the IFR database covers annual average installations and stock of industrial robots in over 100 countries and regions since 1993. It serves as an authoritative and comprehensive robot statistical database, widely used in relevant literature both domestically and internationally.

Following Acemoglu and Restrepo (7), we combine this data with the employment of various industries to construct an indicator of industrial robot adoption at city level. This indicator serves to measure the extent of industrial robot adoption (See details of indicator constructions in Appendix D). The equation for constructing the industrial robot adoption in this paper is as follows:

[image: Equation labeled as one, showing \( robot_{ct} = \sum_{s \in S} l_{cs}^{2006} \frac{PR_{st}}{L_{s}^{2006}} \).]

In Equation 1, [image: The text "PR" with a subscript "st" in a serif font style.] represents the stock of robots in industry [image: It seems like there's an issue with the image upload. Please try uploading the image again, and I’ll be happy to help with the alt text.] in China for year [image: Lowercase cursive letter "t" with a slanted, flowing style.]. [image: Mathematical expression showing \( L_s^{2006} \).] denotes the number of employees in industry [image: It seems there is an issue displaying the image. Please try uploading the image again or provide a URL, and I will help with the alt text.] in China in 2006, and [image: Formula with subscript and superscript. The notation is "I" with subscript "cs" and superscript "2006".] indicates the number of employees in industry [image: Certainly! Please upload the image or provide a URL to it so I can generate the alt text for you.] in city [image: A mathematical symbol for a lowercase "c" in a stylized font, typically used to represent a constant or variable in mathematical equations.] in 2006. Given the typical facts that China entered a period of rapid growth in robot adoption in 2006, we choose this year as the base period. This selection helps to eliminate the effects of industry employment fluctuations on the robot adoption, thereby enhancing the precision of the results.



3.1.2 Dependent variable

This study primarily bases the construction of dependent variables on data from the China Labor-force Dynamics Survey (CLDS) database. It tracks urban and rural residents across China, creating a comprehensive database that includes longitudinal and cross-sectional data on labor force individuals, families, and communities. This database provides high-quality foundational data for empirical research and policy analysis. The survey is characterized by its wide range of topics and diverse representational levels, focusing on the current situation and changes in education, employment, labor rights, occupational mobility, occupational protection and health, job satisfaction, and well-being of the working-age population aged 15 to 64. It also covers samples from 29 provinces and cities across China, ensuring national representation, as well as representativeness in the eastern, central, and western regions, Guangdong Province, and the Pearl River Delta. Overall, the survey encompasses multiple topics related to the political, economic, and social development of the communities where the labor force resides, as well as the demographic structure, family wealth and income, family consumption, family donations, rural family production, and land of the labor force’s families.

We utilize questions from the CLDS micro-survey. With regard to the health of workers, we focuses on measuring both physical and mental health. Physical health refers to a good condition that enables a person to work normally without any hidden health risks, and directly affects the attendance rate, work efficiency and safety of workers. Mental health means that all aspects of the mind and the process of activity are in a good or normal state, and are related to the motivation, teamwork, innovation and job satisfaction of the workers. Thus, we also select variables to depict the physical health from two dimensions: self-rated health and illness status, and mental health constructed by a depression scale calculating the arithmetic mean. Also, we measure the quality of environments through the responses to the question about occupational safety and workplace pollution control.



3.1.3 Control variable

We select a series of demographic characteristics as control variables to avoid potential estimation errors. At the micro level, the selection of control variables in this study is primarily based on demographic information from CLDS. The average age of workers in the sample is 52.7 years, with males accounting for 47.5% and rural household registrations accounting for 83.4%. At the macro level, control variables are constructed mainly based on data from the China Statistical Yearbook. GDP per capita, investment, average salary, and industrial structure are used to describe the economic status of the city, while number of physician is used to depict the level of medical care, and number of internet user is utilized to represent the level of technological advancement in the city. The statistical descriptions of the relevant indicators involved in this paper are shown in Table 1, and the detail of variable description is shown in Table A1 in Appendix A.



TABLE 1 Statistical description.
[image: A table presents variables related to a study, categorized as dependent, explanatory, and control variables. It lists variable names, the number of observations (Obs.), the mean, standard deviation (Sta. Dev.), minimum (Min), and maximum (Max) values. Dependent variables include self-rated health and hospitalization among others. Explanatory variables feature environmental metrics like PM2.5. Control variables are divided into macro-level factors like GDP, and micro-level factors like gender. The table displays detailed statistical information for each variable.]




3.2 Identification strategy

This paper aims to explore the impact of robot adoption on public health. To achieve this, an empirical model is constructed as follows:

[image: The equation represents a model for health, denoted as \( \text{health}_{ic} = \alpha_3 + \beta_3 \text{robot}_c + \gamma_3 X^{D}_{ic} + \varepsilon_{ic} \).]

Equation 2 is used to test the health-promoting effects of robot adoption. The subscript [image: It seems like there might have been an issue with displaying the image. Please try uploading it again, or provide a URL or a description for additional context.] represents the individual respondent, [image: Lowercase cursive letter "c".]represents the city, respectively. [image: The word "health" in italic font with "ic" subscripted.]denotes the health status (i.e., self-rated health, illness status, depression) of respondent [image: It seems there's an issue with the image upload or link. Please try uploading the image again or provide a URL, and I’ll help generate the alt text for it.], [image: The image shows the word "robot" in italic font with a subscript "c".] indicates the robot adoption in the city [image: A lowercase letter "c" in a stylized italic font.] in the year [image: Calligraphic lowercase letter "t" in a stylized font, leaning slightly to the right.], [image: Mathematical expression showing \( X \) with superscript \( D \) and subscript \( ic \).] includes a series of individual characteristic variables (including, age, gender, household register, employment status, marital status, and maladaptive behaviors) and [image: Greek letter epsilon subscripted with "i" and "c", often used in mathematical equations or scientific contexts.] is an idiosyncratic error term.

To further explore the potential mechanisms behind the effects of robots on public health, we utilize both macro-and micro-level environmental variables. The regressions are as follows:

[image: Equation showing: \( regionenvironment_{ct} = \alpha_1 + \beta_1 robot_{ct} + \gamma_1 X_{ct}^D + \sigma_c + \theta_t + \varepsilon_{ct} \) with the number three in parentheses at the end.]

[image: Equation for workplace environment: workplace environment subscript i c equals alpha subscript 2 plus beta subscript 2 times robot subscript c plus gamma subscript 2 times X superscript D subscript i c plus epsilon subscript i c. Equation number 4.]

Equation 3 is based on a two-way fixed effects model using macro-level panel data, designed to test the impact of industrial robot on environmental quality. The subscripts [image: It seems like there was an issue with the image link or content you provided. Please try uploading the image again or provide a clear description, and I will help you create the alternate text.] and [image: A lowercase, italicized letter "t" is displayed against a plain white background.] respectively represent the city and year. [image: Text in italicized font reads "regionenvironment" followed by a subscript "Cl".] represents the regional environmental quality (i.e., PM2.5, industrial wastewater) at the macro level for city [image: It seems like you've included a mathematical symbol or expression. If you meant to upload an image, please try again by selecting the file or providing a URL. If you need help with something specific, let me know!] in year [image: Stylized lowercase letter "t" with a thin stem and curved crossbar.], [image: The italicized lowercase word "robot" is displayed with a subscript "ct."] indicates the robot adoption in city [image: Unable to generate alt text because the image is not visible. Please provide the image by uploading it or sharing a URL.] during year [image: Italic lowercase letter "t" on a white background.]. [image: Mathematical expression showing the variable X with subscript ct and superscript i.] includes a series of city characteristic variables (i.e., GDP, investment, average salary, industrial structure, physician number, internet user number), and [image: The image shows a mathematical exponent notation with the Greek letter epsilon followed by a subscript "cl".] represents an idiosyncratic error term. The model in Equation 3 also contains city fixed effects [image: Greek letter sigma with a subscript lowercase "c".] and year fixed effects [image: Sorry, I can't provide the alt text for the image you're referring to. Please upload the image or provide a URL so I can assist you better.] to control for unobservable city-invariant and time-invariant differences across cities that may affect regional environment. The variables robot, PM2.5, industrial wastewater, GDP, investment, average salary, physician number, and internet user number are log-transformed. Furthermore, Equation 4 examines the impact of industrial robot on workplace environmental quality at the micro-level, [image: The word "workplaceenvironment" is written in a combination of normal and italic fonts, with "ic" in italic.] represents the quality of the workplace environment (i.e., occupational safety, workplace pollution control) of respondent[image: The letter "i" in a serif font displayed in a small size.] in city [image: It seems there was an issue with the image upload. Please try uploading the image again, or provide a description or URL if available.] at the micro-level. The other settings of the model are consistent with those in Equation 2.




4 Main results


4.1 The impact of robot adoption on public health

In this section, we will explore the relationship between robot adoption and public health. With the continuous embedding of industrial robots in production field, China’s traditional production has been subjected to the corresponding impact and innovation in the process of robot adoption, which is reflected in the significant changes in the working environment and the content of the labourers’ work. Robots can undertake more physically demanding and high-pollution production tasks, thereby reducing the likelihood of worker injuries (52). However, the rapid advances in automation may also have a negative impact on the labor force participation, leading to a deterioration in the physical and mental health of the worker (53). Here, we base on several questions from CLDS to depict the physical health from two dimensions: self-rated health and illness status, and mental health constructed by a depression scale calculating the arithmetic mean.

Table 2 reports the impact of robot adoption on workers’ health status. The robot adoption has a significant positive correlation with public health, especially when control variables are included in the regression model. Specifically, for each unit increase in robot adoption in the city, self-rated health score increases by 0.048 units, injury and illness score increases by 0.03 units, and depression scale score decreases by 0.026 units. This indicates that robot adoption have significant positive effects on workers’ health across multiple dimensions. Overall, as industrial robots become increasingly embedded in the production domain, there is a continuous shift away from high-risk and high-pollution jobs through “automation of tasks” (54, 55). On one hand, this is conducive to directly improving workers’ physical health levels and reducing the incidence of occupational accidents and diseases. On the other hand, it also helps alleviate psychological stress among workers by making work tasks more relaxed and flexible and production environments safer and more controllable.



TABLE 2 The impact of robot adoption on public health.
[image: Regression results table showing estimates for variables: Self-rated health, Illness status, and Depression. Columns (1) and (2) show significant positive effects of "robot" on health, columns (4) and (5) show mixed effects on illness and depression. Controls and significance levels are indicated, with R-squared values around 0.117 to 0.019, and sample sizes approximately 31,000 across models.]



4.2 Robustness check

In this section, we conduct several robustness checks. Firstly, taking into account the possible bias in the selection of indicators, we verify the robustness of the baseline regression by replacing with alternative dependent variables. Secondly, considering the dynamic adjustments in the labor market, where the impact of new technologies on labor may have a delayed response, and the gradual process of industrial robots from introduction to actual use and then to large-scale production, we also examine the lagged effects of industrial robot on the labor market as a part of our robustness checks.


4.2.1 Alternative dependent variable

In Table 3, we replace the original dependent variables with medical care and hospitalization as alternative measures of worker health. The construction of the medical care and hospitalization indicators is based on questions from the CLDS questionnaire: “Have you sought medical attention due to illness or injury in the past 2 weeks?” and “In the past year, have you been diagnosed by a doctor as needing hospitalization?” respectively, with 0 representing “yes” and 1 representing “no.” Robot adoption still has positive effects on medical care and hospitalization. Additionally, in terms of workers’ mental health, we conducted separate regressions for the 20 questions that make up the depression scale, and the results are shown in Figure 2. These results further validate the positive impact of industrial robots on improving workers’ mental health.



TABLE 3 Robustness check on replacing dependent variable.
[image: Statistical table with regression results for medical care and hospitalization. Columns (1) and (2) cover medical care, while (3) and (4) cover hospitalization. Each column shows coefficients for "robot" and "_cons" with standard errors in parentheses. Controls differ, with "Y" indicating presence. Observations are 3,476 for medical care and over 31,000 for hospitalization. R-squared values range from 0.001 to 0.020. Significance levels are marked as *** for 1%, ** for 5%, and * for 10%. Standard errors are clustered individually.]

[image: Bar plot showing various categories on the x-axis labeled with abbreviations like BMI, PA, CSS, etc. The y-axis represents the variable "robot" ranging from -0.05 to 0. Each category has a colored bar with an error line extending vertically, indicating the data range or standard deviation. A dashed red line crosses horizontally at zero, suggesting a reference or baseline value.]

FIGURE 2
 Robustness check on mental health. The regression model is referenced to Equation 4. The vertical line indicates the 90% confidence interval. See more details of regression tables in Appendix B. Specifically, BMI = bothered by minor issue, PA = poor appetite, CSS = cannot shake sadness even with help, FI = feel inferior, CC = cannot concentrate, FDO = feel down, EE = everything is an effort, FH = feel hopeless, FLF = feel life is a failure, FA = feel afraid, PS = poor sleep, FU = feel unhappy, TL = talk less, FL = feel lonely, FPU = feel people are unfriendly, FLM = feel life is meaningless, HC = have cried, FS = feel sorrowful, FDI = feel disliked, FLU = feel life is unlivable.




4.2.2 Lagged effects

As shown in Table 4, we lag the robot adoption by one period and repeat the regression. The conclusions are consistent with the baseline regression, revealing that the health benefits of robot adoption have a certain degree of persistence. Besides, in terms of illness status and depression, the estimated coefficient of the lagged robot adoption rate is slightly larger than that of the current term, indicating that the positive effects of robot adoption on both physical and mental health have certain lags.



TABLE 4 Robustness check on lagged effect.
[image: Table displaying regression results with six columns: self-rated health, illness status, and depression. Each column includes coefficients for a variable labeled "robot" and a constant. Control, observations, and R-squared values are noted. Significance levels are indicated with asterisks: *** for 1%, ** for 5%, and * for 10%. Standard errors are in parentheses. Controls are either included (Y) or not (N) in the analyses.]




4.3 Endogeneity

Although the baseline regression in the previous section controls for various individual characteristics, omitted variable bias may still pose endogeneity issues. Additionally, due to the common correlation between poor worker health and reduced work capacity, companies aiming to enhance productivity and maximize profits may have incentives to adjust the scale of “machine substitution” based on the health status of their workforce. This introduces reverse causality between robot adoption and worker health, further exacerbating endogeneity concerns.

In this section, we draw on the endogeneity handling method from Acemoglu and Restrepo (7). In their study on the employment effects of robot adoption in the United States, they used robot data from Germany, Japan, and South Korea—countries with rapid industrial robot adoption—to construct an instrumental variable for U.S. robot adoption rates. Similarly, we use the robot stock in the U.S. during the same period to construct an instrumental variable for China’s robot adoption rate. On one hand, with the increasing technological exchanges and cooperation between China and the U.S., the development and application trends of industrial robots in both countries exhibit a high degree of similarity, meeting the relevance requirement of an instrumental variable. On the other hand, the degree of robot adoption in the U.S. does not directly affect the health status of Chinese workers, satisfying the exogeneity requirement of an instrumental variable. The specific construction method of the instrumental variable is as follows:

[image: The equation shows "robot" with superscript "US" and subscript "ct" equals the summation from s in S of "L" subscript "cs" for 2006 multiplied by "PR" with superscript "US" and subscript "st" over "L" with superscript 2006 and subscript s. The equation is labeled as equation 5.]

In Equation 5, [image: Mathematical expression showing PR subscript 'st' and superscript 'US'.] represents the robot stock in industry sss in the U.S. in year [image: Italic lowercase letter "t" displayed in a serif font.], [image: \( L_{s}^{2006} \)]represents the number of employees in industry [image: It appears there was an issue with uploading the image. Please try uploading it again, or provide a URL if it is accessible online. Let me know if you add any captions or context to help with the description.] in China in 2006, and [image: Mathematical notation showing "I" with a subscript "cs" and a superscript "2006".] represents the number of employees in industry [image: It seems there was an error including the image. Please try uploading the image again or provide a URL. You can also add a caption for additional context if needed.] in city [image: It looks like you attempted to include an image, but I can't see it. Please try uploading it again or provide a link to the image.] in China in 2006.

Table 5 reports the Two-Stage Least Squares (2SLS) estimations. In the first-stage regression, the coefficient of the U.S. robot adoption rate during the same period is significantly positive (p < 0.01), indicating a significant positive correlation between the U.S. and China robot adoption rates. The F-value is greater than 10, rejecting the weak instrument hypothesis. In the second-stage regression, the estimated coefficients of robot adoption rate for self-rated health, illness status, and depression are all significant (p < 0.01) and consistent with the baseline regression results.



TABLE 5 Result of IV regression.
[image: A two-stage regression table displays coefficients for "robot" and "robot^US" on self-rated health, illness status, and depression. Coefficients are significant at various levels, with _cons and F-statistics presented. Observations and controls are specified, with standard errors clustered at the individual level.]



4.4 Heterogeneity

Considering the significant bias in the impact of robot adoption on the labor market (10), and the fact that job content varies significantly across different occupational positions, as well as the presence of certain characteristic differences among worker groups, further heterogeneity analysis is needed to understand the effects of robot adoption on worker health.

The impact of robot adoption may vary among workers with different characteristics. Here, we use gender, age, household registration, and education level to describe the characteristics of worker groups. We use gender and age as the basis for categorizing worker groups to explore the impact on vulnerable groups in the labor market, such as female workers and middle-aged and older adult workers, in the context of robot adoption. For age group classification, we refer to the report published by the WHO, defining those aged 44 and below as young, those aged 45 to 59 as middle-aged, and those aged 60 and above as older adult. Additionally, human capital refers to the sum of economically valuable knowledge, skills, and physical abilities residing within workers, primarily reflected in their work ability, learning capability, and innovation skills (56). Thus, we use household registration and education level to characterize the human capital levels of workers, to explore the differences in impact experienced by worker groups with varying levels of human capital during the robot adoption. Here, we use educational level and type of household registration to characterize workers’ human capital levels. For household registration classification, we use the type of household registration at the time of the worker’s birth as the basis, dividing workers into two sample groups: rural household and urban household. For education classification, we define high school education and below as low education level, and associate degree, bachelor’s degree, and above as high education level.

Additionally, the impact of robot adoption may vary across different types of occupations. Here, we use job content and insurance status to characterize the features of these occupations. Cognitive labor primarily involves mental exertion, reflected in a worker’s scientific and cultural knowledge, production skills, and experience. In contrast, manual labor, or physical labor, primarily involves the musculoskeletal system (57). Due to differences in job content, different occupational positions are affected differently by the robot adoption. The CLDS questionnaire collects respondents’ occupational information and categorizes them into 16 occupational categories. Here, we define agriculture, forestry, animal husbandry, fishing, mining, manufacturing, and construction as heavy physical labor occupations, while finance and insurance, real estate, health care, sports and social welfare, education, culture and arts, broadcasting, film and television, scientific research, and comprehensive technical services, as well as electricity, gas, and water production and supply are defined as heavy cognitive labor occupations. And we classify insurance status based on participation in basic employee medical insurance.

In Figure 3, among different groups of workers, it is evident that the health improvement effects of robots are more significant in the vulnerable groups in the labor market. This inequality in effects is mainly evident in the dimensions of self-rated health and physiological health, indicating that female workers, middle-aged and older adult workers, and workers with low human capital benefit more from the health dividends brought by robot adoption. The reason may be that the health-promoting effects of industrial robots exhibit diminishing marginal returns. Vulnerable groups in the labor market are at a disadvantage in the labor market competition, leading them to be more concentrated in high-risk, high-pollution jobs. Compared to other workers, their working environments are worse, thus the improvements in their working conditions brought about by industrial robots are more pronounced (58).

[image: Three line charts labeled A, B, and C depict associations between robot exposure and health outcomes among different demographic groups. Chart A shows self-rated health, chart B shows illness status, and chart C shows depression. Each chart compares various demographics including gender, age, household type, education level, job type, and insurance status. Data points and error bars are displayed along a horizontal axis, with a red dashed line at zero serving as a reference point.]

FIGURE 3
 Heterogeneity. (A–C) are the results of the regression coefficients for self-rated health, illness status and depression as the dependent variable. Respectively, the regression model is referenced to Equation 4. The horizontal line indicates the 90% confidence interval. See details of regression tables in Appendix C.


Among different groups of occupations, it is observed that, in terms of self-rated health and physiological health, the health improvement effect of industrial robots is significant only among heavy physical labor and non-insuranced occupations. Regarding mental health, the regression coefficient of robot adoption is also higher among samples of workers in heavy physical labor occupations compared to those in heavy cognitive labor occupations. This could be attributed to the fact that robot adoption, as extensions of human limbs and senses, primarily manifest their health improvement effects through the replacement of high-risk and high-pollution jobs. At the same time, the lack of insurance often means that companies are unable to improve the safety of workers at work, which means that workers face more difficult working conditions. Hence, these effects are more pronounced in the domain of heavy physical labor and non-insuranced occupations.




5 Mechanism

In the previous section, we established the relationship between robot adoption and workers’ health. Next, we will explore the potential mechanisms at both macro and micro levels.


5.1 Environmental quality

Combining technological advancements with green transformation strategies can significantly reduce the opportunity cost of taking proactive climate actions while yielding substantial benefits (59). Specifically, robot adoption can promote capital-biased technological progress in enterprises. Increased investment in research and development not only enhances production efficiency and capacity but also improves enterprises’ technical capabilities in pollution reduction through technological spillovers (60). Thus, we use PM2.5 and industrial wastewater emissions to characterize the environmental quality of cities.

According to Table 6, robot adoption has a significant positive effect on environmental quality. Specifically, after controlling for various city characteristics, a 1% increase in robot adoption leads to a 0.9% decrease in city PM2.5 concentration and a 1.6% reduction in industrial wastewater discharge. This indicates that industrial robots can enhance workers’ health by improving environmental quality.



TABLE 6 The impact of robot adoption on environmental quality.
[image: A regression table presents results from four models analyzing PM2.5 and industrial wastewater. The variable "robot" shows coefficients of -0.007, -0.009, -0.019, and -0.016 across the models. Control variables and fixed effects vary in presence. The table indicates significance levels: "***" at 1%, "**" at 5%, and "*" at 10%, with standard errors in parentheses. Observations range from 3,346 to 3,739, with R-squared values between 0.891 and 0.944.]



5.2 Workplace conditions

Industrial robots can handle tasks involving toxic substances or work in high-temperature and high-noise environments, reducing workers’ exposure to harmful materials and hazardous conditions, thereby lowering the risks of occupational diseases and injuries. Besides, Industrial robots undertake high-risk tasks like heavy lifting and operation in hazardous areas, improving overall workplace safety and reducing the occurrence of workplace accidents. Here, we use questions from the CLDS micro-survey such as “Does safety protection at work meet national standards?” and “Is workplace environmental pollution exceeding standards?” to measure the quality of workers’ micro work environments. This dual-level approach further investigates the role of workplace conditions in the health promotion effects of robot adoption.

According to Table 7, robot adoption also significantly improves workplace conditions. Specifically, after controlling for various city characteristics, for every 1 unit increase in robot adoption, the workplace pollution control score and occupation safety score increase by 0.012 and 0.019 units, respectively. This indicates that industrial robots can enhance workers’ health by improving workplace conditions.



TABLE 7 The impact of robot adoption on workplace conditions.
[image: Table showing regression results for workplace pollution control and occupational safety. Columns (1) to (4) report coefficients for "robot" and "_cons" with respective standard errors in parentheses. Statistical significance is noted with asterisks: *** for 1%, ** for 5%, and * for 10%. Control variables are included in columns (2) and (4). Observations range from 25,331 to 25,425, and R-squared values vary between 0.001 and 0.008. Standard errors are individual level clustered.]




6 Conclusion

In this paper we presented robust evidence of a highly significant relationship between public health and robot adoption, and analyze the role of workplace environmental quality in this relationship. Using the database from CLDS, we find robot adoption has a positive correlation with workers’ physical and mental health status. This conclusion remains robost after robustness tests and endogeneity issues are concerned. Additionally, taking into account the potential heterogeneity, we conduct group regression analysis on the sample based on workers’ and occupations’ characteristics, and find that manual and non-insuranced laborers and vulnerable groups in the labor market tend to enjoy more health benefits from robot adoption. Finally, we combine macro and micro data and find that robot adoption can achieve a positive impact on the health status of workers by improving environmental quality and workplace conditions.

With the continuous advancement of technologies represented by industrial robots, the urbanization process in developing countries is accelerating, and the large-scale trend of “machine substitution for human labor” in production is irreversible. While the impact of robots on workplace environmental quality and workers’ health is becoming increasingly profound, academic discussion in this field remains somewhat sparse. This paper aims to integrate relevant macro and micro data to provide empirical support from China’s experience in this field and offer academic evidence for pollution reduction and the improvement of workers’ health in China. Based on the results in this paper, the government should actively promote the widespread robot adoption in various sectors such as manufacturing, logistics, and construction. To achieve this, a series of corresponding policies should be implemented, including not only encouragement and support for research and innovation but also financial subsidies, tax incentives, and technical training. These measures can effectively foster the rapid development and widespread adoption of industrial robot, thereby fully leverage the potential of industrial robots to improve workplace environmental quality and workers’ health.

There are some limitations in this paper. Further refinement is possible in the characterization of environmental quality and worker health. In addition, the government significantly impacts workspaces and urban health through the protection of workers’ rights, the implementation of favorable technology policies, and environmental regulations. The specific direction and extent of this impact also warrant further discussion.
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Footnotes

1   In 2021, the number of robot stock in China was 1,224,236 units.

2   Source: China Environmental Statistical Yearbook.
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Introduction: With the aging population, the relationship between human health and the ecological environment has gained increasing attention. In China, it is imperative to evaluate the policy effects of the Environmental Protection Tax (EPT) on improving the ecological environment and enhancing the health of middle-aged and older adult people.
Methods: This study, based on data from the China Health and Retirement Longitudinal Study (CHARLS), employs a Difference-in-Differences (DID) model to assess the health effects of the EPT policy.
Results: The findings indicate that the EPT policy significantly improves the health of middle-aged and older adult individuals and reduces the prevalence of chronic diseases. The EPT policy affects the health of middle-aged and older adult through two main mechanisms: emission reduction and psychological effects. These are evidenced by reductions in PM10 particle concentration and sulfur dioxide emissions, improvements in public sleep quality and memory, and significant changes in environmental awareness and concern.
Discussion: Heterogeneity analysis reveals differences across urban and rural areas, age groups, and education levels. Following the implementation of the EPT policy, there are notable improvements in reduction of chronic diseases among rural residents, self-rated health among urban residents, and overall health among the older adult and individuals with a junior high school education or lower. The study’s results confirm the importance of environmental policies in promoting public health, providing a reference for the refinement of the EPT system, and offering insights for environmental pollution control in developing countries.
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1 Introduction

China is rapidly entering a phase of deep aging, with environmental pollution factors having long-term impacts on the health of middle-aged and older adult individuals, exacerbating health risks such as respiratory and cardiovascular diseases. Ensuring the health and well-being of the middle-aged and older adult has become a significant challenge in China’s new stage of development. Establishing a good ecological environment and safeguarding human health is of utmost urgency. In China’s 13th Five-Year Plan, “Beautiful China,” and “Healthy China” emerged as key themes, and the implementation of the strictest environmental protection system has received widespread attention. On January 1, 2018, the Environmental Protection Tax (EPT) Law of the People’s Republic of China was officially implemented. As one of the most representative economic measures in China’s pollution control efforts, the EPT policy aims to curb the fundamental trend of deteriorating environmental quality in China.

As a market-based environmental regulation tool, the EPT policy has significant economic and environmental effects. Scholars generally believe that the EPT policy can effectively reduce pollution emissions, promote economic development, increase public employment, and enhance social welfare. However, the well-being of the people is the starting point of “clear waters and green mountains,” and the health of the middle-aged and older adult is an important aspect of public welfare. Whether China’s implementation of environmental regulation policies, represented by the EPT system, can improve public health while controlling pollution, and how to enhance the health and well-being of the middle-aged and older adult, has become a critical area for assessment in the new era of environmental policies.

Since the implementation of the EPT policy, provincial governments have had the authority to set specific tax rates for air and water pollutants within the tax rate range, forming a dynamic adjustment mechanism where “the state sets the baseline, and local governments can adjust upwards.” Provinces such as Beijing, Tianjin, and Shandong have raised the pollutant tax rates to varying degrees. Generally, the government’s continuous promotion of ecological civilization, protection, and improvement of the environment, reduction of pollutant emissions, and increased public awareness and attention to environmental issues have facilitated positive public participation in environmental protection. This has helped reduce the exposure of middle-aged and older adult individuals to harmful substances, improving their psychological health, thereby lowering their disease incidence and reducing social medical costs.

Existing research primarily explores the effects of EPT from the perspective of firms or regions, focusing on aspects such as cleaner production, green technological innovation, and emission reduction effects. These studies provide crucial insights into the role of EPT in corporate production processes. Although there are studies addressing the health effects of EPT, most are based on macro models such as CGE models. These models typically emphasize the interactions between the overall economy and the environment rather than the direct experiences of individual residents. Individual residents are the direct beneficiaries or those affected by environmental policies. Examining the health effects of EPT from the perspective of individual residents allows for a more precise assessment of how the policy impacts people’s daily quality of life. This study aims to fill the existing research gap by investigating the health effects of EPT from the viewpoint of individual residents. This approach not only broadens the perspectives in EPT research but also provides policymakers with more detailed information for decision-making. Research at the individual level complements, rather than contradicts, macro-level research. While macro-level studies offer an overall evaluation of policy effects, individual-level studies deepen the understanding of these effects. Based on the findings from individual-level research, this study intends to propose more targeted policy recommendations to ensure that EPT policies more effectively enhance residents’ health outcomes.

Therefore, this paper takes the implementation of the EPT policy in 2018 as an external policy shock and selects cities that have raised the applicable tax rates for pollutants as the treatment group to study the health effects of tax reductions and environmental investment incentives. The contributions and innovations of this paper are mainly reflected in filling the gap in research on the health effects of the EPT policy from the perspective of individual residents. Existing analyses of the EPT policy mainly focus on the corporate or regional levels, with analytical variables primarily concentrated on environmental and economic benefits. This paper provides a more comprehensive evaluation of the effects of environmental regulation policies.

The rest of this paper is organized as follows: Section 2 reviews the literature on environmental pollution and public health; Section 3 introduces the theoretical basis for the impact of the EPT policy on the health of the middle-aged and older adult; Sections 4 and 5 report the model construction, variable settings, and empirical results; Section 6 discusses the path mechanisms from the perspectives of emission reduction effects and psychological effects; Section 7 conducts a heterogeneity analysis, revealing inter-group differences in urban and rural areas, age, and education levels; finally, Section 8 summarizes the paper and points out the limitations of existing research and future directions for improvement.



2 Literature review

Existing literature has reached a consensus on the harmful effects of environmental pollution on the physical and mental health of residents. Scholars in the fields of public health and medicine in China have repeatedly validated the relationship between environmental pollution and health levels through experimental and epidemiological analysis methods, evaluating the costs of air pollution (1). Physiologically, Currie and Neidell (2) and Deryugina et al. (3) found that air pollution induces pathological changes in multiple organs, leading to severe health issues such as cancer. The public bears heavier health costs, with rising mortality and morbidity rates. Chen et al. (4) found that environmental pollution is a significant factor affecting maternal mortality, with pollutants such as wastewater, exhaust gas, and solid waste likely to cause deadly conditions like internal complications, obstetric hemorrhage, and gestational hypertension. Based on the CHNS database, Tu et al. (5) discovered the negative impact of industrial nitrogen oxides on public health, where increased household income only slightly mitigates the harm of industrial dust. There is a significant correlation between environmental pollution exposure and adverse mental health effects (6). Due to environmental pollution, residents’ central nervous systems are damaged, and mental health issues, such as depression and lack of well-being, have become major problems (7). High levels of stress and anxiety disrupt the immune system, hindering physical health recovery (8). Perceptions of environmental quality affect fertility intentions through well-being and future expectations (9). Therefore, improving public health through pollution reduction and environmental protection has become a global consensus.

Existing studies have examined the pollution reduction, carbon reduction, and greening effects of the EPT from various perspectives, with relatively consistent conclusions (10). The EPT, characterized by its normative, mandatory, and authoritative nature, compels enterprises to adopt cleaner production practices and promotes green development within businesses (11), thereby increasing investment in environmental protection and the development of green technologies. As the implementation intensity of the EPT policy increases, enterprises, especially state-owned, heavily regulated, and financially constrained ones, are taking more initiative in assuming environmental social responsibility, significantly improving their environmental social responsibility scores (12). Based on micro-enterprise green patent data, Liu and Xiao (13) identified the green innovation incentive effect of the EPT, which has improved fossil energy usage efficiency and the ability to treat pollutants at the end of production processes. Using panel data from prefecture-level cities, Wang and Chen (14) found that the EPT has a significant emission reduction effect, lowering industrial sulfur dioxide emissions by 16.8%. The EPT policy has broken the “carbon curse” of resource-based cities, promoting industrial structure upgrades and green technological innovation in these cities (15). Scholars primarily use macro models such as CGE to estimate the health effects of the EPT. Wang et al. (16) measured that air pollution impacts national health and labor force loss, while energy taxes can reduce air pollutant concentrations. Xiao et al. (17) evaluated the effects of environmental taxes on health, education, and retirement using the OLG-DGE model, finding that environmental taxes improve individuals’ lifelong welfare.

Researching the impact of environmental regulation on the economy, health serves as an important link. However, the health effects of environmental regulation have been less frequently studied. Existing results indicate that environmental policies reduce health risks associated with environmental pollution (18). Zhang et al. (19), based on 976 environmental regulation policies from 1978 to 2013, found that environmental regulation policies promote public health. Do et al. (20) and Greenstone and Hanna (21) discovered that India’s Air Pollution Act effectively improved air quality, thereby reducing infant mortality rates. Tanaka (22), based on China’s acid rain control zones or sulfur dioxide pollution control zones delineated in 1998, found a 20% reduction in infant mortality. Xie and Feng (23) found a 3.3 to 4% reduction in morbidity among the working-age population, thus confirming the health effects of environmental regulation. Regarding China’s Air Pollution Prevention Action Plan (Ten Air Measures) in 2013, Fan et al. (24) found significant reductions in air and dust pollutants in the implementation areas, with notable health effects. Wang et al. (25) found that policies in green credit pilot zones improved resident health by enhancing the environment and public service levels, with this effect being more significant in western cities and resource-based cities.

In summary, environmental pollution reduces life expectancy and affects public health, making environmental regulation policies essential to mitigate the health hazards of environmental pollution. Although the economic and environmental effects of market-based environmental regulation policies, such as the EPT, have been extensively confirmed, the conclusions regarding their health effects remain unclear. It is imperative to further verify whether market-based environmental regulation policies can be as effective as punitive laws. Examining the impact of the EPT policy on public health and scientifically assessing the effectiveness of this policy will provide a reference for improving the EPT system and contribute to the reform of China’s tax system. Moreover, as the world’s largest developing country and the largest emitter of sulfur dioxide, China’s experience in promoting health through ecological governance has significant representativeness for developing countries in addressing environmental pollution.



3 Theoretical mechanism

The health of middle-aged and older adult individuals is influenced by various factors, including both internal and external elements. Among the external factors, the living environment is the most perceptible to the public and the most challenging to improve. Reducing the harmful impact of environmental pollution on public health has always been a pressing goal for government public sectors (23). As a representative component of China’s green tax system, the EPT aims at environmental protection and sustainable development. It embodies the polluter-pays principle and the green product incentive principle. By internalizing the costs of environmental pollution, the EPT encourages industrial enterprises to reduce pollution, promotes sustainable economic and environmental development, lowers public healthcare costs, and ultimately enhances the quality of life and health levels.

Based on Pigou’s theory of externalities, the negative externality of industrial pollution lies in the discrepancy between private and social costs borne by producers. Pollution generated during production and operations negatively affects the ecological environment and public health, impacts not reflected in the enterprises’ costs, hence representing a negative externality. Taxation is the optimal method to address negative externalities (26). The EPT addresses the challenge of environmental pollution’s negative externalities in a market economy by increasing the environmental burden on market entities during production and operations. Through the collaboration between environmental and tax authorities, the government can integrate tax information and pollution data, internalizing the external costs caused by enterprises to the ecological environment into their production and operation costs. This compels enterprises to consider environmental and health factors in their decision-making, thereby reducing the harmful effects of environmental pollution on public health, such as respiratory diseases caused by air pollution and digestive issues resulting from water pollution.

Residents’ life expectancy is jointly influenced by pollution stock and per capita output. The EPT, as a market-based environmental regulatory tool, links the taxation mechanism with pollutant emissions, embodying the principle of incentive compatibility and closely aligning with sustainable development goals. It emphasizes meeting current economic development needs without compromising the living environment for future generations (27). The implementation of the EPT can encourage enterprises to focus more on environmental protection and resource use efficiency, guiding societal resources away from high-energy, high-pollution industries toward green, low-carbon, and high-efficiency sectors. This promotes industrial structure optimization and upgrading, fostering coordinated development of economic growth and environmental protection. Through tax incentives and exemptions, the government can encourage technological innovation and management improvements in enterprises, driving the development of green technologies and products. A good environment is fundamental to maintaining public health. The implementation of the EPT helps enhance the nation’s capacity for environmental risk prevention and control, reducing public health issues caused by environmental pollution.

 Hypothesis 1: As an economic policy tool, the EPT significantly enhances the health of middle-aged and older adult individuals.



An eco-friendly and livable environment provides a conducive condition for public health. Controlling the emission of pollutants harmful to human health is beneficial for improving public health (28). The EPT aids in encouraging enterprises to reduce pollutant emissions and improve environmental quality. Since polluters must bear the cost of environmental damage caused by their emissions, the EPT incentivizes industrial enterprises to reduce emissions, thereby lowering their tax burden. As a public good, the environment is characterized by non-exclusivity and non-competitiveness, making environmental resources susceptible to overuse and pollution. Through market mechanisms, the EPT stimulates enterprises to seek more environmentally friendly and efficient production methods and technologies. With the innovation and dissemination of pollution control technologies, urban enterprises are incentivized to adopt emission reduction measures, enhance energy efficiency, and transition to clean energy. This reduces greenhouse gas emissions and mitigates the adverse health impacts of climate change.

According to the “double dividend” hypothesis (29), the EPT can achieve coordinated economic growth and environmental protection. Urban resource allocation shifts toward more environmentally friendly and efficient directions, reducing the proportion of pollution-intensive industries and fostering the development of green industries. Therefore, the imposition of the EPT can decrease environmental pollutant emissions, improve environmental quality, and consequently lower societal environmental risks, positively impacting the health of middle-aged and older adult individuals. As an essential link for the coordinated development of environmental protection and economic growth, environmental regulatory pressure makes pollutant reduction imperative. According to the cost–benefit principle of the Porter Hypothesis, enterprises are compelled to adjust production modes, improve production processes, and upgrade pollution control equipment to prevent excessive energy consumption and inefficient resource allocation from the source. Furthermore, increasing the applicable tax rates for the EPT boosts local government fiscal revenues. This enhances the financial capacity of local governments to tackle environmental pollution, significantly improving local environmental quality.


Hypothesis 2: The EPT’s effectiveness in pollution control significantly impacts the health of middle-aged and older adult individuals through the “emission reduction effect.”
 

The World Health Organization (WHO) defines mental health as “a state of well-being in which the individual realizes his or her own abilities, can cope with the normal stresses of life, can work productively and fruitfully, and is able to make a contribution to his or her community.” Physical health refers to the normal functioning and health status of an individual’s body, including bodily functions, constitution, and immunity. The mutually reinforcing relationship between physical and mental health is bidirectional. Good mental health helps cultivate a positive lifestyle. Higher levels of happiness are associated with better physical health; optimistic emotions facilitate the body’s self-regulation, while stress and negative emotions can harm well-being and impact health and life expectancy (30–32). From a human capital perspective, individuals with a strong sense of well-being are more likely to adhere to better treatment plans, achieving higher health output efficiency (30). They also tend to lead healthier lifestyles (33), have better attitudes and perceptions toward health, and demonstrate higher efficiency in allocating health-related resources (34), such as quitting smoking and drinking, maintaining a balanced diet, and engaging in regular exercise.

The destruction of the natural environment can cause public psychological stress and anxiety, and the psychological state of middle-aged and older adult individuals significantly impacts their physical and mental health. For example, the risk of ozone-related depression significantly increases among people over 65 years old (35). The relationship between environmental protection and mental health originates from theories such as the biophilia hypothesis and psychological evolution. Humans and nature form a community of life; harmonious coexistence promotes immune system upgrades, regulates inflammatory responses, and provides numerous health benefits for humans (36). Given the close relationship between humans and the natural environment, which holds aesthetic and cultural value, ecological conservation is crucial for maintaining human psychological health (37).

On one hand, the EPT raises public awareness and consciousness about environmental protection, reducing instances of environmental injustice. This can enhance social trust and recognition, alleviate stress, reduce anxiety, and promote improved psychological health. On the other hand, increased environmental awareness and the widespread adoption of eco-friendly practices improve living environments. A beautiful, quiet, and clean living environment contributes to emotional stability, strengthens psychological resilience and coping abilities, and enhances psychological well-being and life satisfaction, thereby positively influencing mental health (38). Middle-aged and older adult individuals have needs for existence, relatedness, and growth (39). Middle-aged and older adult individuals have needs related to existence, relatedness, and growth (ERG needs). A clean environment can enhance social trust and recognition among these individuals, which is closely linked to their ERG needs. Enhanced social trust and recognition can fulfill their need for relatedness, while a clean environment provides better living conditions, addressing their need for existence. As these needs are met, their psychological well-being improves. The EPT policy is closely related to people’s aspirations for a better life. A clean environment gains the trust of middle-aged and older adult individuals, enhancing their social sense of belonging.

Therefore, the EPT may impact public health by improving sleep quality, fostering optimism, and enhancing overall happiness, which can be particularly beneficial for the health status of middle-aged and older adult individuals.


Hypothesis 3: The EPT significantly improves mental health, affecting the health of middle-aged and older adult individuals through the “psychological effect.”
 



4 Research design


4.1 Model construction

This study constructs a Difference-in-Differences (DID) model, using the implementation of the EPT as a quasi-natural experiment. The aim is to investigate the impact of increased pollutant tax rates and evaluate the policy effects of the EPT.

The specific model is expressed as follows:

[image: Mathematical equation denoting a health model: Health sub ijt equals beta sub 0 plus beta sub 1 times DID sub jt plus gamma sub 1 times X sub it plus gamma sub 2 times Z sub jt plus mu sub j plus nu sub t plus epsilon sub ijt.]

Where: i, j and t represent individual samples, city samples, and years, respectively; [image: Italicized text displaying "Health" with subscript letters "i," "j," and "t."] is the dependent variable, representing the health level of individual i in city j at time t; [image: Italicized letters "DID" with subscripts "j" and "t" in a smaller font.] is the core explanatory variable of this study, with its coefficient [image: Lowercase Greek letter beta with a subscript one.] reflecting the impact of the EPT policy on the health of middle-aged and older adult individuals; [image: Mathematical expression displaying "X" as the main variable with subscripts "i" and "t".] denotes individual-level control variables, including factors such as age, gender, marital status, and educational attainment; [image: The image shows a mathematical expression with the letter Z in italics, followed by subscripts j and t.] represents city-level control variables, including economic output, economic growth rate, the proportion of secondary industry, and the proportion of tertiary industry; [image: Greek letter "mu" followed by the subscript "j".] represents the city fixed effect, [image: Greek letter "nu" with a subscript "l".] represents the time fixed effect, and [image: Greek letter epsilon subscripted with i, j, and t.] is the random disturbance term.



4.2 Variable description


4.2.1 Dependent variable

The dependent variable in this study is health level. Considering that self-rated health can accurately predict mortality risk and is highly correlated with other objective health indicators (40), this study primarily uses self-rated health to measure the health level of middle-aged and older adult individuals. According to the CHARLS questionnaire question “How would you rate your health status?,” responses of very poor, poor, fair, good, and very good are assigned values of 1, 2, 3, 4, and 5, respectively. In addition to self-rated health, this study constructs chronic disease status (Isdisease) as an alternative variable to examine the chronic conditions of middle-aged and older adult individuals, which refers to Ma et al. (41). According to the CHARLS question “Have you ever been told by a doctor that you have any of the following chronic diseases?” which includes 14 types of chronic diseases, responses are coded as 1 if the individual has any chronic disease and 0 otherwise.



4.2.2 Core explanatory variable

The EPT policy imposes stricter requirements on local environmental pollution management. Within the tax rate table set by the national government, some regions have adjusted upward the tax rates on pollutant emissions. Following the methodology of Liu and Deng (10), this study categorizes cities with adjusted pollutant emission tax rates as the treatment group (treat = 1) and cities without adjustments as the control group (treat = 0). The variable time represents the implementation period of the EPT policy, with a value of 1 for 2018 and subsequent years, and 0 otherwise. The interaction of the group dummy variable (treat) and the policy implementation period dummy variable (time) constitutes the core explanatory variable DID in the model. Thus, individuals with DID = 1 represent those in regions where the pollutant emission tax rate was adjusted upward after the EPT policy implementation.



4.2.3 Control variables

This study selects control variables from both urban and individual levels. At the urban level, considerations primarily encompass economic indicators such as total economic output (clngdp), economic growth rate (cggdp), the proportion of the secondary sector (cratio2), and the proportion of the tertiary sector (cratio3). At the individual level, the focus is on factors influencing resident health, primarily the living environment and household income. Urban economic scale and industrial structure reflect the economic and demographic characteristics of cities. Total economic output is represented by the logarithm of urban GDP, economic growth rate is denoted by the growth rate of urban GDP, and the proportions of the secondary and tertiary sectors are expressed as percentages of their respective output values. Individual-level variables mainly include gender (male), age (age), marital status (married), and level of education (educated). The rationale behind these selections lies in the understanding that advancing age may lead to declining physical function among the older adult, impacting their health. Additionally, variations in disease prevalence and health status among older adult individuals of different genders may exist. Stable marital relationships can provide psychological comfort and caregiving for the older adult, promoting their health. Differences in educational attainment may result in variations in occupational diseases among the older adult. The gender variable is coded as 1 for males and 0 otherwise; marital status is categorized based on survey responses, with individuals having a spouse coded as 1, including both those cohabiting with their spouses and those temporarily separated due to work or other reasons, and 0 otherwise; educational attainment ranges from no formal education to doctoral degree, with values assigned sequentially from 1 to 11 based on survey responses.




4.3 Data description

The data utilized in this study primarily stem from the China Health and Retirement Longitudinal Study (CHARLS). Initiated by Peking University, CHARLS surveys the health, economic well-being, and social participation of Chinese middle-aged and older adult individuals aged 45 and above, covering 150 counties and 450 communities across 28 provinces. Data have been publicly released for five waves spanning 2011, 2013, 2015, 2018, and 2020. This database provides robust support for formulating and refining policies to address population aging and meets the data demands for studying the health of middle-aged and older adult populations. Based on this foundation, individual-level survey data from the five waves are matched with corresponding urban-level data from the respective years, forming an unbalanced panel dataset of individual-urban pairs. Urban-level data primarily originate from the annual “China Urban Statistics Yearbook.”



4.4 Descriptive statistics

Table 1 presents descriptive statistics for the entire sample, with observations of chronic diseases excluding middle-aged and older adult individuals who did not complete the questionnaire. The mean value of self-rated health variables is 3.01, indicating that the average health status of Chinese middle-aged and older adult individuals is generally moderate. The 25th percentile is 2.00, suggesting that at least one-fourth of middle-aged and older adult individuals in China have a health status that is poor or below. Given that the variable for chronic diseases in this study is binary, with a mean value of 0.54, it implies that 54% of the surveyed middle-aged and older adult individuals suffer from chronic diseases. The mean values of the treatment group and post-policy variables are 0.68 and 0.23, respectively, indicating that 68% of the respondents reside in regions where the emission tax standard for pollution has been increased, and 23% of the periods are after the implementation of EPT policies. According to Table 1, the proportion of married middle-aged and older adult individuals in the observed sample is 87%, with a male proportion of 47%. The average age of middle-aged and older adult individuals is 60.15 years, with an average educational attainment level below completion of primary school. Looking at the data from the cities where the samples are located, the average proportion of the secondary sector is 40.59%, which is consistent with the national average; the average proportion of the tertiary sector is 38.55%, slightly lower than the national average. This discrepancy may be attributed to the fact that the survey scope of middle-aged and older adult individuals nationwide is determined by population proportion, and some populous provinces may not have well-developed tertiary sectors.



TABLE 1 Descriptive statistics.
[image: A table displays statistics for various variables, including Health, Isdisease, Treat, Time, Married, Male, Age, Educated, clngdp, cgdp, cratio2, and cratio3. Columns list Observations, Mean, Standard Deviation, 5th, 25th, and 75th Quartiles, and 95th Quartile. For instance, Health has 89,833 observations, a mean of 3.01, and standard deviation of 0.95. The quartiles for Health are 2.00, 2.00, 3.00, 3.00, and 5.00, respectively. Other variables follow a similar pattern with individual statistics.]




5 Analysis of empirical results


5.1 Benchmark regression results

To investigate whether EPT can improve the health status of middle-aged and older adult individuals, a double difference method is employed to evaluate the effect of policy implementation. The baseline regression results are presented in Table 2. The first, second, and third columns of Table 2 represent regression results without control variables, with individual characteristics as control variables, and with both individual and city characteristics as control variables, respectively. It is observed that the estimated coefficients of the key explanatory variable DID, the implementation of EPT, are significant at the 1% level, with estimated coefficients of 0.03 across all specifications. This indicates that after the implementation of EPT policies, in provinces where the emission tax for pollutants subject to EPT is increased, the self-rated health status of middle-aged and older adult individuals can improve by 0.03. Results in the third, fourth, and fifth columns of Table 2 demonstrate that after the implementation of EPT policies, in provinces where the emission tax for pollutants subject to EPT is increased, the prevalence of chronic diseases among middle-aged and older adult individuals can decrease by 0.03. This suggests that the imposition of EPT can effectively enhance individual health levels.



TABLE 2 Benchmark regression of the effect of EPT on the health of middle-aged and older adult.
[image: Regression table showing the impact of various variables on health and disease outcomes across six columns. Variables include DID, Married, Male, Age, and Educated, with standard errors in parentheses. The significance is marked by asterisks, with sample sizes and R-square values provided for each model. Individual and year fixed effects are controlled.]

From the impact of EPT on the self-rated health and chronic diseases of middle-aged and older adult individuals as depicted in Table 2, it can be observed that the estimated coefficients of the key explanatory variable DID pass the 1% significance test, with estimated coefficients of 0.03 and −0.03, indicating that the increase in the EPT standard results in an increase of 0.03 units in self-rated health and a decrease of 0.03 units in the prevalence of chronic diseases. This implies that the imposition of EPT can significantly improve public health levels, promoting harmonious coexistence between humans and nature. In summary, the analysis suggests that the imposition of EPT can effectively enhance public health levels in areas where pollutant tax adjustments are made, thus validating hypothesis one.



5.2 Robust test


5.2.1 Parallel trends test

Following Angrist and Pischke (42), this study employs a double difference method, necessitating an examination of whether the health levels of middle-aged and older adult individuals in areas subject to adjustments in pollution emission tax standards satisfy the parallel trends assumption compared to those in non-adjustment areas before the implementation of EPT policies. Drawing from Jacobson et al. (43), we construct the following model based on event study methodology to analyze dynamic effects, as shown in Equation 2.

[image: Mathematical equation showing a health model: Health subscript ijt equals beta subscript 0 plus the summation of theta Year subscript t times Treat subscript i, plus rho subscript 1 X subscript it, plus rho subscript 2 Z subscript jt, plus gamma subscript t, plus phi subscript i, plus epsilon subscript ijt, labeled as equation 2.]

Equation 2 takes the year of implementation of EPT policies, 2018, as the base period and employs [image: Italicized text "Year" followed by a subscript lowercase "t".] as annual dummy variables, including the years 2013, 2015, and 2020. [image: The image shows the Greek letter theta with a subscript "t", often used in mathematical or scientific contexts.] reflects the relative impact of the treatment group on health status in the t-th year, while other variables are defined as in Equation 1. According to the parallel trends assumption, the estimated coefficients of [image: Lowercase Greek letter theta with a subscript t.] in 2013 and 2015 should not be significant, whereas they should be significantly different from zero in 2020. Utilizing Equation 2, the results are plotted as shown below, where coef represents the estimated coefficient of [image: It appears you tried to upload or reference an image, but it didn't come through. Please provide the image or a link to it so I can help create the alt text.], and [image: The image contains the mathematical expression "coef0" with the subscript "0".] and [image: Mathematical expression of a variable labeled "coef" with a subscript "i".] represent the upper and lower bounds of the 95% confidence interval for [image: Greek letter theta with a subscript "t", often used in mathematical or scientific contexts to represent a parameter or variable at time t.], respectively. Figure 1 illustrates the parallel trends test for the improvement in self-rated health status, while Figure 2 depicts the parallel trends test for the reduction in chronic diseases. The results indicate that before the implementation of EPT policies, the estimated coefficients of the interaction term [image: Mathematical expression showing "Year sub i asterisk Treat sub i".] for self-rated health and chronic diseases in 2013 and 2015 do not significantly differ from zero. This suggests that the health levels of the treatment and control groups satisfy the pre-treatment parallel trends assumption. After the implementation of EPT policies, the estimated coefficient of [image: Greek letter theta with a subscript "t".] in 2020 is significantly different from zero. The lower bound of the confidence interval for the estimated coefficient of self-rated health is greater than zero, while the upper bound for the estimated coefficient of chronic diseases is less than zero, as depicted in the figure. This indicates that the implementation of EPT policies significantly improves the self-rated health status and reduces the prevalence of chronic diseases among middle-aged and older adult individuals. Thus, it is evident that the baseline regression meets the assumptions of the DID method, and the core explanatory variable “DID” in the baseline regression captures the health effects of EPT.

[image: Line graph showing data from 2012 to 2020 with coefficients plotted, labeled "coef" with error bars. Points are connected by lines, illustrating variation over time. A legend indicates symbols and line types.]

FIGURE 1
 Parallel trends test for improvement in self-rated health.


[image: Line graph showing coefficients for years 2012 to 2020, with error bars for each point. The line peaks in 2016 and dips in 2018. Legend indicates "coef" with triangles and "coef0/coef1" as the line.]

FIGURE 2
 Parallel trends test for reduction in chronic diseases.




5.2.2 Placebo test

To address concerns regarding potential biases resulting from omitted key variables in the baseline regression, following the methodologies of Chetty et al. (44) and La Ferrara et al. (45), this study randomly draws 500 placebo treatment groups with the aim of employing the placebo test method to further validate the health effects of EPT. Through non-repeated random sampling, 500 virtual treatment groups for self-rated health and chronic diseases, respectively, are generated for the placebo test. Consequently, 500 virtual DID estimates are obtained, with “_b[tp]” listed on the x-axis of Figures 3, 4, represented by solid circular points. In Figures 3, 4, the left and right y-axes, respectively, represent the p-values of virtual DID estimates and their kernel density distributions. It can be observed clearly that the estimated coefficients of virtual DID follow a normal distribution, consistent with the expected outcomes of the placebo test. Furthermore, in the baseline regression testing self-rated health status, the actual coefficient of the explanatory variable DID is 0.0305 [see Table 2, column (3)], significantly larger than the simulated counterfactual estimate. Conversely, in the baseline regression examining the prevalence of chronic diseases, the actual coefficient of the explanatory variable DID is −0.0255 [see Table 2, column (6)], significantly smaller than the simulated counterfactual estimate. The placebo results corroborate the health effects of EPT from a counterfactual perspective and are less influenced by potential unobservable factors.

[image: Plot showing a bell-shaped distribution with p-value and kernel density estimation. The x-axis represents the coefficient \(b[tp]\), ranging from -0.02 to 0.02. The y-axis on the left shows p-value, ranging from 0 to 1, while the right y-axis shows kdensity beta, ranging from 0 to 60. Data points are marked with dots, and the density curve is a solid line.]

FIGURE 3
 Placebo test for self-rated health.


[image: Plot showing two overlapping curves: a scatter plot of p-values against beta values ranging from -0.02 to 0.02 along the x-axis, and a line representing kernel density estimate (kdensity) labeled on a secondary y-axis. The p-value points are concentrated near zero, while the kdensity curve forms a smooth peak. A legend indicates the symbols used for p-values and kdensity beta.]

FIGURE 4
 Placebo test for reduction in chronic diseases.




5.2.3 PSM-DID test

To address potential systematic differences in the selection of treatment and control groups, this study employs the Propensity Score Matching-Difference-in-Differences (PSM-DID) method to further validate the health effects of EPT, aiming to minimize the influence of regional economic factors and individual characteristics. Utilizing control variables as identifying features for sample individuals, suitable control group samples are selected for older adult individuals in the treatment group through 1:1 nearest neighbor matching. Subsequently, the coefficient of the core explanatory variable DID is estimated using the matched samples through the DID method. The regression results after matching are presented in Table 3. Overall, the estimated coefficient of DID remains significant. In the first column of Table 3, the coefficient of 0.0403 is significant at the 5% confidence level, slightly larger in magnitude than the 0.0305 in the baseline regression [Table 2, column (3)]. In the second column of Table 3, the coefficient of −0.0305 is significant at the 1% confidence level, slightly smaller in magnitude than the −0.0255 in the baseline regression [Table 2, column (6)]. This result indicates that the conclusion drawn from the baseline regression is further reinforced by the PSM-DID test, suggesting that the implementation of EPT policies enhances the health status of middle-aged and older adult individuals in the matched sample data.



TABLE 3 PSM-DID test.
[image: Table displaying regression results for two models: Health and Isdisease. Variables include DID, Married, Male, Age, Educated, clngdp, cggdp, cratio2, and cratio3. Coefficients and standard errors are shown for each variable. Model 1 (Health) has significant results for DID, Educated, clngdp, and cratio2. Model 2 (Isdisease) shows significance for DID, Educated, and cratio2. Both models include individual and year fixed effects, with sample sizes of 52,401 and 51,800, respectively. R-square values are 0.0024 for Health and 0.0049 for Isdisease.]



5.2.4 Exclusion of other policy interference

During the window period from 2011 to 2020, in addition to the EPT policy, other environmental protection policies were also implemented. These policies may have influenced the environment and subsequently impacted the health of middle-aged and older adult individuals through environmental pathways. Among these, the creation policy of China’s new energy demonstration cities is particularly relevant to environmental protection and residents’ lives. This policy has recently garnered attention from scholars (46–48). Their findings suggest that energy transition pressures have prompted industrial enterprises to innovate toward green practices, thereby promoting the green and low-carbon development of demonstration cities. The list of China’s new energy demonstration cities was released by the National Energy Administration in 2014, aiming to facilitate the green transformation of China’s energy development. The list includes 81 new energy demonstration cities.

This study considers the potential interaction between the EPT policy and the policy of constructing new energy demonstration cities during the sample period, which may have interfered with the health effects of the EPT policy. Following the approach of Li et al. (49), a policy dummy variable DID2 representing new energy demonstration cities is constructed and added to Equation 1 of the baseline regression model as a control variable. The regression results are presented in Table 4. Observing the results in the first and second columns of Table 4, it is found that the regression coefficients of the core explanatory variable DID are significant at the 1% confidence level, and their magnitudes do not differ from those in the baseline regression [Table 2, column (3) and column (6)]. This result validates the robustness of the empirical conclusions of this study.



TABLE 4 Exclusion of policy interference from new energy demonstration zones.
[image: A table with regression analysis results for two models: Health and Isdisease. For Health, significant variables include DID (0.0305***), Married (0.0529**), and negative cratio2 and cratio3 coefficients. For Isdisease, significant variables include negative DID (-0.0255***), Educated (0.0375***), negative clngdp (-0.0673***), and positive cratio2 (0.0040***). Both models control for individual and year fixed effects. Sample sizes are 89,833 for Health and 51,800 for Isdisease, with R-square values of 0.0003 and 0.0075, respectively. Standard errors are in parentheses. Asterisks denote significance levels: * p<0.1, ** p<0.05, *** p<0.01.]

Furthermore, as the policy of constructing new energy demonstration cities primarily serves as an incentive-based policy, while the EPT policy is predominantly punitive in nature, it is observed that the coefficients of the core explanatory variable DID for the EPT policy are significantly positive or negative, whereas the virtual explanatory variable DID2 for the new energy demonstration city construction policy is not significant. This indicates that tax policies with punitive or mandatory characteristics have a more tangible effect, and the EPT policy more directly improves the health status of middle-aged and older adult individuals.



5.2.5 The relationship between self-rated health and expected future survival probability

Due to the potential mixture of randomness and subjectivity in respondents’ answers to self-rated health levels, this study employs objective responses regarding chronic diseases to supplement the assessment of middle-aged and older adult individuals’ health status. Additionally, we assess the correlation between respondents’ self-rated health and their expected future survival probability. If respondents answer the survey questions more seriously, their responses to questions with similar implications should be more consistent. Thus, the self-rated health variable should be more correlated with the expected future survival probability. Expected future survival probability reflects subjective life expectancy. In the Chinese CHARLS questionnaire, respondents are first grouped into different age ranges, and then asked about the likelihood of reaching a target age, which is approximately 10–15 years older than their actual age at the time of response (Groups A, B, C, D, E, F, G, H, and I; corresponding to ages less than 65, 65–69, 70–74, 75–79, 80–84, 85–89, 90–94, 95–99, and greater than or equal to 100; and target ages of 75, 80, 85, 90, 95, 100, 105, 110, and 115, respectively). Valid responses range from 1 to 5, representing almost impossible, unlikely, possible, likely, and almost certain, respectively. Since age is controlled for as a variable, there is no need to be concerned about its direct impact on respondents’ expectations of future survival probability. Table 5 presents the correlation between self-rated health and expected future survival probability. The first column does not include control variables, while the second column includes individual and urban factors. The results indicate a high consistency between self-rated health levels and respondents’ expected future survival probability, both significantly positive at the 1% level, suggesting a certain level of credibility in the self-rated health level, one of the explanatory variables. Additionally, the coefficient of the age variable in the second column of Table 5 is significantly negative at the 1% confidence level, indicating that as middle-aged and older adult individuals age, they have a clear awareness of approaching life expectancy, consistent with common sense.



TABLE 5 Relationship between self-rated health and expected future survival probability.
[image: Statistical table showing regression analysis results with two models. For Model 1, Health has a coefficient of 0.1883 with a standard error of 0.0073. Model 2 includes coefficients for Health (0.1879), Married (0.1161), Male (0.1352), Age (-0.0099), Educated (0.0124), clngdp (-0.0371), cggdp (0.0005), cratio2 (-0.0012), and cratio3 (-0.0017). Significance levels are indicated by asterisks. Both models have individual and year fixed effects controlled, a sample size of 74,282, and R-square values of 0.1279 and 0.1277, respectively.]





6 Mechanism test

Based on the theoretical analysis presented earlier, the EPT policy may enhance the health status of middle-aged and older adult individuals through two channels: the “emission reduction effect” and the “psychological effect.” The following sections of this paper examine the pathway mechanisms of the health effects of the EPT through these two channels.


6.1 Emission reduction effect of EPT

As an economic instrument, the EPT policy incentivizes enterprises and individuals to reduce emissions of pollutants, aiming to improve the environmental quality upon which public life depends. By increasing operational costs for enterprises, the EPT policy stimulates enterprises to seek methods to reduce pollutant emissions. Enterprises may adopt advanced technologies and production equipment, optimize and update production processes, and reduce emissions of pollutants such as exhaust gasses and dust during production to achieve the goal of reducing tax payments. Additionally, the EPT policy promotes transparency in corporate pollution information, drawing close attention from local governments. Due to the pressure faced by Chinese government officials in “political competitions,” where green environmental protection is an important component of performance assessments, government departments may exert pressure on high-polluting and high-emission enterprises, driving these companies to undergo green transformation or even closing down some irreparable polluting enterprises. With increased tax revenue, government departments have more funds available for environmental pollution control and new environmental protection projects, further improving environmental quality through investment in environmental projects.

According to the “Environmental Protection Tax Law of the People’s Republic of China,” taxable pollutants include atmospheric pollutants, water pollutants, solid pollutants, and noise, among others, among which atmospheric pollutants are subject to significant changes over time and space, making them susceptible to the influence of EPT policies. Therefore, this study focuses on observing changes in atmospheric pollutant concentrations in various cities in the pathway mechanism examination. In recent years, Chinese residents have been particularly sensitive to particulate matter (PM) and sulfur dioxide (SO2) pollution in atmospheric pollutants. When the concentration of such atmospheric pollutants reaches harmful levels, the conditions for normal public living and development are disrupted. This study selects PM10 and PM2.5, which are widely concerned by the public, as representatives of particulate matter pollution, and sulfur dioxide as a representative of sulfur oxide pollution, to examine the impact of EPT policies on the reduction of regional atmospheric pollutant emissions. The concentrations of PM10, PM2.5, and sulfur dioxide in prefecture-level cities are sourced from the “China City Air Quality Index” of the Guotai An database, measured in micrograms per cubic meter. The time window selected is from 2013 to 2022 to facilitate the organization and standardization of monthly data. Both PM10 and PM2.5 can remain suspended in the atmosphere for a long time and contain toxic and harmful substances, and their damage to human health has become an indisputable fact.

Table 6 presents the regression results of the EPT policy on the concentrations of PM10, PM2.5, and sulfur dioxide (SO2), both with and without control variables. The estimated coefficients of the core explanatory variable, DID, are negative in columns one through six of Table 6. Specifically, in columns one and two, the estimated coefficients are significant at the 5% confidence level, with approximate values of −2.5 without control variables and −2.4 with control variables. However, in columns three and four, although the estimated coefficients of DID are negative, they are not significant, and the absolute values of the coefficients are much smaller than those of the regression coefficients for PM10 concentration. This result indicates that after the implementation of the EPT policy, there is a decrease in both PM10 and PM2.5 concentrations in regions with increased pollution emission tax collection standards. However, the EPT policy has a more direct impact on PM10 concentration reduction, while reducing PM2.5 concentration poses some difficulty. This aligns with empirical findings and common intuition, as PM10 particles, with a diameter equal to or greater than 10 micrometers, settle more easily than PM2.5 particles, which have a smaller diameter. Therefore, the implementation of the EPT policy primarily reduces the concentration of PM10 particles that are more prone to settling, while the short-term effect on reducing PM2.5 concentration is less significant.



TABLE 6 Impact of EPT on air quality.
[image: Regression table displaying results for different pollutants (PM10, PM2.5, LNSO2) across six models. Variables include DID, clnGdfP, cggdp, cratio2, and cratio3, each with coefficients and standard errors. Fixed effects are controlled. Sample sizes range from 28,969 to 30,799. R-squared values vary from 0.0853 to 0.4463. Statistical significance is denoted by asterisks.]

Furthermore, the results in columns five and six indicate that the coefficients of the core explanatory variable, DID, pass the 10% significance test, with an estimated value of approximately −0.05. This suggests that after the implementation of the EPT policy, compared to regions without adjustments, sulfur dioxide emissions can be reduced by around 5% with adjusted tax rates. This demonstrates the effective role of the EPT policy in reducing emissions, lowering energy consumption and pollution emissions of social enterprises, directly reducing pollutant levels in the air, improving regional air quality, and thereby safeguarding the health of middle-aged and older adult individuals in the area.



6.2 Psychological effects of EPT

Environmental Protection Tax, as an economic instrument targeting environmental pollution, has a significant promoting effect on emission reduction and environmental protection by enterprises. However, due to its subtle impact on residents’ psychological well-being, it is often overlooked. The Environmental Protection Tax Law is China’s first single-line tax law specifically reflecting “green taxation” and has garnered widespread attention from various sectors of society. Through important promotional activities such as Tax Promotion Day, World Environment Day, and National Ecology Day, EPT policies have been popularized nationwide, enhancing public awareness of environmental protection and providing positive incentives to the public. Psychological health is closely related to physical health. This paper believes that the psychological effects of EPT policies on the public, especially middle-aged and older adult individuals, mainly manifest in two aspects: direct psychological effects and indirect psychological effects. Direct psychological effects refer to the impact directly on the psychological well-being of middle-aged and older adult individuals, while indirect psychological effects refer to the psychological impact caused by media dissemination and public searches.


6.2.1 Direct psychological effect

This paper uses sleep quality and memory condition as proxy variables for direct psychological conditions to study the direct psychological reactions of middle-aged and older adult individuals. The biological clock is an important mechanism regulating human sleep. Psychological health problems such as anxiety, depression, and stress make it difficult for individuals to relax and fall asleep, directly affecting their sleep quality. The method of using sleep quality to measure psychological health is partially based on the research of Xue and Ge (50) and has been modified based on the CHARLS questionnaire. Data is sourced from respondents’ answers to the question “the average actual sleep time per night in the past month,” which highlights the “actual sleep time,” excluding the interference time of “lying in bed but not sleeping or unable to sleep.” Longer actual sleep time indicates better sleep quality. Additionally, psychological health is closely related to memory condition. When psychological health is good, individuals are more likely to remember important information and experiences because psychological health helps individuals better regulate their emotions and mental states, avoiding negative effects on memory due to emotional fluctuations or anxiety. Therefore, using memory condition as a proxy variable for individual psychological health has scientific validity. Data is sourced from respondents’ answers to the question “how do you rate your current memory condition,” where the five levels of response from 1 to 5 represent excellent, very good, good, fair, and poor, respectively. Thus, smaller numerical values indicate better memory condition.

Based on the preceding analysis, EPT can easily influence residents’ behavior and psychology, thereby altering the health status of middle-aged and older adult individuals. The dependent variables in columns one and two of Table 7 are sleep quality and memory condition, respectively. It is found that the coefficients of the core explanatory variable, DID, are significant at the 5 and 10% confidence levels, with estimated coefficients of 0.0495 and −0.0167, respectively.



TABLE 7 The impact of EPT on psychological health.
[image: Table showing regression results for sleep quality and memory condition. Variables include DID, Married, Male, Age, Educated, clngdp, cggdp, cratio2, and cratio3. Each has coefficients and standard errors. Controls include individual and year fixed effects. Sample sizes are 89,692 for sleep quality and 89,288 for memory condition, with R-square values of 0.0038 and 0.0020, respectively. Statistical significance levels are marked with asterisks.]

The above results indicate that after the implementation of EPT policies, areas where pollution emission tax standards have been raised show an increase in sleep duration among middle-aged and older adult individuals, leading to improved sleep quality and memory, thereby significantly enhancing their psychological health status. Furthermore, among the controlled variables, the coefficient of the marital status variable on sleep quality is 0.3263, significant at the 1% level, consistent with previous research. While the common understanding that sleep quality deteriorates with age seems to be reflected in this study, it is not significant. Therefore, EPT policies may have a potential impact on the psychological health of middle-aged and older adult individuals. Firstly, they serve a psychological suggestive role, and secondly, they contribute to environmental improvement. These factors collectively contribute to enhancing the quality of life for middle-aged and older adult individuals, thereby safeguarding their physical and mental health.



6.2.2 Indirect psychological effect

In this study, environmental awareness is utilized as a proxy variable for indirect psychological effects, encompassing the media indices and mobile device search indices of environmental pollution and haze, all obtained from Baidu Index. Prior research has often employed Baidu Index to measure variables such as investor sentiment, industry attention, and investor interest (51). In this context, regional indices related to environmental issues are employed to measure residents’ environmental concern, indirectly reflecting their psychological responses. It is well known that news media serves as a primary channel for citizens to acquire information and understand the world, and the content of news media affects individuals’ psychological health. The media index reflects the extent to which citizens passively receive information from media platforms, but due to differences in information processing abilities, it cannot fully represent citizens’ own emotions. Conversely, mobile device search indices primarily reflect citizens’ subjective initiative, with fluctuations in search indices being closely related to the zeitgeist and individual concerns. By examining the impact of EPT policies on news media and search indices, this study indirectly explores changes in citizens’ psychological activities and thereby verifies the indirect psychological effects of EPT.

The EPT policies are closely related to public life, and related topics often become the focus of local media. Table 8 describes the impact of the implementation of EPT on environmental indices of media and search. The first and second columns depict the effects on relevant news and search indices related to “environmental pollution,” while the third and fourth columns describe the effects on haze-related news and search indices. According to the results in the first and third columns, following the implementation of EPT policies, media coverage of “environmental pollution” and “haze” increases with the rise in pollution emission tax standards. Since haze is one of the conditions caused by environmental pollution, the effect of reporting on environmental pollution is more pronounced. Therefore, environmental pollution tax policies promote regional attention to environmental issues, with local media paying more attention to news related to environmental pollution.



TABLE 8 The impact of EPT on search indices.
[image: A table with four columns showing indexes related to environmental pollution and haze in news media and mobile search. Key variables include DID, clngdp, cggdp, cratio2, and cratio3. Each column displays numerical values, with standard errors in parentheses. Individual and year fixed effects are controlled. Sample sizes are 186 for media indexes and 372 for mobile indexes. R-squared values range from 0.2278 to 0.6328.]

However, there is a discrepancy between the results of the second and fourth columns. The estimated coefficient of the core explanatory variable DID in the second column is 4.2881, significant at the 10% confidence level, while in the fourth column, the coefficient is −18.6843, significant at the 5% confidence level, with the two coefficients being opposite. The implementation of EPT policies leads to an increase in mobile device search volume for environmental pollution and a decrease in search volume for haze, indicating an increase in residents’ attention to environmental pollution but a decrease in their attention to haze. The reason for this result may be that after the implementation of EPT, influenced by government propaganda and media coverage, residents are more likely to focus on environmental pollution and actively search for news related to environmental pollution. At the same time, the air quality in the region may improve, leading to a significant decrease in residents’ searches for haze-related information. Psychological factors, as reflected through news media dissemination and mobile device searches, demonstrate the effects of environmental pollution tax policies, indicating an enhancement in residents’ psychological resilience and attention in regions where pollution tax standards are raised.





7 Heterogeneity test


7.1 Urban and rural

According to the theory of environmental equity, the impact of environmental pollution on the health levels of different social groups varies. Under the same environmental policy, the effects of health improvement among different social groups may exhibit significant disparities. By analyzing the characteristics of different groups of older adult individuals in urban and rural areas, we can capture the underlying mechanisms of the impact of EPT on health levels and thereby identify public groups sensitive to environmental regulatory policies. From the perspective of the environmental transmission mechanism, since the main subjects of EPT collection are pollution-intensive enterprises, and most of China’s enterprises are located in urban development zones, severe industrial emissions and noise pollution issues have arisen. In contrast, rural soil and water pollution mainly stem from agricultural production activities, which are less affected by EPT. Additionally, rural areas boast higher levels of green coverage compared to urban areas, with rich natural ecological environments. However, from the perspective of the psychological transmission mechanism, due to higher levels of education and information acquisition capabilities among urban residents compared to rural residents, urban residents possess a stronger environmental awareness. Consequently, at the psychological perception level, urban residents exhibit greater sensitivity to environmental improvements, thereby increasing the likelihood of psychological well-being improvements and subsequently enhancing health levels.

Table 9 reflects changes in the health levels of urban and rural older adult individuals following the implementation of EPT. The first and second columns, respectively, indicate the effects on the prevalence of chronic diseases and self-rated health among urban older adult individuals following the implementation of EPT, while the third and fourth columns depict the effects on the prevalence of chronic diseases and self-rated health among rural older adult individuals. The regression process includes control variables for individual characteristics and urban features. Overall, EPT leads to a decrease in the prevalence of chronic diseases and an improvement in the self-rated health levels of the older adult. However, from the analysis of significance, it is evident that the estimated coefficient of the core explanatory variable DID in the second column is significant at the 1% level, with a coefficient of 0.0618, indicating a significant improvement in the self-rated health levels of urban residents due to EPT. In contrast, the estimated coefficient of DID for self-rated health among rural older adult individuals in the fourth column is not significant. Since self-rated health is closely related to psychological perception channels, this finding further corroborates the psychological channels through which EPT enhance the health levels of the older adult.



TABLE 9 Urban–rural disparities.
[image: Table displaying regression results for urban and rural variables related to disease and health. Key variables include DID, Married, Male, Age, Educated, among others, with coefficients and standard errors in parentheses. Statistical significance is indicated by asterisks. The analysis includes individual and year fixed effects controls, with sample sizes ranging from 35,166 to 54,085, and R-square values from 0.0043 to 0.0095.]

On the other hand, the estimated coefficient of DID in the third column is significantly negative at the 1% level, with a coefficient of −0.0303, indicating a significant decrease in the prevalence of chronic diseases among rural older adult individuals following the implementation of EPT. In contrast, the coefficient of DID in the first column is not significant, implying that in terms of actual physical health, the implementation of EPT significantly improves the health levels of older adult individuals in rural communities through environmental protection channels. This may be due to inadequate levels of medical care and prevention awareness among rural residents. The environment, as an exogenous variable, is crucial for the prevalence of chronic diseases among rural older adult individuals. Therefore, following the implementation of EPT, the chronic disease status of rural older adult individuals significantly improves.



7.2 Middle-aged and older adult

The implementation of EPT has varying effects on middle-aged and older adult individuals. In China, the typical retirement age for women is 55, and for men, it is 60. According to international standards, individuals aged 60 and above are considered older adult. Therefore, this study divides the middle-aged and older adult population into two categories: those under 60 and those aged 60 and above. Generally, older adult individuals experience a decline in physical function and may be more sensitive to harmful substances in the environment, making them more susceptible to the effects of environmental pollution. Clean, safe, and peaceful living environments are crucial for the quality of life of the older adult and contribute to improving their mental health. However, middle-aged individuals still face pressures related to raising children and caring for older adult parents. Instances of psychological burdens and stress among middle-aged individuals are not uncommon in China. A pleasant environment can alleviate these situations through psychological channels. Therefore, if EPT improve the health levels of middle-aged and older adult individuals through environmental channels, the coefficients should be more significant among the middle-aged and older adult population. Conversely, if they improve health levels through psychological channels, the coefficients should be more significant among the middle-aged population. Studies have found that EPT have a more significant effect on the physical and mental health of older adult individuals, as long-term environmental pollution significantly exacerbates chronic disease symptoms among the older adult.

According to Table 10, the first and second columns, respectively, indicate the effects of EPT on the prevalence of chronic diseases and self-rated health among the older adult, while the third and fourth columns represent changes in the prevalence of chronic diseases and self-rated health among middle-aged individuals following the implementation of EPT. Overall, EPT has effectively reduced the prevalence of chronic diseases in both groups and improved the self-rated health of middle-aged and older adult individuals. However, there is a considerable difference in the significance between the two groups, with a higher significance observed among the older adult population. The coefficient of the main explanatory variable DID in the first column of Table 10 is significant at the 1% level, with a coefficient of −0.03, indicating a more significant improvement in the chronic disease status of the older adult due to the implementation of EPT. Furthermore, the coefficient of DID in the second column of Table 10 is significant at the 5% level, with a coefficient of 0.0395, while the coefficient of DID in the fourth column is not significant, indicating that the implementation of EPT policies significantly improves the self-rated health of the older adult. Whether through psychological or environmental channels, the older adult benefit more significantly from EPT policies.



TABLE 10 Age differences.
[image: Regression results table showing the effects of various variables on health measures for two age groups: "60 and above" and "Less than 60". The table includes coefficients, standard errors, and significance levels for variables such as DID, Married, Male, Age, Educated, clngdp, cgdp, cratio2, and cratio3. Both individual and year fixed effects are controlled. Sample sizes and R-squared values are provided for each model.]



7.3 Educational disparities

The impact of residents’ educational levels on their health status is multifaceted, with educational attainment indirectly affecting lifestyle, work environment, and health behavior among Chinese residents. Due to constraints in resources and capabilities, individuals with higher levels of education tend to possess richer health knowledge, engage more easily in high-paying and low physical-demanding jobs, and enjoy better working environments and conditions, thereby experiencing lower risks of physical fatigue and illness. Conversely, residents with lower levels of education are more likely to engage in manual labor or work in unfavorable environments, making them prone to health issues.

Through indirect effects, individuals with lower educational attainment often prioritize livelihood and daily needs, leaning toward short-term behaviors and lacking sufficient environmental awareness and skills, thus overlooking the long-term impacts of their environment. Table 11 measures the changes in health status among two groups: those with a junior high school education or below and those with a high school education or above, following the implementation of EPT policies. The grouping rationale stems from the fact that in China, completing junior high school is considered the completion of basic educational requirements, as the nine-year compulsory education system in China ends with junior high school graduation.



TABLE 11 Disparities between those with junior high school education or below and those with high school education or above.
[image: Data table comparing variables across education levels related to disease and health outcomes. It includes coefficients and standard errors for variables such as DID, Married, Male, Age, and Educated among others. Results are split between "Junior high school education or below" and "High school education or above" for "Isdisease" and "Health". Notable values are marked with significance levels, indicated by asterisks, representing statistical significance. Individual and year fixed effects are controlled, with sample sizes and R-squared values provided for each column.]

The first two columns of Table 11 refer to middle-aged and older adult individuals with an educational level of junior high school or below, while the third and fourth columns refer to those with an educational level of high school or above. The results indicate that overall, following the implementation of EPT policies, the prevalence of chronic diseases among middle-aged and older adult individuals gradually decreased, and self-rated health levels gradually improved. The coefficients of the core explanatory variable DID in the first and second columns are significant at the 1% level, with estimated coefficients of −0.0257 and 0.0338, respectively. However, the coefficients of the explanatory variable DID in the third and fourth columns are not significant, indicating that the impact of EPT policies on improving the health status of individuals with lower educational levels is more significant.

These results suggest that EPT influence health status through environmental channels. Relative to individuals with higher educational attainment, those with lower educational levels have limited autonomy in choosing their work environment. Nevertheless, EPT can significantly improve the overall urban environment, thereby enhancing the health status of middle-aged and older adult individuals with lower educational levels.




8 Conclusion

This study employs the implementation of the EPT policy in 2018 as a quasi-natural experiment to assess its specific effects on the health status of middle-aged and older adult individuals. The research findings indicate that the implementation of the EPT significantly improves the self-rated health status of middle-aged and older adult individuals and reduces the incidence of chronic diseases. Moreover, after robustness checks and the elimination of other interfering factors through various methods, the results remain robust. The EPT policy enhances the health status of middle-aged and older adult individuals through two channels: the “emission reduction effect” and the “psychological effect” with the latter further divided into direct and indirect psychological effects, all of which are supported to a certain extent. The reduction in pollutants such as PM10 particles and sulfur dioxide improves regional air quality. The EPT policy is conducive to regulating residents’ emotions, improving sleep quality and memory conditions, and increasing the dissemination and attention of environmental news.

Finally, by analyzing different groups (urban–rural divide, middle-aged vs. older adult, individuals with different levels of education), the article further explores the heterogeneity of the effects of EPT policies. It is found that due to the differential impact of environmental pollution on various social groups’ health, there are differences in the mechanisms through which EPT policies affect different groups. The EPT significantly improves the chronic disease status of rural residents, the self-rated health status of urban residents, and the health status of older adult individuals and those with a junior high school education or below.

This study confirms the importance of environmental policy in promoting public health. Despite providing many valuable findings and policy recommendations, there are still some limitations and shortcomings that require further research and improvement. Firstly, the environmental protection tax policy involves multiple factors, including tax rate settings, collection methods, and the implementation strength of local governments. This paper may not have fully considered the impact of these complex factors when evaluating policy effectiveness. Further research could reveal these differences through more detailed analysis. Secondly, there are many primary indicators to measure the health levels of middle-aged and older adult. This study uses data from the China Health and Retirement Longitudinal Study (CHARLS), selecting representative indicators from the survey questionnaire. Although the data has a certain level of authority, the objectivity and authenticity of the survey questionnaire need to be further enhanced. Subsequent research can pay attention to newer and better data. Finally, the impact of the environmental protection tax on health may gradually emerge in the long term. Short-term data may not fully reflect the long-term effects of the policy. Therefore, more long-term follow-up data is needed to verify the stability and durability of the research conclusions.

This study clarifies the health effects of the environmental protection tax, its impact pathways, and population differences, having multiple policy implications. Firstly, it improves public health levels. By reducing pollutant emissions, the environmental protection tax effectively improves air and water quality, reducing the exposure of middle-aged and older adult to harmful substances, thereby lowering the incidence of chronic diseases such as respiratory and cardiovascular diseases. Secondly, it promotes ecological environmental protection. As a market-oriented environmental regulation tool, the environmental protection tax forces enterprises to internalize environmental costs. Through the “emission reduction effect” channel, it improves the health levels of the middle-aged and older adult, helping to curb the trend of environmental quality deterioration. Thirdly, it promotes social equity. The harm of environmental pollution to health often manifests more significantly in socially disadvantaged groups. Middle-aged and older adult, as physically weaker groups, are more affected by pollution. The environmental protection tax has different impacts on urban and rural areas, middle-aged and older adult populations, and people with varying educational levels, thus promoting social equity. Fourthly, it advances environmental policy innovation. The environmental protection tax features “national baseline with local flexibility,” allowing governments to formulate more flexible and precise environmental protection tax policies based on the specific circumstances of different regions, further enhancing the effectiveness and targeting of the policy. Finally, it provides international reference experience. As the largest developing country and the largest sulfur dioxide emitter in the world, China’s implementation and effectiveness of the environmental protection tax policy hold significant reference value for other developing countries.
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Introduction: This study aims to develop a comprehensive evaluation model for urban tourism competitiveness in China. Given China's transition into a mature tourist destination, there is a pressing need for a framework that can assess the effectiveness of its urban tourism strategies. The model presented in this study is designed to provide a holistic understanding of the factors influencing urban tourism competitiveness in the Chinese context.
Methods: The methodology employed in this study combines both qualitative and quantitative approaches. A modified version of Porter's Diamond Model serves as the primary framework, augmented by the IMD World Competitiveness Center: International Institute for Management Development (IMD) framework to incorporate social governance and environmental dimensions. To derive comprehensive scores for sustainable development, a linear weighted evaluation method was used, incorporating the coefficient of variation entropy weight method. This approach allows for a quantitative assessment of urban tourism competitiveness from 2008 to 2019.
Results: The key findings of the study reveal significant challenges within the current urban tourism landscape in China. These challenges include homogeneous competition, a lack of strategic management, and insufficient service quality. Furthermore, the study identifies the need for greater emphasis on sustainable tourism development, balancing economic benefits with the preservation of cultural and natural assets.
Discussion: Based on the findings, the study proposes several solutions to address the identified challenges. These solutions include creating boutique inland tourism routes, developing unique urban tourism brands, and enhancing regional cooperation and management practices. Additionally, the study emphasizes the importance of integrating community development and services into the evaluation model to foster sustainable tourism development. The proposed solutions offer actionable insights for policymakers and planners seeking to improve the competitiveness and sustainability of urban tourism in China.
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1 Introduction

Sustainable development aims to harmonize the growth of ecology, economy, and society, encapsulated in the “dynamic element,” “quality element,” and “equity element” of sustainable development (1). Evaluating sustainable development is crucial for guiding urban sustainable development strategies and providing a basis for formulating and implementing these strategies. The UN Sustainable Development Goals (SDGs) propose a globally applicable framework, including 17 major goals and 169 sub-goals (2). The UN SDGs are a universal call to action to end poverty, protect the planet, and ensure that all people enjoy peace and prosperity by 2030. The 17 SDGs are integrated, recognizing that action in one area will affect outcomes in others and that development must balance social, economic, and environmental sustainability. Since their implementation, scholars have aligned previous research with the SDGs, analyzing sustainable development and proposing frameworks for global implementation while addressing China's specific challenges (3). This study emphasizes the importance of multi-stakeholder collaboration in achieving sustainable tourism goals.

Tourism-oriented cities have become vital in implementing new development concepts and establishing new urban development patterns (4). Sustainable development evaluation and strategy implementation at the city level are crucial for high-quality tourism and urban growth (5). Assessing urban tourism competitiveness is essential for promoting sustainable urban development (6).

Numerous models and evaluation systems have been developed to assess the sustainability and competitiveness of tourism-oriented cities. Savage et al. believe that they constructed a set of indicators to measure the sustainability of urban tourism. Unlike the traditional static evaluation, Blancas et al. established a dynamic evaluation index suitable for tourism-oriented cities through the target planning method, including 29 social indicators, 36 economic indicators, and 20 environmental indicators. The problems in urban tourism are analyzed, and the ways to improve urban tourism competitiveness are put forward to promote the improvement of the overall urban tourism competitiveness (7). Wu et al. analyzed the sustainability and competitiveness of tourist cities through data envelopment analysis and efficiency measurement (8). Shao et al. constructed a tourism-based urban sustainable development evaluation index system composed of three major systems, 14 pillars, 37 independent indicators, and six comprehensive indicators, adopted the linear weighted judgment method of indicators based on the coefficient of variation-entropy method, and introduced technical methods such as coupling degree and coupling coordination degree analysis, gray correlation degree analysis, and obstacle degree analysis to establish a comprehensive evaluation technology system (4). Kim et al. proposed and validated the Slow City Tourism Evaluation Index (SCTEI). This provides a practical guide for determining the sustainable tourism performance of slow cities and a standardized tool (9). Tourism-oriented cities have prominent tourism functions, and tourism is their main function. The sustainable development of tourism-oriented cities must rely on the landscape resource system, the economic dynamic system, and the social governance system. The UN SDGs set forth a vision for a sustainable future that is inherently linked to the development of tourism-oriented cities. With tourism as a central function, these cities play a pivotal role in achieving SDG 11, which calls for making cities inclusive, safe, resilient, and sustainable. To align with this vision, tourism-oriented cities must be underpinned by a robust landscape resource system that preserves natural beauty, an economic dynamic system that fosters growth and job creation, and a social governance system that ensures equity and participation. The sustainable development of such cities hinges on the coordinated evolution and harmonious interplay of these three systems. This integrated approach is essential for harnessing the full potential of tourism to contribute to the SDGs' social, economic, and environmental objectives, recognizing that success in one area can create a ripple effect across others (10).

Despite the advancements in evaluating urban tourism competitiveness, there remain challenges in creating a universally accepted competitiveness evaluation index system. Existing systems often lack basic socioeconomic data and fail to capture the full development potential of tourism-oriented cities (7). Furthermore, most research remains theoretical, with limited quantitative evaluation and practical application based on the SDGs (5). This study aims to address these gaps by developing a comprehensive evaluation framework for the sustainable development of tourism-oriented cities, integrating both quantitative and qualitative measures. This research contributes to the field by providing actionable insights for policymakers, urban planners, and tourism operators, enhancing the understanding and implementation of sustainable development strategies in the tourism sector.

This research enriches the theoretical framework of urban tourism competitiveness by integrating community construction and service into the evaluation model, offering a more holistic assessment. A comprehensive, quantitative model has been developed, combining Porter's competitiveness model and the IMD framework, specifically tailored to China's urban tourism context. The study ensures economically viable and ecologically sustainable growth by aligning urban tourism competitiveness with sustainable development principles. Empirical data from Chinese cities and actionable recommendations for policymakers and urban planners are provided, bridging the gap between theory and practice. This tailored approach addresses the specific needs of China's rapidly developing urban tourism sector, making the findings relevant and applicable.

The Introduction section elucidates the relevance of urban tourism competitiveness in the context of economic development and sustainable urban growth. The “Literature review” section introduces the theoretical models, focusing on Porter's competitiveness model and the IMD framework, which underpin the evaluative approach of the study. The “Model analysis of urban tourism competitiveness” section provides a detailed account of the development of the evaluation system and the process of impact factor analysis utilized in the study. The “Problems and countermeasures of urban tourism development” section presents the key insights from the study, discussing their strategic significance for policymakers and urban planners. The Conclusion section offers a synthesis of the research, highlighting its contributions to the field and suggesting potential avenues for future research.

The significance of this study is as follows:

	(1) Contribution to theory: The research enriches the theoretical framework of urban tourism competitiveness by integrating community construction and service into the evaluation model.
	(2) Methodological advancement: By employing a combination of Porter's Diamond Model and the IMD framework, the study offers a robust methodology for evaluating urban tourism competitiveness.
	(3) Empirical data utilization: Empirical data from Chinese cities allows the study to provide grounded and context-specific insights.



2 Literature review


2.1 The origin of urban tourism

The current limited research has no accepted definition of “urban tourism” (11). Due to the wide and complex scope of “urban tourism” and its varying meaning from place to place, the characteristics of each city and evolving times lead to a constant change in the category of “urban tourism” (12). From the point of view of explaining the status of the city in the urban culture, the city geographically gathers various scenic spots, and the layout of the city can best meet the tourism and living needs of tourists and local residents (13):

(1) From the perspective of how to study urban travel deeply, Chi believes that the theoretical research of “urban travel” must involve studying the social and psychological factors affecting tourists' activities, especially their motivation, from the perspective of how tourists choose motivation (14).

(2) Authors explore the creation of a new urban tourism space through platforms like Airbnb (15). Urban travel includes tourists' travel behavior in the city, including social, cultural, economic, and ecological activities.

	(3) Sirkis et al. have posited that the term “urban tourism” serves as an umbrella concept, encapsulating the entirety of sightseeing engagements within the urban landscape (16). Their perspective highlights the multifaceted nature of city exploration as a core component of urban tourism. Sightseeing refers to all the material and spiritual consumption activities of tourists in the city. For the tourism industry, it refers to all the material and spiritual consumption activities of tourists in the city.
	(4) Dai et al. have articulated that the essence of urban tourism lies in its capacity to offer a diverse array of sightseeing and recreational experiences inherently facilitated by the urban environment (17). They further extend the definition to acknowledge that, in a more encompassing sense, urban tourism also subsumes the organization and attendance of conferences and exhibitions, thereby expanding the purview of urban tourism to include these significant aspects of city-based activities. The connotation of urban tourism is decomposed into eight aspects, constructed as an octahedron model (18), as shown in Table 1.


TABLE 1 Octahedral model of urban tourism.

[image: A table comparing the connotation and specific content of city tourism. Columns include "The connotation of city tourism" and "The specific content of city tourism." Rows describe elements like Four-fold meaning, Quadruple area, Gravity, Environment, Industry, Market, and Scale, each detailing specific aspects like attractions, environments, industries, and markets in city tourism.]

The abovementioned concept of “urban travel” is mainly analyzed by scholars based on why tourists choose a certain city as their target travel destination. However, different scholars have different understandings and interpretations of “urban travel.” The concept of “urban travel” is multifaceted, and scholars have approached its definition from various angles. Bingöl has defined “urban travel” from a regional perspective, focusing on the unique characteristics of a specific area that influence tourists' choices (19). This perspective is crucial for understanding the cultural, geographical, and historical nuances shaping the urban travel experience. Conversely, Xu et al. have offered a redefinition of “urban travel” that encompasses a broader set of characteristics, including the economic aspects of travel within a city (20). Their approach highlights the idea that urban travel is a comprehensive experience that includes visiting tourist attractions and engaging in a wide range of activities that contribute to the city's economy and cultural life. The integration of both perspectives facilitates a comprehensive understanding of urban travel, acknowledging the distinctiveness of regional experiences alongside the overarching trends that influence the broader scope of urban tourism. This synthesis allows for a more nuanced appreciation of the multifaceted nature of urban travel, encompassing both the unique cultural and geographical attributes of specific urban destinations and the economic and social dynamics that contribute to the vibrancy of urban tourism. Looking at the research results of urban travel abroad, the main purpose of this study is to grasp the important essence of the urban travel process. Therefore, the basic definition of urban travel proposed in this study can be clearly defined as follows: Urban travel should first be the main attribute of the city, followed by tourist attractions, which are produced in the city and involve a higher level of people's spiritual and cultural life, the rich and colorful urban cultural content, and the synthesis of various urban travel events and processes (21). The scope of tourist cities in urban tourism includes foreign tourists, Chinese tourists, and residents (22). The object of urban tourism includes all the material and non-material elements of the city, such as humanities, natural features, literature and art, history, industry, architecture, and residents (23). Urban tourism encompasses a rich tapestry of elements that contribute to the city's allure for tourists. These elements have been categorized for clarity: (1) Cultural Elements: This element includes the city's history, cultural heritage sites, and artistic contributions that enrich the visitor experience. (2) Natural Elements: This element refers to the city's natural landscapes, green spaces, and environmental features that attract nature enthusiasts. (3) Economic Infrastructure: This element comprises the business amenities, industry presence, and commercial activities that form the economic backbone of urban tourism. (4) Social Fabric: This element encompasses the community, local governance, and societal norms that shape the urban identity and visitor interaction.



2.2 Definition of the concept of urban tourism competitiveness

Our tourism competitiveness is not only different from that of other industries but also from that of regions and countries (24). Therefore, it is necessary to distinguish urban tourism competitiveness at the extension level. Urban strength is an overall and comprehensive ability that is influenced by the following conditions. First of all, it has a very clear scope of existence. On the other hand, the competitiveness of urban tourism enterprises is not only the competitiveness of the enterprises themselves but also extends beyond traditional fields or industries. Second, it simultaneously exhibits characteristics of both industry and enterprise competitiveness. The competitiveness of urban tourism is also the competitiveness of enterprises under these influences. It requires competitiveness in the tourism industry, urban tourism industry, and enterprise level (25).

Having established the unique scope of urban tourism competitiveness, exploring the industry characteristics that define this competitiveness is essential. Unlike other industries, urban tourism's competitive edge is not only a function of individual enterprise strength but also the collective attributes of the urban environment that foster tourism. The urban tourism industry's characteristics include its reliance on a rich tapestry of resources, its responsiveness to market demands, and its ability to leverage the city's unique cultural and historical offerings. These characteristics are influenced by a combination of factors such as the city's tourism infrastructure, the quality of its management practices, and the broader socioeconomic and political contexts.

The analysis presented indicates that the city's tourist competitiveness is predominantly centered on the tourism industry. Under the joint influence of its own quality and the overall tourism development conditions, in the process of urban tourism development of the city, the city, like other metropolises in China, has the ability to use tourist resources, possess tourist resources, create tourist resources, and create basic living ability for citizens. A city's tourism competitiveness is closely related to its number of tourist resources. It is also influenced by the local tourism company's operation strategy and operation mode, their management practices, vigorous economic and social development, and changes in the city's political situation. It is also affected by a series of factors, such as social security in the city. The urban historical and cultural landscape, natural landscape, and tourist landscape constitute the main components of urban tourism competitiveness and are the primary drivers of sustainable urban tourism development. “Urban tourism competitiveness” is defined as the scope of competitiveness in the region where the city is located, which is more conducive to simplifying and deepening the problem (26). Figure 1 shows the statistics of total domestic tourism revenue in China from 2015 to 2020.


[image: Line graph showing total domestic tourism revenues and year-on-year growth rate from 2015 to 2020. Revenues increase steadily from 2015 to 2019, peaking at 2019, then drop sharply in 2020. Year-on-year growth rate fluctuates between 10% and 15% from 2016 to 2019, then falls to -60% in 2020.]
FIGURE 1
 Statistics of China's total domestic tourism revenue from 2015 to 2020.




2.3 Sustainable development theory and its relevance to urban tourism

The seminal concept of “sustainable development” emerged from the report “Our Common Future,” authored by a group led by Gro Harlem Brundtland, the former Prime Minister of Norway (27). This report catalyzed the global adoption of the term, which has since permeated media, academia, and policy discussions. The Global Council for Environment and Resource Development, under the leadership of Maurice Strong, encapsulates sustainable development as “growth that can meet the needs of the present without compromising the ability of future generations to meet their own needs.” This definition highlights three core dimensions: human development, economic growth, and ecological protection.

The link between sustainable development and urban tourism is particularly salient. Urban tourism is contingent upon environmental preservation for its existence and growth as a sector. However, the tourism industry can inflict irreversible environmental harm if it is not stewarded toward sustainability, leading to ecological degradation and compromised tourist experiences. This is evident in the overt exploitation of natural landscapes, aggressive commercialization of heritage sites, and unchecked proliferation of tourism infrastructure, which can erode the integrity of both natural and cultural environments.

According to sustainable development principles, urban tourism must be developed harmoniously with the natural environment and societal needs. It should be designed to support the tourism service industry in a manner that is protective of natural resources, culturally sensitive, and economically viable. This ensures that while the industry caters to the demands of international and local tourists, it also secures the long-term wellbeing of the community and the environment.

The sustainable development paradigm offers a constructive framework for the tourism industry in urban contexts. It advocates for an approach that integrates environmental conservation with socioeconomic objectives. In China, this has significant implications for the tourism sector, necessitating a shift toward more sustainable practices that balance the needs of current and future tourists and residents alike.




3 Model analysis of urban tourism competitiveness


3.1 Porter competitiveness model

The strength of a local enterprise is indicative of the overall competitiveness of a regional enterprise, which is not merely a horizontal comparison. It reflects a complex interplay of factors contributing to the enterprise's ability to perform and adapt to its economic environment. Within the scope of international competitiveness analysis, one of the most meaningful and credible classical research models is the Diamond Model provided by Dr. Michael E. Porter (28). As illustrated in Figure 2, this model offers a comprehensive framework that transcends simplistic comparisons, delving into the underlying dynamics that shape the competitive landscape of industries and regions.


[image: Flowchart illustrating interactions between components of competitive advantage. Central to the chart are boxes labeled "Corporate strategy, organization, state of competition," "Production factor," "Demand factor," and "Related and supporting industries." Arrows indicate dynamics and influences with "Government" and "Opportunity" shown as external factors.]
FIGURE 2
 Diamond model.


The Diamond Model delineates four pivotal and interrelated dimensions that underpin the comparative advantage of regions. These dimensions encompass firm strategy, structure, rivalry, the industry context, factor conditions, and the presence of related and supporting industries. Furthermore, the fundamental elements of market dynamics and government policy exert a reciprocal influence on these dimensions, shaping a complex interplay of promotion, constraint, and interaction that defines diverse competitive landscapes. This analytical framework is emblematic of competitiveness studies, characterized by its broad applicability across various industries and economic sectors. Scholars have extensively utilized Porter's Diamond Model to dissect the competitive profiles of numerous industries.

Nonetheless, the challenge lies in adapting this universally applicable model to the tourism sector, which is marked by its distinct attributes. Such an endeavor may encounter issues such as rigid replication and practical challenges, including incompleteness, misalignment, irrelevance, lack of context-specific relevance, and a dearth of innovation. To address these, a tailored approach that respects the model's foundational principles while accommodating the unique nuances of the tourism industry is essential.

This study adapts Porter's Diamond Model by integrating additional frameworks and emphasizing critical tourism-related factors to address the tourism industry's unique characteristics and specific challenges. Specifically,

	1) Integration of the IMD Framework: Combining Porter's Diamond Model with the IMD framework allows for a more comprehensive analysis by incorporating social, governance, and environmental dimensions critical for sustainable tourism development.
	2) Community Construction and Service: Emphasizing community construction and service helps create unique tourism experiences and promotes sustainable growth. This focus addresses the rigid duplication and lack of innovation by highlighting the importance of local community involvement and innovative service offerings.
	3) Addressing Incompleteness and Irrelevance: By including factors such as cultural heritage, local governance, and environmental sustainability, the adapted model covers aspects crucial for the tourism industry that may be missing from the traditional model.
	4) Promoting Innovation: The adapted model encourages innovative practices by recognizing and rewarding initiatives that enhance the competitiveness and sustainability of tourism destinations.



3.2 Model of sustainable competitiveness of tourism destinations

The field of tourism competitiveness research faces significant gaps, particularly in the study of tourism competitiveness models. Most existing research is concentrated abroad, with limited representation in diverse contexts. Key models include the tourism destination sustainable competitiveness model (29), the Calgary model for tourism competitiveness (30), and others exploring sustainable determinants of market competitiveness within developing tourism sectors (31). Among these, the tourism destination sustainable competitiveness model is a prominent analysis tool. Originating from the international tourism competitiveness model proposed by J.R. Brent, Ritchie, and Geoffrey Crouch (32), this model has been pivotal in shaping tourism competitiveness research.

However, a critical drawback of the tourism destination sustainable competitiveness model is its failure to differentiate between low-level and high-level production factors. Instead, it tends to categorize factors under comparative advantage, inadvertently expanding the scope of comparative advantage while diminishing the delineation of competitive determinants. Moreover, like many contemporary tourism competitiveness models, it grapples with the challenge of quantifying most listed factors accurately. This limitation hinders its utility in quantitative measurement and analysis, which are essential for rigorous empirical validation and comparative studies.

In urban tourism contexts, where sustainable development and competitive positioning are increasingly crucial, these models play a pivotal role. By focusing on sustainable practices and comprehensive planning, urban destinations can optimize their appeal while managing challenges such as environmental impact and visitor management. Despite its shortcomings, the tourism destination sustainable competitiveness model offers a robust framework for understanding and enhancing tourism competitiveness. Addressing its issues in factor differentiation and quantitative assessment would strengthen its applicability in diverse urban tourism settings, fostering more sustainable and competitive destination development strategies.



3.3 Model construction and analysis

The urban tourism strength is underpinned by its core competitiveness, scale competitiveness, basic competitiveness, and the capacity of the competitive environment to provide support. The interplay between tourism and scale is reflected in the relative positioning of these four types of competitiveness. Core competitiveness and the capacity of the competitive environment to support are situated at the periphery of the city's core, flanking basic competitiveness and scale competitiveness.

The sphere model's greatest advantage lies in its ability to elucidate that core competitiveness is the fundamental basis for urban tourism development. It highlights the significance of large-scale competition and the support of the competitive environment, allowing for a distinction between the city's overall tourism strength and the mere aggregate strength of its tourism sector. The former embodies the city's prospective comprehensive strength to a certain degree, while the latter represents the historical achievements of urban tourism development. These achievements are integral to the overall comprehensive competitiveness and have become established facts.

By leveraging the aforementioned model and establishing a detailed evaluation index system, one can select relevant statistical data and employ mathematical methods for a quantitative analysis. This approach enables a comprehensive and objective assessment of a specific city's tourism competitiveness. As depicted in Figure 3, this methodology offers a structured way to evaluate and understand the multifaceted strengths contributing to a city's tourism appeal.


[image: Four overlapping ovals representing different types of competitiveness. The green oval at the top is labeled "Basic competitiveness," the blue oval on the left is "Environment competitiveness," the purple oval on the right is "Develop scale competitiveness," and the central orange oval is "Core competitiveness."]
FIGURE 3
 Model of urban tourism competitiveness.




3.4 Coefficient of variation entropy weight method

The coefficient of variation entropy weight method is a multi-step process used to determine the weights of various indicators in evaluating the comprehensive score of sustainable development. This method combines the coefficient of variation and entropy weight methods to improve the objectivity of the weighting process.

Steps to calculate the coefficient of variation entropy weight:

	(1) Standardization of data:

Standardize the raw data to eliminate the influence of different units and dimensions. The standardized value Xij for the j−the indicator of the i−th year is given by the following equation:

[image: Formula for normalization: X sub i j equals (X sub i j minus X sub j min) over (X sub j max minus X sub j min), labeled as equation 1.]

where [image: \(X_{j}^{\text{min}}\) is a mathematical notation, representing the minimum value of variable \(X\) indexed by \(j\).] and [image: Mathematical expression showing the variable X subscript j raised to the power of max.] are the minimum and maximum values of the j−th indicator, respectively.

	(2) Calculation of the coefficient of variation:

Compute the coefficient of variation Vj for each indicator, which measures the relative variability. It is defined as follows:

[image: Mathematical formula showing \( V_j = \frac{\sigma_j}{\mu_j} \), labeled as equation (2).]

where σj and μj are the standard deviation and mean of the j−th indicator, respectively.

	(3) Entropy calculation:

Calculate the entropy Ej for each indicator to measure the disorder or randomness. The entropy is given as follows:

[image: Equation showing \(E_j = -k \sum_{n}^{i-1} P_{ij} \ln P_{ij}\).]

where [image: The formula shows \( k = \frac{1}{\ln n} \), where \( \ln n \) represents the natural logarithm of \( n \).], n is the number of years, and Pij is the proportion of the i−th year for the j−th indicator, calculated as follows:

[image: Mathematical equation for \( P_{ij} = \frac{X_{ij}}{\sum_{i=1}^{n} X_{ij}} \) with reference number (4).]

	(4) Calculation of the entropy weight:

Determine the weight wj for each indicator based on its entropy. The entropy weight is calculated as follows:

[image: Equation displaying the formula for \( w_j \) equal to the fraction \((1 - E_j)\) over \((m - \sum_{j=1}^{m} E_j)\), with the equation number (5) beside it.]

where m is the total number of indicators.

	(5) Comprehensive score calculation:

Finally, compute the comprehensive score Si for each year by aggregating the weighted standardized values:

[image: The formula shown is: \( S_i = \sum_{m}^{j-1} w_j \times X_{ij} \) with the equation number (6) on the right.]




4 Problems and countermeasures of urban tourism development


4.1 Problems existing in tourism development
 
4.1.1 Tourism image of the city

Guilin City is deeply ingrained in the Chinese consciousness through its renowned moniker, “Guilin's landscape is unparalleled in the world.” This image is both a visual representation and a cultural imprint that resonates with domestic tourists, who associate Guilin with its unparalleled natural scenery and historical significance. It is more than a mere destination; it symbolizes the quintessential Chinese landscape, which is deeply rooted in the national psyche. It has been a subject of reflection in Chinese textbooks within the country for centuries. Therefore, Guilin, with the best landscapes in the world, has left a picturesque and beautiful image in the hearts of everyone. Figure 4 shows the comprehensive score of Guilin's sustainable development level and the scores of each system from 2008 to 2019.


[image: Bar chart showing scores from 2008 to 2019 for four categories: Overall Ratings, Economic Dynamics, Landscape Resource System, and Social Governance System. Overall Ratings and Landscape Resource System generally have higher scores across all years, with Social Governance System scores increasing significantly from 2017 onward.]
FIGURE 4
 Comprehensive sustainable development score and system scores for Guilin City (2008–2019).




4.1.2 Problems with image

The phrase “Guilin Landscape is the Best in the World” does not confine tourism to a single type; it encompasses a spectrum of experiences from sightseeing to leisure vacations, from conference centers to sports activity resorts, and from student science camps to activity centers. These diverse types of tourism are well-suited to picturesque, tranquil cities imbued with a gentle charm. As a result, the city's image has become synonymous with traditional landscape appreciation. Its scenic spots possess considerable popularity and allure both domestically and internationally.

In the current scenario, enhancing the appeal of newly developed scenic areas primarily for sightseeing is challenging, as is creating alternative or complementary products to the renowned Lijiang River scenery, Reed Flute Cave, and others. Despite the merger of cities, there has been a concerted effort in recent years to introduce new tourism products. These aim to diversify the tourism offerings beyond the “three mountains, two caves, and one river” that have long defined the region's appeal. However, many of these new attractions remain relatively unknown to tourists.

For visitors, the “city” itself is a symbol of beauty and allure. The most direct and striking embodiment of this “city” is the urban area. Yet, the current urban image of the city does not quite live up to its potential. On the one hand, there is a lack of a clear and distinctive core city image—a famous international tourist city is merely a generic concept, lacking personality and failing to reflect the essence of urban tourism. Even the image of a landscape city is underdeveloped; conversely, there is a dearth of recognition as a renowned historical and cultural city. Thus, reinforcing the city's international tourism image will be a pivotal focus of the city's urban tourism development strategy and image planning.

A city's infrastructure constitutes a material urban infrastructure system, encompassing a variety of facilities available to the city, such as transportation systems, communication networks, energy and power systems, housing reserves, and cultural, health, scientific, and educational institutions and facilities. Infrastructure is the backbone for urban economic and social activities and the foundation for urban tourism activities. It is an immovable spatial element that is intrinsic to the city. The scale, type, and level of urban infrastructure directly influence the development of the urban tourism industry and the establishment of its value system. The quality of urban infrastructure and its spatial integration significantly impact the competitiveness of urban tourism.

The division into four levels is determined by a set of criteria that include the scale, type, and quality of infrastructure and its capacity to support urban economic and social activities (see Figure 5). The criteria encompass transportation systems, communication networks, energy and power systems, housing reserves, and the availability of cultural, health, scientific, and educational institutions and facilities. As can be seen from Figure 5, Guilin has not yet reached the fourth-tier level. Although gratifying achievements have been made in urban and rural planning and management, municipal public facilities, etc., the modernization level of urban infrastructure is still low, which is in line with the developed tourism industry. There is a certain gap between the cities, and this level of development restricts urban tourism development. From the perspective of urban tourism attractiveness, a large part comes from the modern and civilized atmosphere and advanced service facilities that the city can provide to tourists. Therefore, to comprehensively improve the level of urban modernization and the accessibility of tourists, it is necessary to further improve the urban road network system, optimize the urban ecological environment, and speed up the progress of the renovation of urban villages. Under the new economic conditions brought about by economic globalization and the information revolution, the construction of urban information systems is an important part of urban infrastructure construction. Cities should conform to this development trend and speed up the construction of urban tourism information systems to promote a wider range of urban tourism images and meet the needs of modern tourists.


[image: Chart categorizing Chinese cities by tier level. First-tier cities: Shenzhen, Guangzhou, Xiamen. Second-tier: Shanghai, Beijing, Nanjing, Hangzhou. Third-tier: Qingdao, Ningbo, Dalian, Jinan, Tianjin, Chengdu. Fourth-tier: Wuhan, Harbin, Xi'an, Changchun, Chongqing.]
FIGURE 5
 Modernization levels of urban infrastructure in various cities.





4.2 Countermeasures to enhance the competitiveness of urban tourism

By applying the linear weighted evaluation method, enhanced with the coefficient of variation entropy weight method (as detailed in Section 3.4), we have calculated the comprehensive sustainable development scores for Guilin City from 2008 to 2019. Figure 6 visually conveys the city's advancements in sustainability. The upward trajectory of Guilin's development, as illustrated, signifies a sustained and progressive enhancement in its sustainability profile over the period under review. The sustainable development of Guilin from 2008 to 2019 progressed through three phases: (1) 2008–2014 slow growth phase: Early sustainable development strategies were implemented, resulting in steady but slow progress. (2) 2015–2017 rapid growth phase: More aggressive initiatives, increased infrastructure investments, and community engagement significantly accelerated sustainable development. (3) 2018–2019 return to slow growth: The growth rate slowed, suggesting a stabilization period focused on consolidating achievements and preparing for future development. Figure 7 shows the changes in the scores of each pillar of the landscape resource system and the level of sustainable development in Guilin from 2008 to 2019. The scores of the two pillars of landscape resource abundance and ecological environment quality showed a fluctuating upward trend; the score of the landscape resource protection pillar did not change much, and the tourist perception pillar fluctuated significantly. The year-on-year increase in the score of the landscape resource system is related to the increase in the scores of various indicators in the system, including network attention, urban greening index, air quality compliance rate, and PM2. The contribution of the index to the system score is relatively large, which is closely related to the implementation of a special action plan for air pollution, the battle against air pollution, energy conservation, and emission reduction, and the creation of A-level scenic spots. However, the index score of the number of intangible cultural heritage per 10,000 people under this system is low, and the comprehensive evaluation satisfaction of tourists fluctuates greatly.


[image: Bar chart showing scores from 2008 to 2019 for four systems: Economic power, Overall ratings, Landscape resource, and Social governance. Overall ratings consistently perform highest, with Social governance generally lowest. All systems show an upward trend over time.]
FIGURE 6
 Trends in sustainable development scores for Guilin City (2008–2019).



[image: Bar chart showing scores from 2008 to 2019 for landscape resource abundance, tourist perception, ecological environment quality, and landscape resource protection. Landscape resource protection scores are consistently high, while ecological quality increases over time. Other metrics fluctuate.]
FIGURE 7
 Fluctuations in landscape resource system scores and sustainable development levels for Guilin City (2008–2019).


The above findings provide detailed and actionable recommendations for policymakers, urban planners, and tour operators. Specifically,

	1) For policymakers

Develop and implement sustainable tourism policies: Establish policies that encourage sustainable tourism practices, including eco-friendly accommodations, sustainable transportation options, and conservation of natural and cultural resources.

Funding and incentives: Allocate funding and provide incentives for tourism projects promoting sustainable practices, including tax breaks for businesses implementing green technologies and practices.

International marketing campaigns: Launch international marketing campaigns to promote the city's unique attractions and sustainable tourism initiatives to a global audience.

	2) For urban planners

Integrate tourism into urban planning: Ensure that tourism development is integrated into broader urban planning processes to create synergies between tourism and other sectors such as transportation, housing, and infrastructure.

Enhance infrastructure: Invest in and upgrade the infrastructure, including transportation networks, public spaces, and utilities, to support tourism growth while ensuring minimal environmental impact.

Cultural and heritage preservation: Develop and implement plans to preserve and promote cultural and historical sites to enhance their attractiveness and sustainability.

	3) For tourism operators

Adopt sustainable business practices: Implement sustainable business practices such as reducing waste, conserving energy, and using locally sourced products to minimize environmental impact and appeal to eco-conscious tourists.

Enhance customer experience: Invest in staff training to improve service quality and create unique, high-quality experiences for visitors, thereby enhancing customer satisfaction and loyalty.

Collaborate with local communities: Engage with local communities to develop tourism products highlighting local culture and traditions, ensuring that tourism development benefits local residents economically and socially.




5 Conclusion

Urban tourism competitiveness refers to a city' overall performance in terms of tourism attractiveness and efficiency. This study developed a robust index system to assess the tourism competitiveness of Chinese cities, considering key dimensions such as economic performance, cultural assets, and tourism infrastructure. This study identified significant issues such as homogeneous competition, a lack of strategic management, and insufficient service quality. To address these issues, the study proposed solutions such as creating boutique inland tourism routes, developing unique urban tourism brands, enhancing regional cooperation, and improving management practices and service quality.

The findings highlight the need for targeted policies aimed at reducing homogeneous competition and fostering unique urban tourism brands. The study emphasizes the importance of forming strong alliances and promoting regional cooperation to achieve sustainable tourism development. Additionally, improving management practices in tourism companies and government departments, focusing on strategic human resource development, and ensuring quality service delivery are identified as crucial factors for enhancing competitiveness.

The study highlights the importance of sustainable tourism practices, stressing the need to balance economic benefits with the preservation of cultural and natural assets. It cautions against pursuing short-term gains that could compromise long-term sustainability.

The study, while thorough, has certain limitations. The data analysis was confined to particular periods and regions within China, which might not fully capture the global dynamics of urban tourism competitiveness. Future research should consider incorporating a more extensive, longitudinal dataset, including cross-regional comparisons, to provide a broader global perspective.

Moreover, the model relied predominantly on quantitative indicators, which, although robust, may not fully address qualitative factors such as cultural nuances and visitor perceptions. Integrating qualitative research methods, such as interviews and case studies, could offer deeper insights into the subjective aspects of tourism competitiveness, enriching the overall analysis.

Finally, although the significance of community construction and service was emphasized, further investigation is required to clarify the precise mechanisms that can effectively promote and sustain community engagement. Examining exemplary practices and successful cases across various urban settings could reveal practical strategies for enhancing community participation in tourism development.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Author contributions

YZ: Conceptualization, Methodology, Supervision, Validation, Writing – original draft, Writing – review & editing. WS: Conceptualization, Investigation, Methodology, Project administration, Writing – original draft, Writing – review & editing. XQ: Conceptualization, Data curation, Formal analysis, Supervision, Writing – original draft, Writing – review & editing. KL: Formal analysis, Software, Supervision, Validation, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This study was supported by Shangdong Province Social Science Planning Fund Program, Development Plan for Youth Innovation Teams in Higher Education Institutions in Shandong Province, Project No. 2023RW080.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


References
	 1. Panasiuk A. Policy of sustainable development of urban tourism. Pol J Sport Tour. (2020) 27:33–7. doi: 10.2478/pjst-2020-0012
	 2. Mozghovyi A, Sebta A. The role of smart tourism destination as a tool for sustainable development of urban tourism. Geogr Tour. (2019) 2019:3–8. doi: 10.17721/2308-135x.2019.53.3-8
	 3. Zhan L, Ning K. Minority tourist information service and sustainable development of tourism under the background of smart city. Mob Inform Syst. (2021) 2026:547186. doi: 10.1155/2021/6547186
	 4. Chaofeng S, Junli G, Run Z, Sihan C, Jue C. Sustainable development assessment of tourism-oriented cities based on SDGs and tourism competitiveness index: a case study of Guilin. China Popul Resour Environ. (2022) 32:162–76. doi: 10.12062/cpre.20211117
	 5. Rasoolimanesh SM, Ramakrishna S, Hall CM, Esfandiar K, Seyfi S. A systematic scoping review of sustainable tourism indicators in relation to the sustainable development goals. J Sustain Tour. (2023) 31:1497–517. doi: 10.1080/09669582.2020.1775621
	 6. Wang W, Wang S-Q, Li Y-S, Feng C. Assessing the sustainability and competitiveness of tourism economies in China's Chengdu-Chongqing metropolitan area. Environ Sci Pollut Res. (2022) 29:66960–78. doi: 10.1007/s11356-022-20436-2
	 7. Jia Z, Jiao Y, Zhang W, Chen Z. Rural tourism competitiveness and development mod+/e, a case study from Chinese township scale using integrated multi-source data. Sustainability. (2022) 142:85–105. doi: 10.3390/su14074147
	 8. Wu D, Li H, Wang Y. Measuring sustainability and competitiveness of tourism destinations with data envelopment analysis. J Sustain Tour. (2023) 31:1315–35. doi: 10.1080/09669582.2022.2042699
	 9. Kim JH, King BEM, Kim S. Developing a slow city tourism evaluation index: a Delphi-AHP review of Cittaslow requirements. J Sustain Tour. (2022) 30:846–74. doi: 10.1080/09669582.2021.1897130
	 10. Calero C, Turner LW. Regional economic development and tourism: A literature review to highlight future directions for regional tourism research. Tour Econ. (2020) 26:3–26. doi: 10.1177/1354816619881244
	 11. Fan Y, Li J. Comprehensive vulnerability evaluation of urban earthquake disaster based on RAGA-PPE. Int J Crit Infrastruct. (2022) 18:102326. doi: 10.1504/IJCIS.2022.120680
	 12. Kramer CS. Place production, urban tourism geographies and experiences of Muße. Tour Geograph. (2023) 25:969–83. doi: 10.1080/14616688.2022.2027511
	 13. Shahraki AA. Tourism development technique in the urban master plan. Cogent Bus Manag. (2022) 9:2042977. doi: 10.1080/23311975.2022.2042977
	 14. Chi NTK, Phuong VH. Studying tourist intention on city tourism: the role of travel motivation. Int J Tour Cit. (2022) 8:497–512. doi: 10.1108/IJTC-03-2021-0042
	 15. Stors N. Constructing new urban tourism space through Airbnb. Tour Geograph. (2022) 24:692–715. doi: 10.1080/14616688.2020.1750683
	 16. Sirkis G, Regalado-Pezúa O, Carvache-Franco O, Carvache-Franco W. The determining factors of attractiveness in urban tourism: a study in Mexico City, Buenos Aires, Bogota, and Lima. Sustainability. (2022) 14:6900. doi: 10.3390/su14116900
	 17. Dai SL, Ayuningsih A, Taghulihi B, Hirto VA, Limpas ZW, Sunarti S. Urban tourism: a potential as tourism attraction in Gorontalo City. Int J Tour Bus Res. (2023) 2:15–21. doi: 10.29303/intour.v2i1.700
	 18. Roinioti E, Pandia E, Konstantakis M, Skarpelos Y. Gamification in tourism: a design framework for the TRIPMENTOR project. Digital. (2022) 2:191–205. doi: 10.3390/digital2020012
	 19. Bingöl S. Exploring memorable travel experiences in urban tourism: insights from five vibrant cities. J Multidiscipl Acad Tour. (2024) 9:99–112. doi: 10.31822/jomat.2024-9-2-99
	 20. Xu Z, Lv Z, Li J, Sun H, Sheng Z. A novel perspective on travel demand prediction considering natural environmental and socioeconomic factors. IEEE Intell Transport Syst Mag. (2022) 15:136–59. doi: 10.1109/MITS.2022.3162901
	 21. Yagi T, Frenzel F. Tourism and urban heritage in Kibera. Ann Tour Res. (2022) 92:5–11. doi: 10.1016/j.annals.2021.103325
	 22. Zhang G, Yuan H. Spatio-temporal evolution characteristics and spatial differences in urban tourism network attention in China: based on the Baidu index. Sustainability. (2022) 14:13252. doi: 10.3390/su142013252
	 23. Zhang K, Deng H, Wang F, Yuan Y. Reproduction of consumer spaces and historic district touristification in Old Beijing City. Tour Geograph. (2023) 25:508–31. doi: 10.1080/14616688.2021.1934724
	 24. Romo J, Bi Y. Determinants of collective transport mode choice and its impacts on trip satisfaction in urban tourism. J Transport Geograph. (2021) 94:103094. doi: 10.1016/j.jtrangeo.2021.103094
	 25. Campbell ST. The dynamics of handcart as a means of informal transportation in support of logistics and tourism: the case of downtown Kingston, Jamaica. Worldwide Hospital Tour Themes. (2020) 10:11. doi: 10.1108/WHATT-10-2019-0067
	 26. Zhou X, Su M, Feng G, Zhou X. Intelligent tourism recommendation algorithm based on text mining and MP nerve cell model of multivariate transportation modes. IEEE Access. (2020) 2020:8121–57. doi: 10.1109/ACCESS.2020.3047264
	 27. Gale R. The war against sustainable development theory: public interest as the ethical order for the 2030 Sustainable Development Goals. Geograph Res. (2022) 60:347–57. doi: 10.1111/1745-5871.12526
	 28. Butt MA, Katuse P. Role of government as moderator: Porter's diamond firm strategy, structure, and rivalry attribute and industry's performance. Int J Res Bus Soc Sci. (2023) 12:85–93. doi: 10.20525/ijrbs.v12i7.2925
	 29. Simarmata E, Kusumastuti R, Wijaya C. Achieving sustainable competitiveness of tourism dynamics with resource-based view. Eur J Innov Manag. (2024) 27:1001–23. doi: 10.1108/EJIM-07-2022-0365
	 30. Gardella NB, Bonilla J. Community-based tourism and destination competitiveness: bridging the gap. Enlight Tour A Pathmak J. (2022) 12:145–76. doi: 10.33776/et.v12i1.5125
	 31. Font X, Torres-Delgado A, Crabolu G, Palomo Martinez J, Kantenbacher J, Miller G. The impact of sustainable tourism indicators on destination competitiveness: the European Tourism Indicator System. J Sustain Tour. (2023) 31:1608–30. doi: 10.1080/09669582.2021.1910281
	 32. Krabokoukis T, Polyzos S. Drawing an indicator of tourism competitiveness and examining its relationship with tourism seasonality for the Greek prefectures. Region Sci Inq. (2022) 14:55–70. Available at: https://rsijournal.eu/
	Copyright
 © 2024 Zhao, Shang, Qin and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









 


	
	
ORIGINAL RESEARCH
published: 04 September 2024
doi: 10.3389/fpsyg.2024.1341990








[image: image2]

Campus landscape types and pro-social behavioral mediators in the psychological recovery of college students

Yi Xu, Tingting Wang, Jinsong Wang, Hongtao Tian, Ruixin Zhang, Yixuan Chen and Hong Chen*


School of Art, Anhui University, Hefei, China

Edited by
 Yuan Li, Shaanxi Normal University, China

Reviewed by
 Xin-Chen Hong, Fuzhou University, China
 Mohammad Izzat Morshidi, University of Portsmouth, United Kingdom
 Lucia Ratiu, Babeș-Bolyai University, Romania

*Correspondence
 Hong Chen, hongchen@ahu.edu.cn 

Received 23 December 2023
 Accepted 05 August 2024
 Published 04 September 2024

Citation
 Xu Y, Wang T, Wang J, Tian H, Zhang R, Chen Y and Chen H (2024) Campus landscape types and pro-social behavioral mediators in the psychological recovery of college students. Front. Psychol. 15:1341990. doi: 10.3389/fpsyg.2024.1341990
 




Introduction: Physical and mental health problems of college students are becoming more prominent, and contact with nature has a positive effect on physical and mental health. This paper investigates the psychological recovery effect of different types of campus green space landscape on college students. From the perspective of college students’ perception of campus landscape types, the green space, blue space, gray space and movement space of three universities in Anhui Province are investigated.
Methods: Through choose campus landscape types and questionnaires, structural equation modeling (SEM) and mediation modeling were constructed on the role of college students’ perception of campus landscape types on psychological recovery.
Results: It was found that the level of landscape type perception had a significant effect on the effect of psychological recovery and the generation of pro-social behavior, with no significant gender difference, while psychological recovery also had a positive effect on the generation of pro-social behavior. The study also found that campus landscape type not only directly affect students psychological recovery, but also promote psychological recovery through the mediating role of pro-social behavior.
Discussion: The study reveals the effects of campus landscape type on college students’ psychological recovery, and pro vides a basis for planning campus of different types.
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1 Introduction

As college students are in the specific transition stage of life growth, they are facing the pressure of employment, economy and emotion, and inevitably produce a variety of psychological problems, such as loneliness, depression, social anxiety, emotional crisis, neurasthenia and so on (Xinbin and Shoucai, 2006). The Chinese national mental health development report (2021 ~ 2022) blue book shows that about 21.48% of college students may have a risk of depression, 45.28% of college students may have anxiety risk, shown in the blue book in the 18–24 this age group corresponding to the average depression scale and anxiety scale is the highest in the whole population age, this stage is the college students age (Xiaolan F. et al., 2023). For college students in Hefei, the total mental health literacy rate is 29.63%, and there are more serious psychological problems among college students (Xiaoyan L. et al., 2023). In the past, research on college students’ mental health has mostly focused on stress, personality, and coping, ignoring the important factor of an individual’s attitude toward others and society. Pro-social behavior is often taken as an important measure of an individual’s ability to actively adapt to society (Zhengguang, 2020). Pro-social behavior refers to positive attitudes and actions such as support, caring, helping and giving toward the behavior of others or society, which are spontaneous for the purpose of meeting the needs of others or society, and enhancing the well-being of others or society (Hay, 1994). Pro-social behaviors are positive, beneficial and specific behaviors that can lead to cognitive development, enhance emotional experiences, strengthen interpersonal interactions and interpersonal cooperation, and promote social relationships and social adaptation (Xinbin and Shoucai, 2006; Guo, 2017). For college students whose mental health problems are becoming more and more prominent, pro-social behaviors can alleviate college students’ stress and anxiety through specific behaviors, improve their sense of well-being and subjective well-being (Layous et al., 2017), and positive emotions can reduce the physiological and psychological effects of negative emotions (Taylor et al., 2017), which ultimately contributes to the development of students’ mental health.



2 Research basis


2.1 Potential mechanisms linking green space to pro-social behavior, mental health

There is a close relationship between pro-environmental and pro-social behaviors, and studies have shown that exposure to natural environments can promote pro-social behaviors (Markevych et al., 2017). Green environments can provide a comfortable, pleasant, and relaxing environment that enhances people’s mental health status and social skills by relieving stress and improving mood, which in turn leads to a greater willingness to give and share (Hoffman, 2018). Therefore, people in green environments are more likely to trigger positive pro-social behaviors such as donating, sharing, volunteering, and aiding (Dunfield, 2014; Hoffman, 2018; Aram et al., 2019). There are potential pathways linking green spaces to health, pro-social behaviors through three dimensions: harm mitigation, capacity building and resilience (Markevych et al., 2017). Green spaces can achieve the linkage pathway of harm mitigation by mitigating pollution and reducing environmental stressors that negatively affect the development of pro-social behaviors. Secondly for capacity building, green space promotes physical activity and social interaction and is more likely to provide opportunities for co-operation and trust building in interactions (Abrams et al., 2015). In terms of resilience, Stress Recovery Theory and Attention Recovery Theory can be effective in promoting and restoring physical and mental health (Kaplan, 1995). High-frequency exposure to green spaces generates positive emotions, and positive factors are a key component of subjective well-being, effectively promoting pro-social behaviors through increased life satisfaction (Jia et al., 2014).



2.2 Campus landscape perception type and college students’ pro-social behavior, psychological recovery

Both stress recovery theory (SRT) (Ulrich, 1983) and attention recovery theory (ART) (Kaplan, 1995) suggest that attention recovery and emotion regulation are effective in natural environments. Frequent exposure to nature is beneficial to human health and well-being. Short-term exposure to forests, city parks, gardens, and other natural environments can reduce stress and depressive symptoms, restore attention fatigue, and improve physical and mental health (Deng et al., 2020). Campus green spaces are closely linked to the daily lives of college students, and exposure to green spaces for school students can promote psychological recovery. According to Zhang’s ecological and sociological study, the higher the landscape preference and activity preference scores, the better the effect of the environment on the physical and mental recovery of college students (Tian, n.d.). Different campus landscapes have different recovery effects on college students. Chang et al. (2018) investigated college students in three universities in Beijing and found that campus green space visiting behavior had a moderating effect on college students’ emotions. Visiting campus green spaces significantly increased positive emotions, significantly decreased negative emotions, and resulted in better cognitive recovery (Wang et al., 2020). Experiments have shown that college students’ blood pressure decreased significantly in all outdoor green space landscapes, with systolic blood pressure decreasing tens of times more in woodland landscapes than indoors, and that woodland landscapes provide the greatest stress recovery benefits for college students (Jian and Shufen, 2021). In the last 2 years, studies have found that water landscapes have a better relaxation effect on college students, and water landscapes can provide college students with stronger feelings of remoteness and glamor, followed by woodlands (Xing, 2018). Xing (2018) found that under normal mental stress conditions, the higher the vegetation coverage, the more the campus landscape with natural barge water bodies is conducive to mental stress recovery. Blue spaces on campus help to recover from mental fatigue, while gray spaces promote mental recovery more through motor behavior, and their features of effective communication and companionship can increase the potential for recovery (McIntyre et al., 1990). Studies have confirmed that short stays on the plaza, walks or meditation can significantly improve mood and concentration. Open gray spaces on campus such as commuter spaces and athletic spaces can provide varying degrees of recovery, and physical activity may be a more important stress reliever than an unsurprising outdoor landscape (Herranz-Pascual et al., 2019).

Dyment’s study showed that green schoolyards promote social inclusion and that students become more civilized, tolerant, cooperative and beneficial to teacher-student interactions. At the same time, the diversity of green school environments provides conditions for a variety of activities that reduce bullying and other aggressive behaviors (Dyment and Bell, 2008). Campus water feature areas have the ability to regulate climate, enhance physical and mental health, and guide emotions and behaviors, which can positively influence pro-social behaviors and may also ameliorate behaviors that are detrimental to the environment (Alcock et al., 2020). By participating in the maintenance and protection of water features, university students develop awareness and responsibility for protecting the environment, which leads to good social behaviors. Du et al. (2022) found that students prefer to exercise in the gray space, believing that the gray space is more attractive and more likely to produce worship and obsession. Campus landscapes make it easier to generate goodwill behaviors and a sense of social responsibility, and promote communication and mutual support among university students, thus enhancing cohesion and social ties (Puhakka, 2021).

In previous studies, more research has explored the important role played by the quantity and quality of park green space in influencing children’s health and pro-social behaviors (McEachan et al., 2018; Putra et al., 2020, 2021, 2022), as well as exploring the relationship between factors such as frequency of visits, perceived crowding and perceived beauty of park green space and pro-social behaviors (Noël et al., 2021; Noël and Dardenne, 2022). Existing research evidence on the type of campus green space and students’ pro-social behavior and mental health is scarce. This paper aims to remedy this lack of evidence by attempting to use pro-social behavior as a mediating variable to establish a mediation model between campus landscape perception, college students’ mental health and pro-sociality, and to explore the effects of pro-social behavior and type of campus landscape on college students’ psychological recovery. Specifically, the hypotheses of this study are proposed:


H1. The perception of campus landscape type of college students has a positive predictive effect on prosocial behavior;
H2. College students' perception of campus landscape type has a positive predictive effect on restoring mental health;
H3. The prosocial behaviors of college students in different types of landscapes may be predictive of mental health.
H4. That college students' pro-social behavior mediates the relationship between campus landscape type perception and perception restorative.






3 Research methodology and data collection


3.1 Research objectives


3.1.1 Research area

Three schools, Anhui University Chingyuan Campus, University of Science and Technology of China (USTC) East Campus, and Hefei University of Technology (HFUT) Tunxi Road Campus in Hefei City, Anhui Province, were used as the research area. Among them, Anhui University Chingyuan Campus was built the latest and has the largest proportion of public green space, followed by the East Campus of University of Science and Technology of China, and Hefei University of Technology Tunxi Road Campus was built the earliest and has the smallest proportion of public green space (Figure 1).

[image: Map showing the distribution of three study areas in Hefei City: Anhui University Qingyuan Campus, University of Science and Technology of China East Campus, and Hefei University of Technology Tunxi Road Campus. Inset maps highlight green, blue, gray, and movement spaces within each campus, with legends explaining each color.]

FIGURE 1
 Research area and floor plan.


Photographs were taken of four different landscape types: green space, blue space, gray space, and movement space in the three campuses, and 12 photographs were selected as samples for visual stimulation, as shown in Table 1.



TABLE 1 Environment and characteristics within the research campuses.
[image: A table with four types of spaces: Green, Blue, Gray, and Movement. Green space features images of lawns and trees, characterized by over 75% green coverage. Blue space shows water landscapes, quiet with plantings and waterfront facilities. Gray space includes images of paved sidewalks with seating and minimal plantings. Movement space displays sports facilities on lawns with few trees.]




3.2 Participants

The study was carried out on Questionnaire Star, an online platform for Anhui Province college students, including both undergraduates and postgraduates. All participants are voluntary and can withdraw from the questionnaire at any time. For some sensitive topics, a no-contact, remote web-based questionnaire was used, which allowed respondents to answer questions more naturally and truthfully without the presence of an investigator (Si-Xi, 2022). Participation was voluntary and participants could withdraw from the survey at any time. A total of 308 questionnaires were completed; however, after eliminating non-college students who rarely or never visited green spaces and those aged 35 years and above, 264 questionnaires remained, making the final validity rate 85.7%.

The questionnaire survey reveals that the majority of respondents were college students aged 18–35. Male participants accounted for 27.7% whereas female participants comprised 72.3% of the sample. Specifically, 89.4% of participants were between the ages of 18–25, with 26–35 year olds accounting for 8%. In terms of majors, 45.8% were from liberal arts programs followed by 33% from science and engineering programs, and 21.2% from arts programs (Table 2).



TABLE 2 Description of the distribution of sample characteristics.
[image: A table displaying survey data categorized by age, sex, and specialty. Under age, "18–25 years old" shows the highest frequency at 236 (89.40%). For sex, females are 191 (72.30%). In specialties, "Liberal Arts" leads with 121 (45.80%).]



3.3 Data collection

In order to investigate the relationship between college students and campus landscape type perception, perception restorative, and pro-social behavior, the study asked participants to complete an online questionnaire after viewing the sample photos. The questionnaire consisted of four parts: the first part obtained basic information (basic information, green space type preference, and frequency and sociability), the second part aimed to inform the university students about the types and characteristics of the campus landscapes in the photographs by evaluating their perceptions and preferences of the landscape types in terms of the four dimensions of peacefulness, naturalness, spatiality, and sociability using a five-point Likert scale (ranging from 1 = strongly disagree to 5 = strongly agree) (Grahn and Stigsdotter, 2010). The third part used the Partial Perceived Restorative Scale (PRS) revised by Zhang-Zhan et al. (2008) to investigate the psychological recovery in campus landscapes at school universities, which includes four dimensions of remoteness, extensibility, charming, and compatibility, and the original scale consisted of a total of 18 items, of which 12 items were selected to investigate the psychological recovery in campus landscapes at school universities, and the 12 items were investigated using a five-point Likert scale (ranging from 1 = strongly disagree to 5 = strongly agree); and the fourth part based on the characteristics of college students’ activities in campus green space, this paper selected the three characteristics of social reciprocity, public labor and social morality in college students’ pro-social behaviors as summarized by Xinbin and Shoucai (2006) to assess the potential pro-social behaviors of college students in campus landscapes (Table 3).



TABLE 3 Questionnaire survey scale section.
[image: Table comparing three scales: Green space perception, Perceived restorative, and Pro-social behavior. Each scale includes dimensions and their interpretations. Green space includes Peacefulness, Naturalness, Spatiality, and Social; Perceived restorative includes Remoteness, Extensibility, Charming, and Compatibility; Pro-social behavior includes Social reciprocity, Public labor, and Social morality. Each dimension has related question items elucidating the interpretation details.]



3.4 Statistical analysis

The data gathered underwent statistical analysis using SPSS 26.0. Initially, ANOVA was conducted to uncover significant variances between college students’ perception of the campus landscape type and perception restorative. Subsequently, structural equation modeling was employed to further examine the relationship between students’ perceived preference for unconventional campus landscapes, their perception restorative, and their pro-social behaviors. Finally, a mediation analysis was carried out using PROCESS 4.1 to examine the correlation between landscape type preference, psychological restoration, and pro-social behavior level.




4 Analysis of research results


4.1 Reliability and validity

The questionnaire design of this paper includes four parts: basic personal information, green space perception scale, partial perception restorative scale and improved pro-social behavior scale. SPSS 26.0 software was used to test the internal reliability of 30 items in the four parts of the questionnaire, and the results are shown in Table 4, in which the Cronbach’s alpha coefficient is 0.924, which is much higher than 0.5, indicating that the data are highly reliable (Eisinga et al., 2013). The structural validity of the questionnaire was tested by exploratory factor analysis, and the validity of the questionnaire was tested by KMO and Bartlett’s spherical test, and the results are shown in Table 5, with a coefficient of 0.915 for the KMO test (Gim Chung et al., 2004). Meanwhile, according to the spherical test, the significance of this test is infinitely close to 0, which rejects the original hypothesis, so the questionnaire has good validity in this case.



TABLE 4 Reliability test Cronbach alpha coefficients.
[image: Table showing reliability statistics with three columns: Cronbach alpha is 0.924, Cronbach alpha based on normalized terms is 0.924, and item count of a consignment is 30.]



TABLE 5 Results of KMO and Bartlett’s sphere test.
[image: Kaiser-Meyer-Olkin (KMO) test results with a sample suitability value of 0.915. Bartlett's test of sphericity shows an approximate cardinality of 4012.536, degrees of freedom as 406, and significance at 0.000.]



4.2 Common method bias test

When collecting data through self-report methods, it is possible that common method bias may exist. As a precaution, the collected data underwent testing for common method bias using Harman’s one-way test. The unrotated exploratory factor structure identified 5 eigenvalues greater than 1, with the first factor explaining 34.494% of the variance (<40%). Therefore, this study does not exhibit any significant common method bias.



4.3 Descriptive statistics and analysis

The third section of the survey examined how college students evaluated the restorability of various landscape types shown in the photographs. Table 6 data suggests that the restorative scores of all four types of on-campus landscapes exceeded 3, implying positive restorative effects for most college students. Of the spaces evaluated, the green space obtained the highest score (3.963 ± 0.585), followed by the blue space (3.790 ± 0.555) and the gray space (3.632 ± 0.878). In contrast, the movement space gained the lowest score (3.556 ± 0.729).



TABLE 6 Analysis of restorative potential of different landscape types.
[image: Table comparing four landscape types: Green, Blue, Gray, and Movement spaces. It displays sample size (N), mean (M), standard deviation (SD), standard error (SE), and 95% confidence intervals (CI with lower limit LL and upper limit UL). Green space has 156 samples with a mean of 3.963, SD of 0.585, SE of 0.047, LL of 3.870, UL of 4.055. Total includes all types, with N=264, M=3.865, SD=0.623, SE=0.038, LL=3.789, UL=3.940.]

The examination of the frequency of green space visits among university students are less likely to actively visit green spaces. In particular, 79.2% of students visit green spaces only once or twice a week, and a mere 2.3% do so more than five times weekly, typically staying for under an hour. The majority of university students opt to visit green spaces, which accounts for 59.1% of visits, followed by blue spaces at 26.9%, with gray spaces accounting for 7.2% and sports spaces at 6.8%. According to the ANOVA results, Figure 2 illustrates how sports spaces have the highest visit frequency (2.5 ± 0.699) and the longest stay duration (2.17 ± 0.789), whereas blue spaces have the lowest visit frequency (2.14 ± 0.481) and the shortest stay duration (1.96 ± 0.848). College students engage in a variety of activities, with green spaces being mainly visited for relaxation (190 occurrences), recreation (86 occurrences), sports (34 occurrences), in addition to the pressure of study.

[image: Bar chart showing restorative scores for different spaces: Green, Blue, Grey, and Movement. Blue bars (frequency) and orange bars (length of stay) vary, with Movement space having the highest frequency score of 2.5 and Blue Space the lowest length of stay score of 1.96. Error bars are included.]

FIGURE 2
 Frequency and duration of visits to different landscape types.




4.4 Correlation analysis

Exploratory analysis of the correlation between the variables through Pearson Correlation analysis, the greater the correlation coefficient r between two variables, the greater the correlation between them. This study discusses the correlation between campus landscape type perceptions of peacefulness, naturalness, spatiality, and sociality, perception restorative of remoteness, extensibility, charming, compatibility, pro-social social reciprocity, public labor, and social morality as shown in Table 7, and from the results, it can be seen that the dimensional scores of 11 variables are at a high level. The mean scores are all at a high level, and the correlation coefficients r between the variables of green space perception of peacefulness, naturalness, spatiality, and sociality, perception restorative of remoteness, extensibility, charming, compatibility, pro-social social reciprocity, public labor, and social morality are all greater than 0, with the corresponding minimum significance levels p-values less than 0.01, and the correlation coefficient r is greater than 0,indicating a significant positive correlation among all dimension variables in this analysis.



TABLE 7 Pearson correlation analysis between dimensions.
[image: Correlation table showing relationships between various dimensions: Peacefulness, Naturalness, Spatiality, Social, Remoteness, Extensibility, Charming, Compatibility, Social Reciprocity, Public Labor, and Social Morality. High positive correlations are marked with double asterisks for statistical significance at the 0.01 level.]



4.5 Path analysis


4.5.1 SEM model analysis

AMOS26 was used to construct a structural equation model to validate and analyze Hypothesis H1, Hypothesis H2 and Hypothesis H3. The model includes three research variables: landscape type perception, perception restorative and pro-social behavior, and the structural model is shown in Figure 3.

[image: Diagram illustrating relationships between landscape type perception, perceived restorative scale, and prosocial behavior. Arrows with numerical values show correlations between factors like peacefulness, naturalness, spatiality, and social aspects with restorative perceptions and behaviors such as social reciprocity and morality.]

FIGURE 3
 SEM model diagram.




4.5.2 SEM model path relationship hypothesis test results

Through the results of path relationship analysis, it can be concluded that in the path hypothesis relationship test of this study, perception of landscape type significantly positively predicts Pro-social behavior (β = 0.39, p < 0.001), so hypothesis H1 is established; secondly, perception of landscape type has a significant positive predictive effect on perception restorative (β = 0.241, p < 0.001), so hypothesis H2 is established; Finally pro-social behavior was equally significant as a positive predictor of perception restorative (β = 0.715, p < 0.001), thus hypothesis H3 holds (Table 8).



TABLE 8 Results of the SEM path relationship test for each variable.
[image: Table showing pathway relationships with estimates, standard errors, critical ratios, and significance levels. Pro-social behavior to landscape perception has an estimate of 0.382, S.E. of 0.08, C.R. of 4.751, and p-value ***. Perception restorative to landscape perception has an estimate of 0.241, S.E. of 0.088, C.R. of 4.039, and p-value ***. Perception restorative to pro-social behavior has an estimate of 0.715, S.E. of 0.146, C.R. of 7.392, and p-value ***. Significance level *** indicates p < 0.001.]




4.6 Test of the mediating effect of college students’ landscape type preference on perception restorative

In order to test Hypothesis 4, that is, pro-social behavior mediates the psychological recovery process of college students in campus landscape type perception, the mediating effect test was conducted by using the non-parametric percentile Bootstrap method of bias correction, and 5,000 self-sampling tests using Model4 of the PROCESS macros in SPSS (Model4 is a simple mediation model). Perception of landscape type was set as the independent variable (X), perception restorative was set as the dependent variable (Y), as well as pro-social behavior was set as the mediator variable (M), and descriptive statistics and correlation analyses were first conducted for each variable as shown in Table 9.



TABLE 9 Descriptive statistics and correlation of each variable of the mediator model.
[image: Table showing mean (M) and standard deviation (SD) for three variables: Landscape type perception (M=31, SD=5.79), Perception restorative (M=46.38, SD=7.481), and Pro-social behavior (M=35.23, SD=5.531). Correlations: Landscape type perception with Perception restorative is 0.462, with Pro-social behavior is 0.333, and Perception restorative with Pro-social behavior is 0.666. All correlations marked as significant at p<0.001.]

According to the results of the mediating effect test of the regression method (Table 10), it can be seen that there is a significant relationship between perception restorative on the perception of landscape type in the test of model 1 (β = 0.597, p < 0.001), indicating that the total effect is established. In the test of Model 2 there was a significant relationship for the mediating variable (β = 0.318, p < 0.001), while in the test of Model 3 there was a significant effect of perception restorative on the perception of landscape type (β = 0.349, p < 0.001) and a significant effect of pro-social behavior on perception restorative (β = 0.780, p < 0.001).



TABLE 10 Regression analysis of the relationship of variables in the mediation model.
[image: Table comparing three models for perception restorative and pro-social behavior. Model 1: β is 0.597, t is 8.436, R is 0.462, R-sq is 0.214, F is 71.171. Model 2: β is 0.318, t is 5.715, R is 0.333, R-sq is 0.111, F is 32.661. Model 3: β is 0.349, t is 5.876, R is 0.713, R-sq is 0.509, F is 135.251. All values are significant at p < 0.001.]

Bootstrap95%CI of the mediating effect does not contain 0 ([0.138–0.37]), indicating that the mediating role of pro-social behavior in the model is established, and the mediating path diagram is shown in Figure 4.Therefore, the pro-social behavior of college students partially mediates the level of mental health recovery. According to the results of coefficient test, the direct effect accounted for 58.49%, and the indirect effect accounted for 41.51%, and the results verify hypothesis H4 (Table 11).

[image: Diagram illustrating relationships between "Landscape type perception," "Pro-social behavior," and "Perception restorative." Arrows display directions: 0.318** from "Landscape type perception" to "Pro-social behavior," 0.780** from "Pro-social behavior" to "Perception restorative," and 0.349** from "Landscape type perception" to "Perception restorative."]

FIGURE 4
 Intermediation pathway diagram.




TABLE 11 Analysis of mediating effect of pro-social behavior.
[image: Table displaying effect relationships including total, direct, and indirect effects. Efficacy values are 0.597, 0.349, and 0.248, respectively. LLCI and ULCI values are 0.458, 0.737; 0.232, 0.466; and 0.138, 0.375. Efficiency ratios are shown for direct and indirect effects: 58.49% and 41.51%.]




5 Discussion and suggestions

This study investigates the association between the type of campus landscape perceived by college students, their perception restorative, pro-social behavior and psychological recovery. The research utilizes college students from three universities based in Anhui as participants. The findings confirm the substantial interplay between college students’ perception of campus landscape type, perception restorative and pro-social behavior and pro-social behavior mediates psychological recovery across various campus landscape types. This article represents a valuable addition to the current research, offering a vital resource for campus landscape planning. Furthermore, it can provide significant assistance in the psychological recuperation of university students.


5.1 Analysis of the psychological recovery potential of campus landscape types

The study discovered that the university’s green space environment can affect the physical and mental health and aid in stress recovery of university students through measurements of landscape type preference perception and perception restorative. Table 6 presents the analysis of different landscape types and their restorative potential. The results indicate that most college students perceived green space, blue space, gray space, and sports space as having positive restorative effects. However, for school students, the restorative potential of various campus landscape types differed. Green space (3.963 ± 0.585) and blue space (3.790 ± 0.555) had higher mean scores compared to gray space (3.632 ± 0.878) and sports space (3.556 ± 0.729).

The blue-green space contains abundant natural resources and is the preferred campus landscape for contemporary university students. Research in environmental psychology has demonstrated that exposure to natural environments results in reduced daily stimuli (Berman et al., 2008), mitigates physiological and emotional stress, and enhances recovery from cognitive fatigue and concentration caused by daily stress (van den Berg et al., 2010). However, based on the survey findings, college attendees least frequently visited the blue area (2.14 ± 0.481) and stayed for the shortest duration (1.96 ± 0.848). Based on the feedback gathered from participants’ questionnaires, the primary reasons for college students’ visits to the blue space were relaxation and viewing. However, unlike urban parks, college campuses lack the necessary infrastructure for students to rest and move around, which could explain the shorter duration of use.

The exercise space scores the lowest in restorative potential (3.556 ± 0.729). Nevertheless, as shown in Figure 2 ANOVA results, this area has the highest visit frequency (2.5 ± 0.699) and longest stay duration (2.17 ± 0.789). Both frequency and duration of exercise visits reveal positive restorative effects for college students (Markevych et al., 2017). The campus is the primary location for college students to reside and engage in leisure activities, the green space on campus possesses significant ecological value, as well as providing an opportunity for physical exercise. This has been demonstrated in numerous studies that outdoor exercise environments often have greater recuperative quality than indoor alternatives, with potential antidepressant and anxiolytic effects (Barton and Pretty, 2010).

The restorative potential of gray space (3.632 ± 0.878) and the moderate scores of frequency of visit (2.5 ± 0.699) and duration of use (2.17 ± 0.789) indicate that gray space also has a positive restorative potential and can promote the recovery of attention. In contrast to Du Y’s findings (Du et al., 2022), this study also found that gray space is not only charismatic but also malleable. Since gray space is more widely distributed and accessible on campus, gray space is used more frequently. It has been shown that gray spaces characterized by effective communication and companionship can increase the potential for recovery (McIntyre et al., 1990). According to participant feedback, free social activities such as club activities, competitions, and chats are available in gray space, and these may stimulate the recovery potential of gray space and promote stress and mental recovery among college students.



5.2 The effect of campus landscape type perception on perception restorative and pro-social behavior

The study found a significant correlation between college students’ perception of campus landscape types, perception restorative and pro-social behavior. Regression analysis showed that there was a positive and significant effect between college students’ perceptions of different campus landscape types and perception restorative, i.e., the higher the level of perceptions of landscape types, the better the effect on psychological recovery. This finding shows that although individual college students perceive different campus landscape types differently, they all have significant restorative effects, which is consistent with Guo et al. (2023). Specifically, the peacefulness characteristic in landscape space has the highest degree of correlation with the remoteness characteristic. It can be shown that the more obvious the calmness and relaxation characteristics of a spatial environment, the more effective it is to get away from the hustle and bustle and to promote relaxation. This may be the reason why college students are more willing to choose a quiet, gentle and comfortable landscape environment to release pressure and relax when they are busy with their studies and anxious. In addition, there is a correlation between the dimensions of sociality and extensiveness. This is due to the fact that the public service facilities in the landscape space can prompt college students to engage in social activities, thus exerting the characteristics of sociality and extensibility in the landscape space and transferring the psychological pressure of college students.

Positive and significant effect between perception of campus landscape type and pro-social behavior, i.e., the higher the level of perception of landscape type, the more likely pro-social behavior. Preferences for different landscape types have different effects on pro-social behavior. Green space often involves landscape maintenance and environmental protection issues, frequent visitors to green space will be more conscious of avoiding pollution of the environment, more likely to produce environmental awareness and behavior; sports space is not only a fitness and exercise place, but also an important social interaction social place, in the process of exercise through interaction and communication to produce a sense of closeness and trust, showing social and pro-social behavior; sports space with social characteristics, Gray space and other campus landscapes with social characteristics usually create a relaxing and pleasant atmosphere, which can promote communication and interaction between individuals, thus promoting social reciprocal behaviors such as college students making friends, sharing experiences, and establishing social connections. In addition, people in the landscape space will also pay more attention to the protection and utilization of the natural environment and humanistic landscape, and through the interactive experience with nature and culture, they will generate a sense of concern and responsibility for the environment and society, which is also a form of social reciprocity.



5.3 Pro-social behavior has a mediating role

The results of the study showed that college students’ pro-social behavior had a partial mediating role in the perception of landscape type and perception restorative. The total effect was 0.597, the direct effect was 0.349, and the indirect effect was 0.248, accounting for 41.51% of the total effect. Perceptions of campus landscapes affect college students’ emotions and attitudes, and stimulate pro-social behaviors. The theory of “warm-glow giving” states that when an individual feels that he or she has succeeded in helping the people around him or her, a sense of happiness and satisfaction will be generated, which also has a certain effect on alleviating negative emotions such as depression, anxiety and stress (Andreoni, 1989). Most people have the so-called “warmth” emotion, and the altruistic behaviors of individuals will produce good feelings, and the power of warmth can induce altruistic behaviors. Surveys show that college students are more willing to help others, share information, and have a stronger sense of environmental protection in the campus landscape environment. When college students perceive a high-quality, comfortable and pleasant landscape space, they will be more willing to communicate and share with people around them and help others, and these pro-social behaviors can make college students feel relaxed and enhance their sense of well-being, which has the effect of promoting psychological recovery. This is consistent with Lazar L’s findings that implementing pro-social behaviors has a positive effect on reducing the psychological and physiological responses to stress (Aknin et al., 2019; Guo et al., 2023) (Figure 5).

[image: Flowchart showing relationships between various perceptions. Peacefulness, naturalness, remoteness, and social factors influence landscape type perception with coefficients 0.83, 0.80, 0.86, and 0.77, respectively. Landscape type perception affects pro-social behavior (0.39) and perception restorative (0.24). Pro-social behavior also influences perception restorative (0.71).]

FIGURE 5
 Effects of pro-social behavior.




5.4 Recommendations for campus landscape planning

This research study found that the perception of campus landscape type and the psychological recovery and pro-social behavior of college students can positively influence each other. The campus environment is the main place for teachers and students to study, live and socialize, and optimizing the design of the campus landscape plays an important role in promoting the generation of pro-social behaviors among college students, relieving their psychological pressure, and facilitating the recovery of their attention. Therefore, it is recommended to consider the following points in campus landscape planning and design:

	(1) Improve accessibility and utilization of all landscape types on campus. In this study, it was found that the percentage of college students who never or hardly visit green spaces was as high as 13.6%. College students accounted for as high as 13.6%, and compared with green space, the access rate of blue space, gray space and sports space is even lower, which may be due to the fact that the campus landscape space does not meet the actual needs of college students well. It is suggested that the campus landscape space should be reasonably arranged to optimize the compatibility between behavioral activities, and the settings of different campus landscape types should be integrated into the routes of college students’ learning and living behaviors, so as to match the motivation and behavioral characteristics of college students’ participation in all kinds of campus activities, and to better satisfy college students’ functional needs for various landscape types. For example, the pavement, benches and resting platforms of squares and passages can be combined with the creation of study and club activities to conceal the space boundaries; in the design and planning of sports space, not only can the sports venues satisfy the sports needs of college students, but also leisure facilities (such as fitness facilities, badminton courts, etc.) can be placed in the unused space around the buildings to provide college students with more diversified and convenient sports activity opportunities. Opportunities. In addition, increasing the configuration of facilities in the public space, providing a sufficient number of rest seats and seats with natural views in the campus public space, and creating a sense of visual aesthetics, art, and space through art and design techniques to enhance the charm and attractiveness of the campus landscape can significantly increase the duration and frequency of college students’ stay in the campus landscape (Lazar and Eisenberger, 2022).
	(2) Emphasize the psychological restorative function of each landscape type on campus. Increasing academic and employment pressure affects the psychological health of college students. Rest facilities in public space play a role in the psychological recovery of college students. An appropriate amount of rest facilities should be provided in all types of landscape space on campus to meet the needs of college students for relaxation, socialization and rest. Reasonable configuration of the number of activity facilities on campus and the compatibility of activity areas can promote the generation of leisure activities and social behaviors of college students, helping them to relieve psychological pressure and restore their attention. The openness of the lawn should be enhanced in the blue-green space to reduce the obstruction of the line of sight, and the green space can choose some medicinal plants with mood-calming effects, such as jasmine, lavender, violet, and evening primrose, etc. By configuring plants with restorative functions, the landscape space can play a role in stabilizing mood and relieving stress in a relaxing and natural atmosphere. Gray space is mainly dominated by hard ground, so adding flowers, shrubs and other visually rich plants in the space, reasonably configuring plant communities, and creating a comfortable spatial environment can effectively achieve the role of improving and soothing emotions. It is also possible to combine the psychological debugging and relaxation of college students with plant and animal conservation activities, such as setting up healing gardens in suitable places on campus, stimulating the visual, tactile, olfactory, auditory and gustatory senses of college students through plant and animal conservation activities to relieve stress, get rid of numbness and fatigue, and regulate disordered physiological functions. In addition, different colors have different impacts on individual’s mood and mental state, and the reasonable use of different plants and building materials can not only bring a sense of visual balance and break the monotony of a single color, but also play a positive role in the recovery of college students’ mood and stress.
	(3) Increase the setup arrangement of diversified interaction space and content in campus landscape planning. This paper proves through research that pro-social behavior plays an intermediary role in college students’ campus landscape type perception and psychological recovery, and social activities are one of the important ways. Social activities are more likely to stimulate college students’ empathy and sympathy, which help them understand the situation and needs of others, and then show more care, concern and support, and promote the development of pro-social behavior. High-quality landscape environment helps to enhance students’ environmental awareness and ecological literacy, prompts college students to adopt a more environmentally friendly and sustainable lifestyle, helps to cultivate students’ sense of social responsibility, and enhances their active participation in environmental protection. In campus landscape planning, natural elements and topographical conditions can be used to provide informal interaction sites in blue-green spaces with high visiting frequency, creating diversified social conditions, helping college students to establish intimate and trusting social relationships through communication, mutual assistance and support, and laying a solid foundation for pro-social behaviors such as cooperation and reciprocity. Schools can guide college students to develop pro-environmental awareness and behaviors such as protecting the environment and treating animals kindly through the construction of experiential practices, environmental and food education, and horticulture courses, and promote the development of moral character such as physical and mental health, self-esteem and self-confidence; cultivate a positive attitude toward the environment and empathy among students; and increase the knowledge of food and form healthy eating habits. Schools can also make full use of abandoned land to grow edible plants by relying on the natural and cultural resources and infrastructure of the campus, and organize related activities through student clubs. Students can put forward their own suggestions and ideas for the campus edible landscape, and participate in the planning, planting, cultivation, harvesting, and food preparation and sharing, taking into account the functional value of edible plants. The whole process will enhance the emotional identity of the students and their sense of belonging and attachment to the university, thus generating positive emotions such as happiness, joy and fulfillment.




6 Conclusion

Starting from the perception of campus landscape types by current college students, based on the field research of Anhui University Chimeyuan Campus, Hefei University of Technology Tunxi Road Campus and University of Science and Technology of China as well as the analysis of spatial characteristics, structural equation modeling (SEM) and regression model to analyze and verify the path and effect of the perception of campus landscape type on the psychological recovery effect. The main conclusions are as follows.

First, different campus landscape types (green space, blue space, gray space, and movement space) had good restorative effects, with no significant differences by gender. Second, there was a significant correlation between college students’ perceptions of campus landscape types and perception restorative and pro-social behaviors, with spatial characteristics having the greatest effect on restorative effects, followed by peacefulness. Meanwhile, pro-social behavior also had a significant effect on perception restorative, with the social reciprocity dimension having the most significant effect. Last but not least, the study confirmed that the perception of campus landscape type not only directly affects the psychological recovery of college students, but also can produce the effect of promoting psychological recovery through the interaction between the perception of campus landscape type and pro-social behavior. The mediating effect of pro-social behaviors accounted for 41.51% of the total effect, and the effect was relatively obvious, with the social reciprocity factor having the greatest influence.

There are also deficiencies in this study. First, the research data used in the article mainly comes from questionnaire survey, which is cross-sectional in nature and lacks continuous follow-up of the research subjects; continuous follow-up method can be used in future research, which allows us to observe the dynamic relationship between pro-social behavior in green space perception and psychological recovery. Second, the questionnaire survey method has limited measurements of environmental characteristics in space, and the design level characteristics of green space are not sufficiently described in the text; the design level characteristics have an important impact on the frequency, duration, and preference of green space visits; experimental observation methods, post-use evaluation, and spatial statistical analysis can be used to improve the spatial characteristics of green space in future studies. Third, the driving and influencing factors of college students’ pro-social behavior, green space perception, and psychological recovery are multifaceted, and in the future, more in-depth investigation and research can be done from more angles to further improve the research results.
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Introduction: Urban green space (GS) exposure is recognized as a nature-based strategy for addressing urban challenges. However, the stress relieving effects and mechanisms of GS exposure are yet to be fully explored. The development of machine learning and street view images offers a method for large-scale measurement and precise empirical analysis.
Methods: This study focuses on the central area of Shanghai, examining the complex effects of GS exposure on psychological stress perception. By constructing a multidimensional psychological stress perception scale and integrating machine learning algorithms with extensive street view images data, we successfully developed a framework for measuring urban stress perception. Using the scores from the psychological stress perception scale provided by volunteers as labeled data, we predicted the psychological stress perception in Shanghai's central urban area through the Support Vector Machine (SVM) algorithm. Additionally, this study employed the interpretable machine learning model eXtreme Gradient Boosting (XGBoost) algorithm to reveal the nonlinear relationship between GS exposure and residents' psychological stress.
Results: Results indicate that the GS exposure in central Shanghai is generally low, with significant spatial heterogeneity. GS exposure has a positive impact on reducing residents' psychological stress. However, this effect has a threshold; when GS exposure exceeds 0.35, its impact on stress perception gradually diminishes.
Discussion: We recommend combining the threshold of stress perception with GS exposure to identify urban spaces, thereby guiding precise strategies for enhancing GS. This research not only demonstrates the complex mitigating effect of GS exposure on psychological stress perception but also emphasizes the importance of considering the “dose-effect” of it in urban planning and construction. Based on open-source data, the framework and methods developed in this study have the potential to be applied in different urban environments, thus providing more comprehensive support for future urban planning.
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1 Introduction

Cities, as vital components of contemporary society, serve as central hubs for social, economic, political, and cultural activities (1, 2). Their intricate spatial structures, diverse socio-economic activities, and intricate interplay between human and natural environmental factors render them unique types of environments, exerting significant impacts on urban residents (3). Within the urban fabric, green spaces (GSs), easily accessible natural elements in daily life, hold indispensable importance for city dwellers (4–6). Its offer various social, environmental, and ecological benefits, such as mitigating urban heat island effects (7), enhancing urban hydrological cycles (8), and increasing biodiversity (9). However, the significance of GSs extends beyond these factors. Increasing research indicates that GS exposure positively influences the mental health of urban residents (10, 11).

GS exposure is commonly conceptualized as the extent of individual or group interaction with natural environments (12), and it plays a significant role in the physical and mental wellbeing of residents (13). On the one hand, GS exposure can improve residents' health by promoting outdoor activities (14, 15). On the other hand, it can directly alleviate mental fatigue and improve negative moods (16), and even enhance psychological states at a cognitive level (17). The effects of GS exposure arise from either direct or indirect sensory stimuli, including aspects such as color, shape, sound, and smell (18). In this process, visual perception is the most significant source of sensory exposure to GSs, with the most notable impact on psychology (19). Compared to traditional methods based on the normalized difference vegetation index (NDVI) (20) or land cover (21), this visibility-based evaluation method is more advantageous in research on the benefits of GS exposure (22, 23).

Theoretically, the positive effects of GS exposure on mental health have been recognized (24), but our understanding of its mechanisms remains incomplete. On one hand, most studies are based on subjective and indirect measures, such as subjective evaluations, the distance from the community to urban GSs, and statistics on GSs surrounding communities. These measures do not provide detailed information on actual psychological perception or any direct psychological perception information (25). This process is often limited by the collection of urban stress perception and the precise spatial correspondence between GS exposure and stress perception. On the other hand, most studies focus solely on linear impact results, ignoring the complex, non-linear impact processes. This hinders our exploration of the mechanisms through which GS exposure affects mental health, resulting in research findings that cannot be effectively applied in actual urban planning and construction (18).

Traditional psychological research often employs questionnaire surveys to assess stress perception in individuals and groups (26, 27). Although these methods have yielded certain research outcomes, the data collection process often consumes a considerable amount of time and human resources. Moreover, such methods are highly dependent on the survey subjects' memory and descriptive abilities, which may introduce errors (28). Therefore, their effectiveness and scalability are limited. With technological advancements, the development of devices such as eye trackers and electroencephalograms allows researchers to directly measure physiological responses, thus obtaining more accurate data on stress perception (29, 30). However, these devices are costly and complex to operate, making them unsuitable for large-scale research (31–33).

The combination of machine learning and street view images (SVI) offers new perspectives and methods for urban psychological perception research. This approach can help us identify spatial characteristics on a large scale at the urban level (34) and capture the complex correlations of micro-level features (35). It enables a direct spatial correspondence between urban environmental features and residents' perception characteristics. The method of evaluating street environment characteristics and human perceptions through street view images is highly accurate in capturing wide-ranging environmental features and perceptions (36). For instance, Ki et al. (37) analyzed the impact of GS exposure on walking time in community streets, and Li et al. (38) explored the relationship between the urban built environment and residents' health status. Further research has delved into predicting built environment characteristics (39), measuring human perceptions (40), assessing urban environmental stress (41), evaluating urban safety (42), and measuring the restorative qualities of campus environments (43).

Although machine learning-based methods for psychological perception measurement have been applied in other related studies (44, 45), existing research often estimates psychological perception based on a single, direct question (40, 45, 46). While the single-question measurement approach is easy to operate and reduces the burden on respondents, thereby improving the efficiency of perception measurement experiments, it oversimplifies the evaluation process of psychological stress perception. This simplification results in outcomes that fail to fully capture the complex, multidimensional psychological responses of volunteers when faced with street view scenarios (47). Studies have shown that when addressing symptoms such as stress, depression, and anxiety, the inadequacies of single-item measures in fully capturing the complexity of psychological constructs become more evident (48). Furthermore, this approach is more susceptible to social desirability bias or recall bias, thereby affecting the accuracy of the results (49). This has led to widespread skepticism about the street view perception evaluation method among questionnaire users. Therefore, it is necessary to construct a multidimensional psychological stress perception evaluation framework to compensate for the shortcomings of existing evaluation methods. This framework will allow for the extraction of psychological stress perceptions from multiple dimensions and their application in large-scale psychological stress perception assessments.

Building on previous research, this study makes further explorations in the following three areas: (1) Utilizing SVI to accurately measure urban GS exposure and psychological stress perception, ensuring spatial consistency and providing direct evidence of their relationship. This demonstrates the potential of using open data for large-scale psychological perception research; (2) Combining interdisciplinary theoretical knowledge to construct and validate a multidimensional stress perception evaluation framework, revealing the intrinsic formation mechanisms of environmental stress perception. This method can be conveniently applied to studies in other cities, providing a powerful tool and reference for related research; (3) Using interpretable machine learning algorithms to deeply uncover the complex, non-linear effects of GS exposure on psychological stress perception and identify its thresholds. This emphasizes the need to consider the “dose-effect“ of GS exposure in urban planning and construction, seeking the optimal level of GS layout to effectively enhance spatial quality.

This study focused on the central area of Shanghai and collected data from Baidu SVI to perform semantic segmentation. These segmented images served as the basis for extracting indicators related to urban GS exposure. Subsequently, utilizing a machine learning model based on the Support Vector Machine (SVM) architecture and integrating stress perception scales, we achieved spatial distribution measurement of psychological stress perception. Ultimately, by conducting regression analysis with a machine learning model based on the eXtreme Gradient Boosting (XGBoost) algorithm, we uncovered the nonlinear relationship between GS exposure and residents' psychological stress perception in urban environments. This method of assessing street environmental characteristics and human perception through street-view images demonstrated high accuracy in capturing extensive environmental features and perceptions (36). The contribution of this study not only constructs a novel and effective stress perception evaluation framework for assessing the psychological stress of urban residents across a broader geographical range and at a finer granularity but also reveals the complex impact process of GS exposure on residents' stress perception. This is conducive to the formulation of government public health policies, guiding future urban planning and construction, and ultimately enhancing the wellbeing of urban residents.



2 Methodology


2.1 Research framework

This study was divided into three main stages (Figure 1). First, we collected street network data from the study area using OpenStreetMap (OSM) and generated SVI sampling points at 50 m intervals. We then accessed the Baidu Map Application Programming Interface (API) to collect Baidu SVI. Utilizing an image semantic segmentation neural network model, we obtained full-element segmentation data from the Baidu SVI and extracted GS exposure features. In the second stage, we developed a framework for measuring city-wide psychological stress perception. We collected volunteers' scores using a psychological stress perception scale and created a resident psychological stress perception label dataset, which served as the training data for a machine learning model based on SVM. This enabled us to achieve city-wide measurement of resident psychological stress perception. In the third stage, the complex association between GS exposure and stress perception was explored through a machine learning model based on XGBoost, and strategies for enhancing urban GSs were proposed based on these findings.


[image: Flowchart depicting a three-phase process: Preparation Data, Scoring Stress, and Analysis Phenomenon. Preparation includes road network, street images, image segmentation, and GS exposure. Scoring involves stress perception scale, labeling, SVM prediction, and stress scoring for street views. Analysis covers stress spatial feature analysis, XGBoost regression, geospatial distribution analysis, and solution strategy discussion.]
FIGURE 1
 Research framework for the present study.




2.2 Study area

Shanghai is situated in the eastern part of China, between longitudes 120°51′E and 122°12′E and latitudes 30°40′N and 31°53′N. It serves as China's economic and financial center, and its level of urban development is among the highest in the country (Figure 2). The city experiences a subtropical monsoon climate, with an average temperature of 25.8°C. The focus of this study is on the central area of Shanghai, which is the region enclosed by the outer ring highway. This area includes Huangpu District, Xuhui District, Changning District, Jing'an District, Putuo District, Hongkou District, Yangpu District, and portions of Pudong New Area, Minhang District, Baoshan District, and Jiading District. Covering a total area of 660 km2, it is a high-density urban region characterized by intense economic and social activities, a large population, and a blend of built environments and natural elements. Additionally, this area provides abundant Baidu SVI data, which contributes to the accuracy of the study's results.


[image: Map illustration divided into four panels. (a) Highlights China with a focus on a selected province. (b) Shows a closer view of the province, highlighting a specific area. (c) Depicts a shaded region without details. (d) Displays detailed map of a city with districts labeled: BaoShan, JingAn, YangPu, Hongkou, PuTuo, ChangNing, HuangPu, PuDong, XuHui, and MinHang. A scale indicates distances of 15, 30, and 45 kilometers.]
FIGURE 2
 Study area. (a) China, (b) Shanghai, (c) Central area of Shanghai, (d) Road network and administrative divisions.




2.3 SVI data collection

SVI are widely used in the analysis and assessment of urban environments, enabling perception and observation from a human-centric viewpoint (50). Among these platforms, Google SVI and Baidu SVI offer high-quality data and are most commonly used in research. These SVI platforms provide API, allowing users to download large-scale, quantitative data. In this study, we collected SVI from Baidu Maps (https://api.map.baidu.com/panorama/v2?ak=YOURKEY), which offers good coverage for Chinese cities (41). We generated Baidu SVI collection points every 50 meters along the road networks, which we downloaded from OSM. We calculated the viewpoint directions of the sampling points in Geographic Information System to ensure that all images aligned with the spatial direction of the road. This helps to comprehensively reflect the true urban environment. Figure 3 shows an example of a Baidu SVI sampling point. In the entire study area, we generated a total of 71,533 collection points. The image resolution was set to 600 × 480 pixels to meet the requirements of this study. To avoid affecting the overall urban environment assessment, we carried out data cleaning to remove invalid and duplicate SVI and to eliminate low-quality images with issues such as blurring, overexposure, and underexposure. In total, we collected 250,776 SVI and created 62,694 360° panoramic images by stitching them together. Despite the presence of areas where street view data could not be collected, the available data samples are sufficient to meet the research needs and maintain consistency in image features. It is worth noting that the data used in our study are cross-sectional, which has limitations in tracking changes over time.


[image: Map and street view images demonstrate the use of Baidu street view API. The map highlights a city and zoomed-in area with marked coordinates. Street view images show urban scenes, including roads, buildings, and pedestrians.]
FIGURE 3
 Example of the Baidu SVI collection process.




2.4 Measurement of GS exposure based on scene semantic segmentation

The scene semantic segmentation technology employed in this study exhibits robust segmentation and identification capabilities and has found extensive application in related research (34, 35, 51). In this study, a convolutional neural network (CNN) image segmentation model was trained based on the SegNet architecture, achieving precise pixel-level classification for SVI (52). The architecture of the network is primarily bifurcated into an encoder and a decoder. While the encoder is responsible for compressing and extracting object information, the decoder reconstructs the extracted semantic information to match the dimensions of the input image. Through this methodology, each pixel is categorized and represented by a color corresponding to its specific object information. The training dataset employed for this study is the ADE_20K dataset, which encompasses a diverse range of elements such as plants, sky, road, cars, and 150 other common scene elements. Previous research has confirmed the high accuracy of this dataset (53). The training process yielded an accuracy rate of 90.83% on the training set and 89.95% on the validation set, corroborating the model's efficacy in interpretative tasks related to stress perception. Visual elements pertinent to GS exposure, such as trees, grass, and flora, were extracted to compile comprehensive data daily accessible GS exposure. Figure 4 illustrates the working process.


[image: Flowchart illustrating a two-step process for stress perception mapping. Step 1 shows image segmentation and exposure extraction using neural networks, resulting in visual elements like green coverage. Step 2 involves support vector machine (SVM) machine learning for score prediction, utilizing volunteer scoring and training to produce stress perception maps.]
FIGURE 4
 Overview of GS exposure extraction and stress perception evaluation process based on machine learning.




2.5 Resident psychological stress perception dataset

We deployed the SVI scoring program on the Tencent Cloud server to facilitate convenient access for experimenters conducting perception scoring experiments from any computing device. Based on the previous research and machine learning requirements, we recruited a total of 32 students and staff as volunteers for this experiment. All participating volunteers were fully informed about this experiment and consented to the use of collected data for scientific research. Descriptive statistics of the volunteers' basic information are shown in Table 1. Among the volunteers, 17 were female and 15 were male, with an average age of 34.66; the ratio of local to non-local participants was 1:1. Drawing on previous research (54), we created a psychological stress perception factor scale (Table 2). This scale consisted of five factors and 12 questions, aimed at guiding the volunteers in contemplating their psychological stress perception of urban environment (55). Each volunteer received 50 pictures and was instructed to observe each image for a minimum of 30 seconds. Notably, to ensure a comprehensive coverage of the entire study area, we performed a non-systematic random selection of the SVI. We employed a 5-point Likert scale to assess the extent to which the content of each factor aligned with the volunteer's perception. We then inverted the scores for positive tendencies and calculated the psychological stress perception scores through weighted averaging.


TABLE 1 Descriptive statistics for the volunteers.

[image: Table showing demographic data: Gender includes 46.87% male and 53.13% female; mean age is 34.66 years with a standard deviation of 13.78. Education levels: 25% high school or below, 46.87% college, 28.13% master degree or above. Race: 87.50% Chinese Han, 12.50% others. Residence: 50% local, 50% non-local.]


TABLE 2 Psychological stress perception scale.

[image: A table with two columns labeled "Stress factor" and "Questions." It covers five stress factors: Relaxation, Safety, Familiarity, Crowding, and Stayability. Each factor lists related questions. Relaxation involves forgetting troubles and mood improvement. Safety relates to feeling secure. Familiarity concerns similarity to one's environment. Crowding touches on feeling overcrowded. Stayability involves spending time and immersion.]



2.6 Resident psychological stress perception prediction based on SVM algorithm

To investigate the psychological stress perception among urban residents, we employed a SVM-based machine learning algorithm. SVM is renowned for its effectiveness in handling high-dimensional data, providing a robust method to discover the optimal separating boundary between categories. This is crucial for accurately classifying and predicting psychological stress perception from street view image data. This particular model has been validated and has exhibited robust performance in prior studies (56, 57). In our implementation, SVI scores related to psychological stress perception served as the training data, while the features extracted from these images were used as input variables. The aggregated scores from all volunteers were compiled into an SVM training dataset. We chose the Radial Basis Function (RBF) kernel to improve the model's fit. Then, we determined the optimal hyperplane for classification by solving a convex optimization problem, as formalized in Equation 1.

[image: Minimize one-half times the norm of vector w squared, equation (1).]

Here, w is the normal vector of the decision boundary. We aim to minimize this objective function while satisfying the constraints described by Equation 2.

[image: The formula \( y_i(w \cdot x_i + b) \geq 1 \). Equation number (2).]

Here, yi is the class label of the sample, xi is the feature vector of the sample, and b is the bias term.

For model assessment and optimization, cross-validation techniques were employed to evaluate the performance of the SVM model. During this phase, the hyperparameters of the SVM model were fine-tuned to optimize performance. A subset comprising 75% of the psychological stress perception scoring data was allocated for training purposes, while the remaining 25% served as a validation set to assess model accuracy. The SVM-based validation set achieved an accuracy rate exceeding 80%, suggesting that the model possesses robust predictive and applicative capabilities for assessing residents' perceptions of psychological stress. Figure 4 illustrates the specific operational workflow of the model.



2.7 Principal component analysis

Principal Component Analysis (PCA) is a prevalent method in data analysis, enabling the identification of principal features and intrinsic structures within a dataset. This study employs PCA to analyze the composition of stress perception, clarifying the contributions of various stress perception factors. The principal steps involve initially centralizing the data, followed by the computation of the covariance matrix and the determination of its eigenvalues and eigenvectors. Based on the amount of information required to be retained, the first k eigenvectors corresponding to the largest eigenvalues are selected. These eigenvectors form the new feature space. By projecting the centralized data onto the chosen eigenvectors, the dimensionality-reduced data is obtained. The computational formula for projecting into the new space can be represented as Equation 3.

[image: The equation shows Y equals X transposed multiplied by P subscript k. It is labeled equation three.]

Here, Y represents the matrix of the data after dimensionality reduction, X′ denotes the matrix of the data post-centralization, and Pk is the matrix composed of the selected k eigenvectors.



2.8 Regression analysis

To investigate the relationship between GS exposure and the psychological stress perception in the central area of Shanghai, we conducted regression analyses on the respective scores. Different regression models were employed, including the Ordinary Least Squares (OLS) regression model and machine learning models based on the XGBoost algorithm. The OLS regression model serves as a global model and estimates the coefficients of the explanatory variables in the linear equation by minimizing the sum of squared differences between the predicted and observed values in the dataset (58). The computational formula for the OLS model can be represented as follows (Equation 4):

[image: Mathematical equation representing a linear model: Y equals X beta plus epsilon, denoted as equation four.]

Here, Y is the dependent variable, X is the matrix of explanatory variables, β is the vector of coefficients, and ϵ is the vector of random error terms.

OLS is generally capable of elucidating only the simple linear associations between independent and dependent variables, falling short of analyzing more intricate variations therein. To investigate the nonlinear impact of GS exposure on stress perception, we employed a machine learning model based on the XGBoost algorithm, an optimized gradient boosting algorithm designed to address regression, classification, ranking, and user-defined prediction issues. We chose XGBoost because it can accurately interpret the nonlinearity and complex interactions between variables that are prevalent in urban planning research. Its use of a gradient boosting framework helps effectively handle various types of structured and unstructured data, improving the accuracy of exploring the nonlinear effects of GS exposure on psychological stress perception. This algorithm establishes an ensemble of decision tree models, aptly capturing nonlinear relationships between independent and dependent variables. Compared to traditional gradient boosting algorithms, XGBoost incorporates a regularization term in its objective function. The inclusion of this term aims to penalize model complexity, preventing overfitting on the training data. Specifically, the objective function of XGBoost comprises not only the prediction error but also a regularization term measuring model complexity. This regularization term is directly proportional to both the number of trees in the model and the number of leaf nodes in each tree. Thus, as the model grows more complex, the value of the regularization term increases. By balancing prediction error and model complexity in the objective function, XGBoost enhances model performance on the testing set and mitigates the risk of overfitting. We divided the input dataset into 80% and 20% for training and testing, respectively. A cross-validation method was utilized, incorporating nested Hyperopt for hyperparameter optimization, thereby refining the model's predictive accuracy (59). The objective function of XGBoost is a combination of prediction error and model complexity and can be represented as follows (Equation 5):

[image: The formula represents an objective function for optimization: "obj(θ)" equals the sum of a loss function "L" over predicted and actual values "y_i" and "ŷ_i" from "i=1" to "n", plus the sum of a complexity term "Ω" over functions "f_k" from "k=1" to "K", denoted as equation (5).]

Here, l represents the loss function, delineating the discrepancy between the predicted value yiand the true value ŷi. Ω is the regularization term, incorporated to impose constraints on the model, thereby averting overfitting Typically, it considers both the number of leaf nodes in the tree and the scores associated with these nodes.




3 Results


3.1 Spatial distribution characteristics of GS exposure

The results of this study are presented with reference to fishnet (500 m × 500 m) and are visualized in Figure 5. GS exposure within the central area of Shanghai varies from 0 to 0.89, with a mean value of 0.24. As depicted in Figure 5a, considerable spatial disparities in GS exposure are evident. These disparities are characterized by elevated levels of exposure in peripheral areas and diminished levels in central locations. The GS exposure on the eastern side of the research area is higher than that on the western side. This may be related to the level of urban development. Lower values of GS exposure are predominantly observed in the Jing'an District, Hongkou District, and Huangpu District, with the nadir observed at the confluence of these three districts. Conversely, elevated levels of GS exposure are primarily localized within the Pudong District. Figure 5b reveals that GS exposure at the majority of streetscape data collection points is < 0.40, indicative of a generally low prevalence of GS exposure in central Shanghai.


[image: Map (a) shows a pixelated grid with varying shades of green indicating abundance distribution, overlaid with black dots and boundary lines. Histogram (b) displays frequency distribution, bars decreasing as the value increases from 0.0 to 0.8.]
FIGURE 5
 Spatial distribution and statistical distribution of GS exposure at fishnet level. (a) Spatial distribution of GS exposure. (b) Statistical distribution of GS exposure.




3.2 Spatial distribution characteristics of five types of psychological stress perception factors

As illustrated in Figure 6, the spatial distribution of the relaxation factor exhibits a notable pattern, characterized by higher values at the periphery and lower values at the center of the study area. Conversely, the crowding factor demonstrates a trend of higher values in the city center and lower values toward the periphery safety and familiarity exhibit similar spatial distribution patterns, both displaying a “low-high-low” gradient from the center to the periphery. This pattern may be attributed to the increased controllability and predictability found in environments that are more familiar and easier to integrate into, which consequently elicits more positive emotional responses and encourages residents to remain in these areas. The stayability factor also manifests a “low-high-low” spatial distribution from the center outward, suggesting that residents near both the center and the periphery are less inclined to stay. This observation suggests that areas that are either highly developed or underdeveloped are equally unfavorable for residents' proclivity to linger. In summary, the average scores for relaxation and stayability are observed to be higher than those for safety and familiarity. The perception of crowding registers the highest average score, which can be associated with the built environment characteristics typical of a high-density urban setting.


[image: Five colored maps (A-E) and a box plot (F) are displayed. Maps A to E represent data distributions in a geographic area, shown in different colors: green, purple, pink, orange, and blue. Each map is marked with an "N" indicating north. Map F is a box plot comparing variables such as Relax, Safety, Taxi/Driving, Crowding, and Sleep/Silently.]
FIGURE 6
 Spatial distribution characteristics and boxplot of five psychological stress perception factors. (A) Spatial distribution of relax perception. (B) Spatial distribution of safety perception. (C) Spatial distribution of familiarity perception. (D) Spatial distribution of crowding perception. (E) Spatial distribution of stayability perception. (F) Boxplot of five factors.




3.3 Spatial distribution characteristics of resident psychological stress perception

As depicted in Figure 7a, the spatial distribution of residents' psychological stress perception exhibits a “low-high-low” pattern radiating outward from the center. Elevated levels are primarily concentrated at the intersections of Jing'an District, Hongkou District, and Huangpu District, as well as in the periphery of the central area. Elevated levels of psychological stress perception in the central area might be attributed to its prolonged period of urban development, higher development levels, and increased building and population densities. In the periphery of the central area, higher levels of psychological stress perception can be ascribed to two principal factors: (1) Although high-quality spaces are conducive to stress relief, the more desolate scenery in the outskirts neither promotes feelings of safety nor encourages prolonged stay, thus failing to serve as an effective stress-relief environment; (2) The periphery encompasses motorways replete with a significant number of flyovers and underpasses, features that are not favorable for psychological stress relief. These factors influence residents' sense of familiarity and stayability, thereby further affecting their psychological stress perception. This suggests that both highly developed and underdeveloped areas exert a negative impact on residents' psychological wellbeing. As depicted in Figure 7b, psychological stress perception is elevated in the central region of Shanghai. Figure 8 presents representative streetscape images corresponding to high, medium, and low psychological stress perception scores.


[image: Panel (a) shows a heat map over a geographical area with gradations from yellow to red, indicating varying intensities on a scale from one to five. Panel (b) displays a bar chart with frequency distribution, where the x-axis ranges from one to six, and the y-axis shows frequency up to 12000.]
FIGURE 7
 Spatial distribution and statistical distribution of psychological stress perception at fishnet level. (a) Spatial distribution of stress perception. (b) Statistical distribution of stress perception.



[image: A series of images organized into three columns labeled Low, Middle, and High. Each row contains a street view photo alongside a corresponding radar chart. The radar charts presumably depict quantitative data relevant to each street view. The arrangement suggests a progression or comparison across the different columns.]
FIGURE 8
 Representative SVI and its psychological stress perception factor radar map.


We employed PCA method to conduct an in-depth analysis of Stress perception in urban environments and its five constituting factors. These factors include: relaxation, safety, familiarity, crowding, and stayability. Our analysis results, as shown in Figure 9, indicate that the first two principal components collectively explain over 81% of the variance in the data. This implies that these two components have captured the majority of the information concerning residents' psychological stress perception and its factors. Specifically, the first principal component, strongly positively correlated with familiarity and stayability, accounts for 55.05% of the variance in the data. This suggests that residents' familiarity with, and willingness to stay in, an urban environment are primary factors of stress perception. An environment that is familiar and appealing could significantly reduce residents' psychological stress. The second principal component, exhibiting a strong positive correlation with relaxation and a strong negative correlation with crowding, explains 26.31% of the variance. This indicates that the sense of relaxation and crowding also play crucial roles in stress perception. In a relaxed environment, residents are likely to experience less psychological stress, whereas crowded environments may elevate their stress levels. The remaining three principal components contribute less to explaining the variance, with values of 10.09%, 4.50%, and 4.06% respectively. The relationships of these components with other factors are also more complex, possibly involving more interactions or secondary influences. Overall, our analysis has unveiled the key constituents of residents' stress perception, with familiarity, stayability, and relaxation being the predominant factors. This offers significant guidance for urban planning and design, underscoring the importance of creating an urban environment that is familiar, appealing, and relaxed.


[image: Panel A shows a bar and line graph of the variance explained by five principal components, with cumulative variance in red. Panel B presents a heatmap illustrating the loadings of original factors on these components, with values ranging from negative to positive, indicated by color intensity.]
FIGURE 9
 PCA of psychological stress perception. (A) Cumulative interpretation variance analysis. (B) Loading of the stress perception factor on principal components.




3.4 Results of nonlinear regression analysis

We conducted regressions on GS exposure, perceived stress, and five perceived stress factors using both the OLS model and the XGBoost algorithm. Table 3 presents the regression performance of the two models. The results indicate that the XGBoost algorithm outperforms the OLS model in terms of goodness of fit (R2) in all regressions, with lower mean square error. This suggests that compared to traditional models, machine learning models based on the XGBoost algorithm exhibit higher accuracy. GS exposure explains the perception of relaxation to the greatest extent (R2 = 0.722), and also has a relatively high explanatory power for the perception of Stress and Stayability. However, it has a lower degree of explanation for safety, familiarity, and crowding. Table 4 presents detailed information on the total regression results of GS exposure on stress perception and the five stress perception factors. The results indicate that GS exposure is significantly negatively correlated with stress perception, with a mean coefficient of −2.814, demonstrating that GS exposure can effectively reduce stress. Moreover, the impact of GS exposure on relaxation perception is highly significant, with a mean coefficient of 4.800. Additionally, GS exposure significantly enhances safety perception (mean coefficient 1.384), familiarity perception (mean coefficient 2.262), and stayability perception (mean coefficient 4.951), indicating that it improves individuals' positive evaluation of the environment and their inclination to remain in it. The effects of GS exposure on stress perception and the five stress perception factors are all highly significant.


TABLE 3 Regression models parameter comparison.

[image: Comparison table showing OLS and XGBoost model performance for various factors: stress, relaxation, safety, familiarity, crowding, and stayability. Metrics include R-squared, RMSE, and variance. XGBoost generally shows higher R-squared values and lower RMSE across most factors, indicating better model fit and lower prediction error. The table notes R-squared as goodness of fit and RMSE as root mean square error with N equals sixty-two thousand six hundred ninety-four.]


TABLE 4 Total regression results of GS exposure on stress perception and five stress perception factors.

[image: A table displays data on six variables: stress, relaxation, safety, familiarity, crowding, and stayability. Each row shows the mean coefficient, standard error, t-value, p-value, and 95 percent confidence interval for each variable. Stress has a negative mean coefficient; relaxation, safety, familiarity, and stayability show positive coefficients, while crowding is negative. All p-values are 0.000, indicating statistical significance. The last row provides definitions for mean coefficient, standard error, and confidence interval.]

The results of the nonlinear regression are presented in Figure 10. An increase in GS exposure results in a decrease in the stress perception, with the slope declining as GS exposure increases. Specifically, within a GS exposure range of 0–0.20, there is a pronounced and significant reducing effect; from 0.20 to 0.35, the reducing effect gradually moderates; beyond 0.35, there is scarcely any reducing effect. Thus, 0.35 can be considered the threshold at which GS exposure affects stress perception. This indicates that indiscriminately increasing GS is imprudent, and urban planning must consider the dosage of GS exposure to effectively enhance spatial quality. We further analyzed the effects of GS exposure on various stress perception factors to better understand the process by which GS exposure influences stress perception. For each stress perception factor, the impact of GS exposure varies. An increase in GS exposure will enhance relaxation perception, with the slope decreasing and approaching zero as GS exposure increases, and the threshold being approximately 0.35. The effects of increased GS exposure on safety and familiarity initially increase and then decrease, with peak values around 0.30. Notably, beyond 0.30 GS exposure, the rate of decrease for safety is much greater than for familiarity. This suggests that excessive GSs can make people feel unsafe, possibly due to obstructed sightlines. GS exposure only has an unstable alleviating effect on crowding perception in the 0–0.15 range and quickly becomes negligible. The effect of GS exposure on stayability is similar to its effect on relaxation, showing a positive increase. However, as GS exposure increases, this increasing effect gradually diminishes. Overall, the positive effects of increased GS exposure are stable and significant, but there is a threshold for these effects.


[image: Six graphs depicting nonlinear regression analyses for various perceptions: A) Stress, B) Relaxation, C) Safety, D) Familiarity, E) Crowding, F) Stayability. Each graph has "GS exposure" on the x-axis, perception levels on the y-axis, with purple prediction points and grey error bands.]
FIGURE 10
 Nonlinear regression analysis. (A) Nonlinear regression for stress perception. (B) Nonlinear regression for relaxation perception. (C) Nonlinear regression for safety perception. (D) Nonlinear regression for familiarity perception. (E) Nonlinear regression for crowding perception. (F) Nonlinear regression for stayability perception.


Based on the above findings, to further guide urban planning and construction from a multi-dimensional perspective, we selected locations with stress perception scores above 4 (i.e., locations with high stress perception scores) and where GS exposure is < 0.20. These locations represent high-stress areas in the city, where GS exposure can have a significant positive effect. This allowed us to target areas in the city where GS exposure needs to be enhanced, to develop specific optimization strategies. In Figure 11, we display the visualization results and detailed scenarios of the targeted identification. Area A is located in the center of the study area, with a concentration of commercial enterprises and public service facilities. The area is characterized by high-rise buildings, extremely high building density, and intensive human activity, which can often cause feelings of oppression. Simultaneously, the lack of greenery in the area does not provide a psychological buffer. Area B is located in the central part of Pudong New Area. In contrast to Area A, Area B is remote, has low foot traffic, and is underdeveloped. The desolate scenery, litter, and overgrown weeds reflect a lack of development and management, resulting in a negative perceptual experience. Although this area has some greenery, its quality is low and does not alleviate stress perception. Area C is an emerging urban area under construction. Due to its development stage, the greenery is still inadequate, likely contributing to high stress perception. Additionally, the area contains numerous transportation facilities such as overpasses and highways, lacking recreational spaces, which also increases stress perception. The SVI of these areas further showcase the detailed scenarios of the regions, corroborating our observations.


[image: Map of a city with marked areas, labeled A, B, and C, indicating varying levels of GS exposure, represented by red to yellow gradients. Insets show street views corresponding to each area. A compass rose points north.]
FIGURE 11
 Distribution map of targeted identification for negative spaces.





4 Discussion


4.1 Urban GS exposure and psychological stress perception

The unrelenting process of urbanization has brought forth numerous urban issues (60, 61), compelling us to shift our focus toward enhancing the quality of urban spaces. Presently, the development model of cities in China has transitioned from incremental development to stock enhancement (62), with the augmentation in quantity and quality of GSs emerging as a paramount issue (15). Within urban GSs, the street or block level GS exposure has a significant impact on the quality of daily life for residents (63). Despite the widespread acknowledgment of the positive effects of GS exposure, many studies are based on small-scale samples or indirect associations, which, to some extent, limits the widespread applicability and generalizability of the research findings. Consequently, it is imperative to employ large-scale, high-precision research methods to explore in-depth the relationship between GS exposure and mental health. Our study reveals that the average GS exposure in the central urban area of Shanghai is only 23.97%, exhibiting significant spatial disparities. This indicates an issue of inequality in GS exposure in central Shanghai. We found a significant negative correlation between GS exposure and residents' psychological stress perception, which is consistent with general cognition (64). Moran's I analysis shows a significant spatial correlation between various stress perception factors and GS exposure. This finding aligns with those of Roe et al. (65), underscoring the irrefutable role of GS exposure in residents' mental health within urban spaces. High GS exposure and low stress perception exhibit spatial clustering. Notably, the impact of GS exposure is most significant on perceptions of relaxation and stayability, implying that GSs can not only provide short-term emotional relief but also contribute to long-term comfort of staying. However, the explanatory power of GS exposure is lower for perceptions of safety, familiarity, and crowding, suggesting that these factors might be influenced by multiple variables. Previous studies have only verified the stress-relieving effect of GSs without unraveling the complex process involved. Our research indicates the presence of a threshold in the impact of GS exposure, suggesting a diminishing effect on stress perception as exposure reaches a certain level. This discovery suggests that urban planning should consider the “dosage effect” of GS exposure, avoiding a blind increase in GSs and seeking an optimal level of greenery to effectively enhance spatial quality.

Although our study was conducted using the central urban area of Shanghai as a case example, which imposes geographic limitations on data collection, our findings underscore the significant role of GS exposure in reducing psychological stress. This insight can assist urban planning and public health strategies beyond Shanghai. Our novel methods and results align with other research in this field (66, 67). We also posit that the threshold effect of GS exposure on perceived psychological stress should be generally applicable, although the specific value may not necessarily be 0.35 The discovery of the GS exposure threshold provides valuable insights for urban designers and planners worldwide. It indicates that beyond a certain point, merely increasing the amount of GS may not yield additional health benefits. This finding advocates for a strategic approach to the distribution of urban GSs, focusing on optimizing layout and integration into the urban landscape to maximize public health outcomes. Our results advocate for incorporating urban GSs as a standard component of urban environmental planning, potentially influencing zoning laws, building codes, and public health policies to create environments conducive to mental health. Additionally, this study emphasizes the crucial role of quantifying psychological stress perception in understanding this relationship. By examining specific stress perception factors, we can more accurately identify and interpret the multifaceted impact of GS exposure on psychological stress perception, providing substantial academic support for further revealing the positive effects of GS exposure on improving residents' mental health.



4.2 Machine learning-based framework for urban psychological stress perception measurement

The measurement of stress perception helps uncover the impacts of urbanization processes on people's mental health, revealing the driving factors behind residents' psychological changes during urban development and further informing urban planning and design. Integrating urban physical built environments with citizens' psychological states within a quantifiable comparative framework is a bottleneck limiting the development of urban research (68, 69). This study developed a precise and user-friendly framework for measuring urban stress perception, with empirical measurements conducted in central Shanghai. The main advantages of the developed framework are threefold: (1) The study constructed a stress perception factor scale from a psychological perspective and integrated it into the evaluation framework. Previous research typically employed single-item questions for volunteers to directly rate the perceptions under measurement (45). However, human psychological perception is complex (70), challenging accurate measurement through a single dimension. This study incorporates psychological principles into stress perception measurement, refining it into five independent factors and twelve well-defined questions, guiding volunteers to think multifacetedly about perception, making abstract emotional issues more concrete and objective. (2) The study emphasized the importance of local volunteers. Volunteers from the same culture or region have a deeper understanding of the environment in the study area, hence providing more accurate perceptual judgments (44). Therefore, the framework developed in this study is highly accurate in characterizing the perception of Chinese cities. (3) Based on large-scale urban street view data and SVM machine learning algorithms, this study developed a framework that supports large-scale, fine-grained measurement of urban stress perception. Compared to the RF models often used in other related studies (54, 71), the SVM model exhibits better stability and interpretability in handling such problems.

This study adopted an innovative approach by measuring the impact threshold of GS exposure, fitting high psychological stress perception with low GS exposure. This enables the targeted identification of spaces in urgent need of improvement in the city, implementing GS exposure in these areas to efficiently enhance the overall spatial quality. This targeted identification method is highly accurate as it directly considers the relationship between psychological stress perception and GS exposure, ensuring the identified spaces can indeed be rapidly improved by increasing GS exposure. Additionally, this method considers the characteristics and needs of different spaces, making the implemented GS strategies more realistic and thereby enhancing the overall effect. The application of this method not only aids urban planners in more precisely identifying and improving urban spaces but also provides valuable references for future urban planning. Through this method, urban greening can be conducted more targeted, effectively elevating the quality of life and mental health levels of urban residents. More importantly, the developed framework, based on extensive open-source street view data, can be conveniently expanded to quantify the stress perception of residents in other urban areas. It is especially accurate for Chinese cities, further enhancing the practical value of the research findings and providing broader support for urban planning and decision-making.



4.3 Limitations and future directions

Our study has utilized high-resolution SVI to quantify urban GS exposure and psychological stress perception from a visual perspective, thereby providing direct evidence for the mitigating impact of GS exposure on psychological stress. This contribution extends the applicability of machine learning and SVI in the field of urban planning and construction. Despite these advances, our study presents several limitations that warrant consideration and offer directions for future research.

Firstly, the study primarily relies on cross-sectional data, which limits our ability to establish causality between GS exposure and psychological stress perception. This results in a shortcoming in our study regarding the consideration of temporal changes in GS exposure and psychological stress perception. Future research should consider employing longitudinal or tracking studies to uncover the underlying mechanisms positively influenced by GS exposure. Secondly, although we identified the nonlinear impact of GS exposure on stress perception based on machine learning models, there remain other unconsidered social, cultural, and economic factors that may affect psychological stress perception (72), which should be more comprehensively considered in subsequent research. Thirdly, our study employed psychological stress perception scales to quantify stress, but it did not delve into the demographic details of the volunteers. Factors such as age, gender, environmental attitudes, and professional background could bias the results and deserve further exploration in subsequent studies (73–76). Additionally, this study is based on Baidu Maps street view data, and is inevitably influenced by the limitations of Baidu Maps street view data itself. While Baidu street view images provides extensive coverage of urban areas in China, it is limited by the collection dates and update frequency, which hampers its ability to reflect seasonal and interannual changes. Furthermore, the lack of coverage of rural areas means that the framework developed in this study cannot be applied to the evaluation of psychological stress perception among rural residents.

In summary, while this study makes important contributions to our understanding of the relationship between GS exposure and psychological stress perception, there are multiple avenues for future research and refinement. These limitations offer valuable insights that can inform and guide subsequent studies.




5 Conclusion

The positive impact of GSs on mental health has been widely acknowledged, but there remains an insufficient consideration of the intricate processes involved on a large scale, granular research level. In the context of rapid urban expansion and continuously increasing population density, it is particularly important to conduct in-depth research on the relationship between GSs and psychological stress perception for future urban planning and construction. This study, focusing on the central urban area of Shanghai, utilizes SVI and advanced machine learning methods to reveal the nonlinear impact of GS exposure on residents' psychological stress perception. We adopted a multidimensional stress perception scale that encompasses five independent factors and 12 specific questions, achieving precise quantification of residents' psychological stress perception. By integrating SVM machine learning algorithms and extensive urban street view data, we have successfully developed a novel urban stress perception measurement framework that demonstrates superior performance in stability and explanatory power. Moreover, this framework can be conveniently applied to measure the psychological stress perception of residents in different cities.

This study indicates that GS exposure in central urban Shanghai is generally low, averaging only 0.24, and exhibits significant heterogeneity in spatial distribution. Through spatial correlation analysis, we confirmed a negative effect of GS exposure on psychological stress perception, a relationship that remains stable after controlling for spatial effects. Additionally, we identified a nonlinear characteristic in the alleviating effect of GS exposure on psychological stress, indicating the presence of a threshold. Between 0 and 0.20 GS exposure, increasing such exposure significantly mitigates psychological stress. However, beyond 0.35, the contribution of additional GS exposure to stress relief approaches zero. Analyzing against the stress perception scale, we explored the impact of GS exposure on various stress perception factors, uncovering that it mainly alleviates psychological stress by enhancing residents' sense of relaxation and willingness to stay. This finding provides important guiding principles for future urban planning: when designing GSs, consideration should be given to their impact on residents' psychological comfort and lingering behavior, creating a more pleasant and mentally healthy urban environment.

In conclusion, the findings of this study contribute to the targeted identification of urban environments and guide the precise implementation of policies aimed at enhancing urban GSs. To better understand the causal relationship between GS exposure and mental health, we recommend using longitudinal data in future research to track the dynamics of green exposure and its impact on psychological stress perception. Additionally, future studies should conduct comparative research across different countries, regions, and cities, and analyze the results within more complex social, economic, and cultural contexts. We suggest that future urban planning and construction fully consider the threshold effect of GS exposure, promoting not only the quantity of GSs but also their strategic layout and quality to optimize their mental health benefits. Establishing mechanisms for the regular monitoring and evaluation of the health impacts of existing and new GSs is crucial. Such data should inform ongoing urban planning decisions and help refine GS policies to maximize public health outcomes. We advocate for enhanced collaboration among disciplines such as psychology, urban planning, and environmental science to jointly explore comprehensive solutions for alleviating psychological stress among urban residents and improving their quality of life.
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Introduction: Horizontal ecological compensation (HEC) has the potential to incentivize inclusive green growth in cities.
Methods: Using the multi-stage difference-in-differences (DID) method, this study examines the impact of HEC policies as a quasi-natural experiment. Panel data are analyzed; the data pertain to 87 cities in the Yangtze River Basin, from 2007 to 2020.
Results: The findings indicate that HEC policies significantly contribute to inclusive green growth, with consistent effects across different estimators. The moderating effect test reveals that urban industrial pollution levels and green innovation are key pathways through which HEC policies influence inclusive green growth. Further analysis shows that the positive impact of HEC is more pronounced in watersheds with high marketization and in downstream regions, suggesting that HEC may exacerbate regional disparities in inclusive green growth.
Discussion: This study offers insights for China and also for other developing countries seeking to promote urban inclusive green growth and achieve sustainable development goals.
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1 Introduction

The impact of ecological compensation policies on environmental governance is currently a critical topic in the field of environmental health and for those responsible for forming public policy. To effectively measure the sustainable development of the economy, society, and ecology within environmental governance, inclusive green growth (IGG) serves as a key indicator. The horizontal ecological compensation (HEC) policy remains under-researched, despite that policy’s significance as an institutional innovation aimed at fostering ecological civilization. This raises an essential question: Can China’s HEC policy promote IGG?

Since the country’s reform and opening up, China has grappled with significant issues, such as income inequality, uneven development, and environmental degradation (1–3). These challenges stem from a lack of inclusivity and environmental focus in traditional governance (4). As a critical tool in environmental governance, ecological compensation plays a crucial role in government efforts to promote environmental protection and sustainable development (5–7). Prioritizing ecological compensation policies is an essential means of guiding cities toward greener, more inclusive, and sustainable development (8).

In 2012, the academic community introduced the concept of IGG at the Rio +20 Summit (9). The IGG approach advocates for economic development that provides equal opportunities for all (10, 11) and ensures that the benefits of growth are shared by everyone in society (12). Also, IGG emphasizes social equity, environmental sustainability, and the well-being of both present and future generations (13).

Unlike inclusive growth in general or just green growth, IGG seeks a balance between the economy, society, and the environment. This growth model aims to conserve natural resources, protect the environment, and promote inclusive social development (14). By integrating economic, social, and ecological considerations, IGG fosters sustainable development across all three systems (15, 16). The horizontal ecological compensation (HEC) policy is a significant institutional innovation designed to promote an ecological civilization. To enhance the protection and restoration of ecosystems, this policy aims to establish a cooperative transfer system between local governments with close ecological ties. Unlike vertical transfer systems, the HEC is more effective in addressing fiscal equalization and externalities.

However, further study is required to ensure that HEC policies genuinely foster IGG, where environmental benefits are equitably distributed among all members of society (17). A crucial need exists to examine how the preferences and interests of government policymakers impact equity and inclusiveness when those policymakers are designing and implementing HEC policies.

To address these issues, the relationship between ecological compensation and IGG needs to be explored, with full consideration given to the actual needs of ecological protection and economic and social development. Investigating the impact mechanism of ecological compensation on IGG is essential. Research on the use of HEC to promote IGG is limited. Most existing studies focus either on the benefits of ecological compensation or on the externalities associated with IGG. Therefore, this area warrants a more comprehensive examination.

Existing literature on IGG primarily focuses on two areas. Firstly, there is the measurement of IGG. This has been explored using various methods, including the social opportunity function (18), economic complexity method (19), and the construction of indicator and evaluation systems (20, 21). Secondly, studies have investigated the impact of different factors on IGG. Recent research highlights how all of the following influence IGG: distortions in the labor market (22), the misallocation of land and finance (23, 24)), foreign direct investment (25), the digital economy (26, 27), economic development (28), green finance (29), fiscal decentralization (30), financial system reform (31), economic policy uncertainty (32), knowledge production capacity (33), and technological change and progress (34, 35).

Regarding the environmental benefits of HEC policies, some studies indicate that HEC plays a critical role in transboundary water pollution control. However, these studies also hold that HEC exacerbates conflicts between environmental protection and economic development in compensated areas. On a positive note, HEC has been found to promote labor division and collaboration, coordinate socioeconomic development with ecological protection in cities (Yi et al., 2022), improve green ecological development (36), enhance green low-carbon development (22), and adjust industrial structures (37). Conversely, Wang et al. (38) discovered that HEC indirectly inhibits technological progress in upstream companies. The study holds that HEC affects profitability, scale, human capital, foreign direct investment, and management efficiency. Therefore, there is a crucial need to examine whether HEC policies can achieve a balance between environmental and economic benefits and ultimately promote IGG.

This paper introduces an index system for inclusive green growth in 87 cities in the Yangtze River Economic Belt, covering the years from 2007 to 2020, utilizing the entropy-weighted technique for order of preference by similarity to ideal solution (TOPSIS) method. A multi-period DID model is employed to evaluate the impact of policy implementation on inclusive green growth. The study examines the effect of the HEC policy on inclusive green growth and explores the moderating roles of green innovation and urban industrial pollution levels. The findings support a thorough investigation of the relationship between IGG and HEC. The study provides guidance and recommendations for designing and implementing policies to promote both IGG and HEC in the Yangtze River Basin.

The innovations of this article are as follows:

	1. Existing literature primarily focuses on the environmental improvement effects of ecological compensation. These studies neglect ecological compensation’s relationship with IGG, and thus, research on moderating mechanisms from different dimensions is lacking.
	2. Evaluations of ecological compensation policies in the study area are limited to specific water areas, necessitating further research on continuous areas.
	3. Most existing literature measures IGG at the provincial level, whereas this paper provides detailed data for 87 cities in the Yangtze River Economic Belt, thereby offering a research basis for studying IGG.

The remainder of this paper is structured as follows: Section 2 outlines the theoretical background and develops hypotheses on China’s HEC policy and IGG, based on existing literature. Section 3 details the empirical methodology and describes the data used in the study. Section 4 presents the empirical results, including analyses of potential pathways and robustness tests, as well as an examination of heterogeneous effects. Finally, Section 5 provides the study’s conclusions.



2 Theoretical analysis and hypothesis development


2.1 IGG and HEC policies

Inclusive green growth is essential for the coordinated development of the economy, society, and ecology (39, 40). HEC policy, a significant institutional innovation, plays a crucial role in promoting this growth. While many studies have examined the factors and effects of IGG, conclusive results have yet to be reached. To further explore the mechanisms influencing IGG, scholars have analyzed various aspects such as energy efficiency, sectoral development, and environmental regulation (41–44). Research on the impact of environmental policies on IGG has primarily focused on direct and indirect effects. HEC, an institutional arrangement that promotes ecological protection (45, 46) and social equity through economic means (47, 48), can significantly contribute to IGG by reducing pollution (49) and emissions while also alleviating individual poverty (50–52).

Dörffel and Schuhmann (53) developed an economic growth model that integrates environmental factors and human capital, highlighting the internal relationship between HEC and economic growth. Building on this, Zhen et al. (54) created a quantitative model of ecological compensation based on environmental and economic cost–benefit analyses. Their model demonstrated how ecological compensation can promote the development of ecologically intensive agriculture by calculating the internal economic costs and benefits.

Hegde and Bull (55) conducted an empirical assessment of a carbon sequestration project in Mozambique at the household level. Their findings indicated that small-scale ecological offset projects had more significant benefits for local male-headed and high-income households. However, it is important to note that these results are specific to the household level and may not be applicable to other contexts.

Several scholars have shown that HEC can aid in poverty reduction and decrease social development gaps. For instance, Zhang and Pagiola (56) found that such compensation can reduce poverty in the upper reaches of watersheds. Based on these findings, this study proposes the following hypothesis:

 H1: HEC policies can generally increase the level of urban IGG.





2.2 Paths mechanisms of HEC policies on IGG

In regions implementing HEC mechanisms, the central government distributes rewards or imposes penalties based on environmental assessment outcomes. To meet these objectives, local authorities often enforce strict environmental laws. These stringent regulations pressure polluting industries to make strategic changes, such as relocating to areas with more lenient environmental regulations, reducing production, improving pollution control methods, or adopting new technologies to enhance eco-efficiency and avoid penalties (47, 48, 57).

The implementation of HEC mechanisms can effectively promote IGG. By incentivizing the conservation and restoration of ecosystems, these mechanisms support sustainable economic development and integrated ecosystem management (43). Literature indicates that ecological compensation effectively mobilizes participation in ecological protection, improves ecological environment quality, and lays a solid foundation for green development (58, 59). HEC has the potential to promote the marketization of ecological products and services, stimulate innovation in ecological protection areas, cultivate new growth points, and achieve economic transformation and upgrading (60). Furthermore, HEC enhances positive interactions between eco-protectors and beneficiaries, promotes coordinated regional development, and fosters the concept of ecological civilization through building and sharing, thus achieving IGG (61). Plenty scholars examined the environmental and economic impacts of these policies in various river basins using rigorous methods such as the double-difference method, synthetic control method, costing method, and mechanism analysis. This study provides valuable insights into the benefits and drawbacks of HEC policies (59, 62–64). The evidence from numerous studies supports the claim that ecological compensation significantly improves watershed ecological quality and promotes sustainable economic growth (48, 57, 65).

Thus, this study confidently proposes Hypothesis 2:

H2: The level of urban industrial pollution enhances the positive incentive effect of HEC policies on the level of IGG.

The implementation of HEC policies has encouraged enterprises to invest in environmentally friendly technologies, enhancing both green production efficiency and technological innovation (14). These policies drive industrial technological advancement by improving enterprise productivity (54). There is a mutually influential relationship between HEC policies and technological innovation. The implementation of these policies motivates enterprises and researchers to increase their investment in scientific research, thereby boosting innovation in green development and eco-governance (66), which fosters IGG propelled by technological innovation.

Recent empirical analysis by Yang (67) indicates that HEC policies can enhance scientific and technological innovation, promote industrial structure upgrades, and encourage pollution reduction and green development. This results in improved green total factor productivity (67). Additionally, Liu et al.’s (66) study on the Yangtze River Ecological Economic Zone highlights that a high-quality ecological environment, which prioritizes eco-technological innovation and eco-value realization, benefits the compensated region’s economy by achieving high-quality development.

Overall, HEC policies significantly impact green technological innovation by providing financial resources, increasing enterprise productivity, and influencing industrial structure. These effects collectively promote IGG.

Therefore, this study proposes Hypothesis 3:


H3: The level of green innovation enhances the positive incentive effect of HEC policies on the level of IGG.
 



2.3 Diverse regional impacts: HEC’s influence on IGG

Ecological compensation is a strategy designed to protect and conserve the environment through mutual responsibilities and benefits. The compensated party agrees to adopt strict environmental protection measures, increase the supply of ecological products, and implement higher environmental standards to prevent new pollution. In return, the compensating party requires the compensated party to forego certain economic development opportunities to provide better environmental outcomes. To offset these sacrifices, the compensating party provides financial support. This system increases the costs of ecological protection and environmental management for the compensated party and also represents a loss of potential economic growth.

Horizontal watershed ecological compensation specifically addresses ecological damage in the upper reaches of watersheds. These areas often have low market activity and weak economic foundations, leading to a strong demand for economic growth. This creates a significant conflict between economic development and ecological protection. Balancing these interests is crucial for sustainable development. While may raise the costs of environmental protection and limit economic opportunities in these regions, its impact on inclusive growth is limited in less marketized areas (Figure 1).

[image: Map of China highlighting regions of the Yangtze River in varying shades of green. The upper Yangtze is light green, the middle Yangtze is medium green, and the lower Yangtze is dark green. A north arrow and a mile scale are included.]

FIGURE 1
 Study area.


In contrast, regions with higher levels of marketization and stronger economic bases can benefit more from compensation funds. These regions can use the additional resources to foster better development opportunities and promote inclusive economic growth.

Therefore, this study proposes Hypothesis 4:


H4: In regions with a high degree of marketization, the effect of HEC on inclusive economic growth is more significant.
 

The hypothesized mechanism of this article is shown in Figure 2.

[image: Flowchart illustrating the relationship between horizontal ecological compensation and inclusive green growth. It shows heterogeneity analysis influenced by marketization and region (H4), and moderating effects of urban industrial pollution (H2) and green innovation (H3), leading to inclusive green growth through hypothesis H1.]

FIGURE 2
 Hypothesis.





3 Methodology


3.1 Multi-temporal DID baseline regression model

To ensure scientific rigor in evaluating the impact of HEC on IGG, we constructed a regression equation. This method provides a thorough analysis of the policy’s effectiveness. The equation considers the phased implementation of the HEC policy in the Yangtze River Basin, including its expansion to pilot cities and provinces in stages.

[image: Equation showing a regression model: \(IGG_{it} = \alpha + \beta HEC\_Policy_{it} + \gamma Control\_Var_{it} + ProFE + YearFE + \varepsilon_{it}\).]

Among them, [image: Please upload the image or provide a URL so I can help create the alt text for it.] and t represent the region and year, respectively, IGG represents the value of the IGG index, [image: The text reads "HEC Policy" in italics.], the effect of the HEC policy, and [image: The text "Control\_Var" in italic font.] represents the set of control variables. [image: Text displaying the word "ProFE" in italicized font.] represents the fixed effect of the city, [image: The text "Year_FE" is styled in italics with an underscore beneath "FE".]represents the fixed effect of the year, and [image: Lowercase Greek letter epsilon, represented in a serif font style.] represents the random error term. The estimation coefficient [image: Please upload the image so I can help you create an alternate text for it.] estimates the average change of the IGG indicator before and after the pilot of the HEC policy.



3.2 Moderating effect model

Based on the above analysis, this paper aims to verify the impact of HEC policies on IGG through the moderating effect test:

[image: Mathematical equation showing a regression model: \( IGG_{it} = \alpha_2 + \beta_2 HEC\_Policy_{it} + \eta_2 HEC\_Policy_{it} \times IPL_{it} + \theta_2 IPL_{it} + \gamma_2 Control\_ Var_{it} + CiFE + YearFE + \varepsilon_{it} \).]

[image: Mathematical equation representing a model: IGG_sub_it equals alpha_3 plus beta_3 HEC_Policy_sub_it plus eta_3 HEC_Policy_sub_it times GLI_sub_it plus theta_3 GLI_sub_it plus gamma_3 Control_Var_sub_it plus CiFE plus YearFE plus epsilon_sub_it, labeled as equation 3.]

[image: The image shows a logo with the stylized text "IPL".] represents the level of urban industrial pollution, and [image: Text with italicized letters spelling "GIL".] represents the level of green innovation. If [image: Stylized lowercase letter "n" with a subscript "2" in italic font.] is significant and both [image: Greek letter beta with a subscript two, commonly used in mathematical or scientific contexts to denote a specific coefficient or variable.] and [image: The image displays the mathematical symbol "η" subscripted with "2".] have the same sign, it indicates that the level of urban industrial pollution will strengthen the impact of HEC policies on IGG. If [image: The Greek letter eta (η) with a subscript number three.] is significant and both [image: The Greek letter beta with a subscript three.] and [image: Greek letter eta with subscript three.] are of the same sign, the level of green innovation will strengthen the impact of HEC policies on IGG.



3.3 Entropy-weighted TOPSIS method

The entropy-weighted TOPSIS method offers a robust solution to complex multi-attribute decision-making problems, which combines the objective weighting strengths of the entropy weight method with the comprehensive evaluation capabilities of the TOPSIS method. The entropy weight method, grounded in information entropy theory, determines weights by calculating the variation of each evaluation index. This approach minimizes the impact of subjective factors on weight distribution.

The TOPSIS method effectively highlights the relative advantages and disadvantages of evaluation objects. In this study, we construct the initial decision matrix based on the IGG index system. We evaluate data from 87 cities over 14 years, resulting in 1,218 evaluation objects and 22 evaluation indicators. The next step involves establishing the standardized matrix, as detailed below: [image: The image shows mathematical notation displaying \(n = 1218, m = 22\).].

[image: Matrix Z displayed as a rectangular array with elements \( z_{11}, z_{12}, \ldots, z_{1m} \) in the first row, extending to \( z_{n1}, z_{n2}, \ldots, z_{nm} \) in the last row. Equation labeled as (4).]

Define maximum:

[image: Equation showing \( Z^+ = (Z_1^+, Z_2^+, \ldots, Z_m^+) \). Each \( Z_i^+ \) is defined as the maximum value from a set of elements: \( \max \{ z_{1i}, z_{2i}, \ldots, z_{ni} \} \) for \( i = 1, 2, \ldots, m \).]

Defined minimum:

[image: Mathematical expression defining the vector \( Z = (Z_1, Z_2, \ldots, Z_m) \), where each component \( Z_i \) is the minimum of a sequence: \( Z_1 \) is the minimum of \( z_{11}, z_{21}, \ldots, z_{n1} \), \( Z_2 \) is the minimum of \( z_{12}, z_{22}, \ldots, z_{n2} \), and similarly for other components up to \( Z_m \), which is the minimum of \( z_{1m}, z_{2m}, \ldots, z_{nm} \).]

Define the distance between the ith [image: \( (i = 1, 2, \ldots, n) \)] rating object and the maximum value:

[image: Mathematical equation showing \( D_i^+ = \sqrt{\sum_{j=1}^{m} \omega_j (Z_j^+ - z_{ij})^2} \). This is equation number seven.]

Define the distance between the ith [image: Equation in parentheses: \(i = 1, 2, \ldots, n\).] rating object and the minimum value:

[image: Mathematical formula showing D subscript i bar equals the square root of the sum from j equals one to m of omega subscript j times the square of Z subscript j minus z subscript ij, equation eight.]

Then this paper can get the unnormalized score of the ith [image: \( (i = 1, 2, \ldots, n) \)] rating object:

[image: Formula showing \( S_i = \frac{D_i^-}{D_i^+ + D_i^-} \) with equation number \( (9) \) on the right.]

Normalized the score [image: A mathematical expression representing the summation from \(i = 1\) to \(n\) of \(\tilde{S}_i\) equals 1, enclosed in large parentheses.]:

[image: Equation showing double-dot Si equals Si divided by the sum of Si from i equals 1 to n, labeled as equation 10.]

According to the normalized scores, this paper determines the comprehensive evaluation results of 1,218 evaluation objects. By combining the two methods, the entropy-weighted TOPSIS method not only ensures the objectivity of the weights, but also makes full use of the difference information of the original data, making the evaluation results more accurate and reliable.



3.4 Variables


3.4.1 Explained variable: IGG

This paper aims to scientifically evaluate the level of IGG by constructing a new index system. Methods used by Dörffel and Schuhmann (53) and Zhou (68) guided us in the creation of the IGG. The system encompasses four dimensions: economic development, social opportunity equity, green production and consumption, and ecological environmental protection.

Economic development is assessed through economic output and income levels. The influence of economic development and living standards on IGG is measured using indicators such as per capita GDP and per capita disposable income of rural residents.

Social opportunity equity includes educational, medical, and social security opportunities. The distribution and impact of these opportunities on IGG are evaluated through metrics like education expenditure, the number of health technicians per 1,000 population, the number of beds in medical and healthcare institutions per 1,000 population, and the number of participants in urban basic pension and medical insurance.

Sustainable production and consumption are divided into green production and green consumption. Their effects on resources and the environment, as well as their contribution to IGG, are examined through factors like energy consumption, wastewater discharge, and carbon dioxide emissions per unit of output value, as well as per capita measurements of these indicators.

Ecological environmental protection focuses on ecological resource endowment and governance. The quality and quantity of ecological resources and the impact of environmental improvement on IGG are assessed through measures such as water resources per capita, greening coverage in built-up areas, parkland area per capita, wastewater discharge compliance rate, and solid waste utilization rate.

This structured approach aims to provide a comprehensive evaluation of IGG, integrating key aspects of economic, social, and environmental sustainability.



3.4.2 Explanatory variables: HEC policies

This paper investigates the HEC policy using a quasi-natural experiment approach. Cities that adopted the HEC policy serve as the experimental group (coded as 1), while those that did not adopt the policy form the control group (coded as 0). Time dummy variables are used to indicate the periods before (coded as 0) and after (coded as 1) the policy implementation. Since the HEC policy is introduced in stages across different cities, the time dummy variables vary accordingly.



3.4.3 Control variables

Inclusive green growth is influenced by natural, economic, and policy factors. To reduce errors from missing variables and enhance the reliability of our research, this study follows the methodologies of Ren et al. (26), Feng et al. (69), and Wang et al. (70). We selected nine control variables, including science and technology inputs, which are measured by the ratio of science and technology expenditures to regional GDP. Population density is calculated by dividing the total population by the area of the administrative division. The unemployment level is measured by the number of unemployed people divided by the total population of the region.

Water resources per capita are assessed by dividing the total water resources of the region by the total population. Human capital is quantified as the natural logarithm of the number of students enrolled in general tertiary institutions per 10,000 people. Sewage discharge per capita is measured by the total amount of sewage discharged divided by the total population of the region. Green coverage of built-up areas is determined by the ratio of green coverage to the area of built-up areas, and green space per capita in parks is calculated by dividing the total area of green space in parks by the total population of the region.

Missing data were interpolated, and to eliminate the influence of dimensions, the measurement index data of these control variables were standardized.



3.4.4 Mechanism variable: level of green innovation

This paper aims to examine how urban industrial pollution levels and green innovation influence the effectiveness of HEC policies on IGG. Following the research by Yang (67) and Li (71), we measure green innovation by the number of green invention patents granted in each city. To assess urban industrial pollution, we adopt comprehensive approach of Zhang and Hao (72), which includes industrial wastewater emissions, sulfur dioxide emissions, soot emissions, smoke and dust emissions, and nitrogen oxide emissions (Table 1).



TABLE 1 Inclusive green growth index system.
[image: A three-level hierarchical table outlines metrics for evaluating economic development, social opportunity equity, sustainable production and consumption, and ecological environmental protection. Level 1 includes categories like economic development and sustainable production. Level 2 specifies areas such as income levels and equity in healthcare opportunity. Level 3 details specific indicators, like per capita GDP and education expenditure, with units such as yuan per person or percent.]



3.4.5 Data source

In this study, we selected data from 85 prefecture-level cities and two municipalities in the Yangtze River Basin, covering the period from 2007 to 2020. The data were sourced from several publications: “China City Statistical Yearbook,” “China Energy Statistical Yearbook,” “China Environmental Statistical Yearbook,” “China Environmental Status Bulletin,” and “Water Resources Bulletin.” Carbon dioxide data were obtained from the CEADs database. Table 2 lists the specific variables used. To handle missing values, we employed an interpolation method.



TABLE 2 Specific variable names and data source.
[image: Table listing various variables related to environmental and economic metrics, such as Inclusive and Green Growth (IGG) and Green Innovation Level (GIL). It includes columns for variable names, short names, data sources, and corresponding data websites. Data sources range from yearbooks to enterprise databases, with several URLs linked for detailed information.]




3.5 Study area

The ecological compensation policy in the Yangtze River Basin plays a crucial role in balancing green economic development with ecological construction in the Yangtze River Economic Zone (73). This study investigates the effects of HEC on IGG in the Yangtze River Basin, a pilot region for this policy and one of China’s top practices in recent years. The Yangtze River Economic Belt, a significant economic hub in China, is home to numerous high-quality talent and training bases and boasts one of the highest levels of technological innovation in the country. This study explores the intrinsic mechanism through which the HEC policy on IGG. Our study encompasses 87 cities in the Yangtze River Economic Belt, covering the upper, middle, and lower reaches of the Yangtze River Basin. The upper reaches include Qinghai, Sichuan, the Tibet Autonomous Region, Yunnan, Guizhou, and Chongqing. The middle reaches consist of Hubei, Hunan, and Jiangxi. The lower reaches comprise Anhui, Jiangsu, Zhejiang, and Shanghai.




4 Empirical results


4.1 Measurement and analysis of IGG

Referring to Zhou’s (68) approach to building an IGG system, this study measured the IGG values of 87 cities in the Yangtze River Basin from 2007 to 2020. The measurement employed the entropy-weighted TOPSIS method, assigning equal importance to each aspect of IGG, with each indicator accounting for 25% of the total weight. Based on these weights, adjustments were made, and the resulting proportions are presented in Table 3.



TABLE 3 Inclusive green growth weight proportions.
[image: A table categorizing metrics under four main areas: Economic development, Social opportunity equity, Sustainable production and consumption, and Ecological environmental protection. Each area is divided into sub-categories with corresponding indicators under Level 3. Each indicator is assigned a weight, with values ranging from 0.047 to 13.845.]

The analysis reveals a mean value of 0.3894, indicating a relatively low level of IGG during the study period. Figure 3 shows that the development trends in the upper, middle, and lower reaches of the Yangtze River generally align with the overall basin trend.

[image: Line graph showing the Comprehensive Score Index from 2006 to 2020. Three lines represent Upper, Middle, and Lower categories. All lines show a gradual increase, with the Lower category surpassing the Upper and Middle categories after 2014.]

FIGURE 3
 Trend of average comprehensive evaluation score of Yangtze River over Time.


Ecologically, the lower reaches of the Yangtze River exhibit a superior environment compared to the upper and middle reaches. This advantage is attributed to the region’s focus on ecological civilization, green transformation, and development. National initiatives such as the “Ten Principles of Atmosphere,” “Ten Principles of Water,” and “Ten Principles of Soil” have reinforced pollutant discharge standards, improved wastewater discharge compliance, and increased solid waste utilization. Additionally, the “Beautiful China” initiative has enhanced spatial control of ecological protection red lines, permanent basic farmland, urban development boundaries, and other areas, optimizing spatial structure and increasing green spaces. As a result, the lower reaches of the Yangtze River have achieved a relatively high level of green and inclusive growth.



4.2 Regression results analysis

The paper utilizes a multi-stage Difference-in-Differences (DID) model to analyze the impact of HEC policies on the IGG level in the Yangtze River Economic Belt. Table 4 presents the findings.



TABLE 4 Regression results.
[image: Table showing regression results for four models labeled (1) to (4) with IGG as the dependent variable. Variables include HEC_Policy, STI, FAI, PD, UNE, WR, HC, HWD, GC, and AGS. Each column lists coefficients and t-statistics in parentheses. Significance levels are denoted by asterisks: *** for p < 0.01, ** for p < 0.05, * for p < 0.1. Observations (N) are 1,218, with R-squared values listed per model. City and year fixed effects are included.]

First, the estimated coefficient of the policy in column (1) is 0.0394, statistically significant at the 1% level. However, when time fixed effects are considered in column (3), the estimated coefficient of the policy becomes 0. Despite this, the policy effectively promotes IGG, with a statistically significant increase of 0.3344 (p < 0.01) after controlling for the time dummy variable. Columns (2) and (4) for provide additional comparison with other control variables, showing policy coefficients of 0.0175 and 0.1663, respectively, both significant at the 1% level.

These results indicate that the HEC policy has a positive impact on IGG in the Yangtze River Economic Belt. The consistent positive regression coefficients across all scenarios suggests that the national HEC policy benefits the IGG of prefecture-level cities in the Yangtze River Basin. Furthermore, the HEC policy shows a significant positive correlation with provincial IGG, even when controlling for city and year effects, thus supporting the H1 hypothesis.

Furthermore, while investment in fixed assets does not significantly promote IGG, investment in science and technology, population density, unemployment level, and per capita ecological resource possession are significantly beneficial. Notably, when year effects are not controlled, all control variables significantly increase IGG.

Overall, the analysis demonstrates that the DID coefficients remain significant even after controlling for province and year variables. Both adjusted and unadjusted coefficients are significantly higher, indicating a strong model fit.



4.3 Mechanism analysis

Horizontal ecological compensation policies can significantly promote regional IGG (39, 69, 74). These policies influence the emissions of polluting industries, innovation in ecological functional areas, and technological encouragement, which in turn moderate the overall effectiveness of green growth initiatives. Theoretical analyses have demonstrated the efficacy of these policies. To further explore how HEC policies impact IGG, this study substitutes the development variable with the mechanism variable (67, 75) and employs a moderating effect model for testing.

This paper employs the following method to construct the moderating variables: heavily polluting enterprises are significantly impacted by environmental policies, making them a critical focus of these policies. Heavy industry enterprises are major sources of urban pollutants. To avoid environmental penalties, these enterprises respond more proactively to relevant policies, either by reducing pollution emissions or relocating their business. Consequently, the implementation of environmental policies has a more pronounced effect, which moderates the relationship between HEC and IGG (7, 58). Using data from the China Environmental Statistical Yearbook and the China Industrial Enterprises Database, this paper calculates industrial pollutant emissions and assesses industrial pollution in 87 cities in the Yangtze River Economic Belt.

To achieve IGG in cities, technological innovation is essential. This article uses the number of granted urban green invention patents as a measure of green technology innovation. Granted patents, as opposed to applications, more accurately reflect a city’s actual level of technological research and development and offer greater innovation value than utility patents (66, 67). Therefore, this indicator is a rational and feasible measure of green technology innovation.

To investigate the moderating effect of green innovation and industrial pollution level, we conducted a detailed analysis. The results, presented in Table 5, illustrate these relationships.



TABLE 5 Moderating effect test results.
[image: A table showing regression results with two columns labeled (1) and (2), both having the dependent variable IGG. Both columns list coefficients for variables: HEC_Policy, IPL, HEC_Policy×IPL, GIL, HEC_Policy×GIL, STI, FAI, PD, UNE, WR, HC, HWD, GC, AGS, and cons. Significance levels are marked with asterisks, where *** denotes p < 0.01, ** p < 0.05, and * p < 0.1. The R-squared values are 0.49614 and 0.49540, with 1218 observations.]

Table 5 specifically examines (1) the moderating effect of urban industrial pollution levels. By introducing interaction terms between urban industrial pollution levels and HEC policies into our baseline regression model, we found a positive correlation with IGG at a 5% significance level. This indicates that higher levels of urban industrial pollution amplify the positive impact of HEC policies on IGG. Therefore, hypothesis 2 is confirmed.

To further analyze the moderating effect of green innovation level, we examined (2). By introducing both the green innovation level and its interaction term with the HEC policy into the benchmark regression model, we found that this interaction term is positively correlated with IGG at 5% significance level. This result indicates that green innovation enhances the positive impact of HEC policy on IGG, thereby confirming hypothesis 3.



4.4 Parallel trend test and analysis of the dynamic effects

In this study, we apply a multi-period DID model. This approach assumes that both the experimental and control groups follow a consistent trend before the policy implementation, thus meeting the parallel trend hypothesis. Due to the varied timing of policy impacts across cities, using a single year as a reference point for time dummy variables is impractical. Instead, we generate dummy variables based on relative time values specific to each pilot city to effectively implement the HEC policy.

[image: Equation depicting a regression model: IGG equals βBefore2 plus βBefore1 plus βCurrent plus βAfter1 to βAfter6, plus γControl_Var plus ProFE plus YearFE plus ε.]

The time dummy variable captures the observed values of prefecture-level cities before, during, and after the implementation of the HEC policy over several years. For cities that are not pilot cities, these dummy variables are set to 0. Figure 4 illustrates the results. Before the policy, the coefficients of the relative time dummy variables are not statistically significant and have small values. This result indicates no significant difference in IGG between the experimental and control group before the policy, which also supports the parallel trend hypothesis.

[image: Line graph showing policy effects over time, labeled "Policy before and after" on the x-axis and "Policy effects" on the y-axis. Data points increase from negative to positive values, with error bars indicating variability.]

FIGURE 4
 Parallel trend test results.


The policy’s dynamic impact is evident within 2 years of implementation, showing a gradual influence on IGG. After 2 years, the impact coefficient of the HEC policy demonstrates a significant and consistently increasing positive trend. This suggests that the pilot policy effectively promotes IGG in prefecture-level cities along the Yangtze River, albeit with some delay.



4.5 Robustness test: placebo test

This article has controlled for numerous urban characteristic variables in a quasi-natural experiment. However, some unobserved factors might still affect the assessment results of the HEC policy. In the multi-period DID analysis, the timing of policy implementation varies among pilot cities. Therefore, it is essential to conduct a placebo test by randomly generating pseudo-treatment group variables and pseudo-policy shock variables. This involves selecting random sample periods for each sample object as its policy time.

To achieve this, we randomly sampled 87 prefecture-level cities and municipalities directly under the central government, ensuring no duplication of experimental provinces and policy time points. During each sampling, 70 cities were selected as virtual pilot areas, while the remaining 17 cities were designated as virtual non-pilot areas. This random sampling process was repeated 500 times, followed by regression analysis. We obtained 500 sets of simulated variables and illustrate the distribution of the 500 kernel densities and their values in Figure 5.

[image: Graph showing p-values versus estimated coefficients. A central cluster of data points is around zero on the x-axis with a red curve resembling a normal distribution overlaid. Horizontal and vertical dashed lines intersect at key points, suggesting thresholds or significance levels.]

FIGURE 5
 Placebo test.


The vertical dotted line marks a coefficient of 0.1663, which represents the baseline regression in this study. Our analysis found that the actual regression coefficient is at the lower end of the permutation test distribution and is below 0.1, which indicates a significant deviation from the placebo test results. Most estimated coefficient values, however, are above 0.1, and the mean regression coefficient from random sampling is near zero. These findings suggest that our baseline regression result is robust and passes the placebo test, supporting the reliability of our study’s evaluation.



4.6 Heterogeneity analysis

Given the varying marketization processes across cities, it is essential to integrate both government and market mechanisms in HEC policies. Based on the marketization index, the 87 cities were divided into three groups: low (0–5), medium (5–7), and high (above 7) marketization levels. This classification, derived from the average total marketization score from 2007 to 2020, was used to assess how pilot policies for HEC impact IGG in cities with different marketization levels.

Table 6 presents the estimated results for the impact of heterogeneous marketization on IGG. The findings indicate that HEC policies have a minimal effect in cities with low marketization, a slight positive impact in cities with medium marketization, and a significant positive impact in cities with high marketization. As urban marketization levels increase, information asymmetry diminishes, allowing market supply and demand to be more accurately reflected. This enables the government to develop and implement more effective and targeted policies, supporting the confirmation of Hypothesis 4.



TABLE 6 Heterogeneous result of marketisation.
[image: Table comparing three categories: Low, Medium, and High under columns one, two, and three. For HEC_Policy, values are 0.000, 0.080 (1.29), and 0.122 (1.90). Sample sizes are 70, 745, and 354. R squared values are 0.960, 0.898, and 0.952, while adjusted R squared values are 0.90, 0.88, and 0.93.]

This article aims to explore whether different regions along the Yangtze River will produce varying effects on IGG. The cities are categorized into urban clusters in the upper, middle, and lower reaches of the Yangtze River, based on their respective provinces. The objective is to investigate whether the initial implementation of HEC policies have different effects in various regions. The estimated results are presented in Table 7.



TABLE 7 Heterogeneous result of regions along the Yangtze River.
[image: A table with three columns labeled Upper, Middle, and Lower. Each column presents data for HEC_Policy, N, R², and Adj. R². HEC_Policy values are 0.130 (1.34), -0.065 (-1.14), and 0.179** (2.00) respectively. N is 476 for Upper and Lower; 266 for Middle. R² values are 0.787, 0.944, and 0.864. Adjusted R² values are 0.76, 0.93, and 0.85.]

The paper also examines whether the effects of HEC policies vary across different regions of the Yangtze River. Cities are categorized into urban clusters in the upper, middle, and lower reaches of the river, according to their respective provinces. Table 7 shows the estimated results for this regional analysis.

The findings reveal that the HEC policy does not positively influence IGG in the middle reaches of the Yangtze River. In contrast, HEC has significant positive effects in urban areas of both the upper and lower reaches. This regional variation may be due to differences in the timing and intensity of policy implementation across provinces. The upper and lower reaches of the Yangtze River, being crucial areas and initial pilot areas for these policies, benefit from substantial government investment and social attention, which enhances the positive impact on IGG.




5 Conclusion

This article uses the IGG Index to measure and analyze the level of green development and regional differences in the Yangtze River Basin from 2007 to 2020. The findings indicate that the mean value of IGG in this period is 0.3894, suggesting a low overall level and highlighting the need for further improvement.

The empirical analysis demonstrates that the HEC policy has significantly enhanced the overall level of IGG in cities within the Yangtze River Basin. This policy also shows lag and dynamic effects, and its reliability is confirmed through a placebo test.

Additionally, the moderating effect test reveals that urban industrial pollution and green technology innovation significantly influence the impact of the HEC policy on IGG. These factors are crucial in how the policy affects green growth levels.

Heterogeneity analysis shows that the policy’s impact varies based on the degree of marketization in different cities. As urban marketization increases, the positive impact of the policy becomes more significant. Furthermore, the influence of HEC on IGG differs across cities in the upper, middle, and lower reaches of the Yangtze River. The positive effects are more pronounced in cities in the upper and lower reaches.

Overall, this analysis indicates that national strategic planning and policy measures have a substantial impact on green development in the Yangtze River Basin.

Our research fundamentally contributes to understanding the complex interplay between inclusive urban expansion and ecological conservation. By examining the nexus between ecological compensation policies and IGG, we enrich the scholarly discourse on green urban development. We contend that our findings provide valuable insights for addressing regional disparities and advancing inclusive urban development.

Firstly, due to the lagging and dynamic effects of HEC policies, we recommend increasing both the investment and duration of these policies to continuously enhance the level of IGG in cities along the Yangtze River Basin. It is also essential to devise precise compensation policies tailored to each context. The effectiveness of marketization varies across cities; highly marketized areas may favor market-based approaches, while less marketized regions might benefit more from government-led or socially participatory mechanisms.

Moreover, building model cities for HEC in the lower Yangtze River and strengthening policies for the upper and middle reaches is suggested. Priority should be given to implementing these policies in cities polluted by heavy industries, with strengthened supervision of heavy polluters to accelerate policy implementation and gradually expand the scope of the pilot programs.

Supporting green technology innovation requires fortifying intellectual property rights mechanisms and cracking down on infringement. Additionally, establishing collaborative platforms and enhancing market demand are crucial for advancing environmentally sustainable technological solutions.

Despite these contributions, our paper has limitations that future research can address. Firstly, while the Yangtze River Basin is a significant pilot area for HEC, other basins, such as the Yellow River Basin, also warrant attention. Future studies could expand the scope to include these areas, enhancing the universality of data and generalization of conclusions. Secondly, regarding the influence mechanisms, future research should consider improving variable selection to study the impact of HEC on IGG from a more comprehensive perspective.
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Background: Green and blue spaces, as crucial components of urban ecosystems, significantly impact the physical and mental health of residents. However, the mechanisms through which Green/Blue Space Justice influence residents’ health remain unclear.
Methods: This study aims to explore the impact of green spaces on public psychological responses, physical activity, and mental health from a justice perspective, and to examine the moderating role of blue spaces in this relationship. The research was conducted in selected communities within the Chang-Zhu-Tan urban agglomeration in Hunan Province, China. A total of 801 valid questionnaires were collected through field visits and online surveys. The study uses an improved Gaussian-based two-step floating catchment area (2SFCA) method to assess green space accessibility. Data were analyzed using structural equation modeling (SEM) and moderation effect analysis to reveal the relationships between variables.
Results: The findings indicate that Green Space Justice has a significant positive impact on psychological responses, physical activity, and mental health; psychological responses and physical activity play crucial mediating roles between Green Space Justice and mental health; and Green Space Justice significantly affects mental health through a chain mediation path involving psychological responses and physical activity. Moreover, Blue Space Justice significantly moderates the impact of Green Space Justice on psychological responses and physical activity, but does not have a significant direct impact on mental health.
Conclusion: This study enriches the theory of Green Space Justice by revealing the mechanisms through which it influences mental health via psychological responses and physical activity. It provides a scientific basis for the development of healthy cities. Additionally, it recommends that urban planning should prioritize the equitable distribution and high accessibility of both green and blue spaces to comprehensively enhance residents’ physical and mental well-being. Policymakers should consider prioritizing the accessibility of high-quality green spaces for vulnerable communities during urban renewal and expansion processes to reduce social health inequalities and promote broader public health outcomes.
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1 Introduction

Rapid urbanization and fast-paced, unhealthy lifestyles are threatening human physical and mental health and quality of life (1). Globally, over one billion people are affected by mental health issues (2). The COVID-19 pandemic in recent years has exacerbated mental health problems worldwide, including anxiety, confusion, and stress (3). A study from Mexico confirmed that the rates of suicide and depression have been rising in recent years (4). In addition, the widespread use of the internet has impacted the mental health of adolescents, who are in a critical stage of physical and psychological development and are particularly susceptible to external influences. A study from China indicates that stress, anxiety, and depression among adolescents have become significant social issues in recent years (5). Although the factors leading to the deterioration of human physical and mental health are complex and multifaceted, increasing evidence suggests that urban green and blue spaces have a positive impact on physical and mental health. More accessible green spaces help reduce residents’ stress and psychological distress (6–9). Nguyen et al. (10) systematically summarized the effects of Nature prescriptions on mental health and physical activity, highlighting the promising role of green and blue spaces in treating mental health issues.

Concurrently, urban green and blue spaces have become a focal point in environmental justice research (11). Environmental justice, particularly Green Space Justice, refers to the equitable distribution of green spaces among different socio-economic groups. It emphasizes the need to ensure that low-income, minority, and other socially disadvantaged groups have fair access to public amenities such as parks and green spaces (12). However, the advancement of urbanization has led to a reduction in the availability and equitable distribution of urban green spaces (13, 14), potentially exacerbating health inequalities (15). While increasing green space exposure can improve residents’ health and well-being, the green space premium effect in urban areas creates disparities in the health benefits enjoyed by residents of different socio-economic statuses, thereby deepening health inequalities in megacities. Numerous studies support this point: Matthias et al. used sensing, OpenStreetMap, and census data to reveal significant disparities in the distribution of green spaces among populations in German cities, with notable urban–rural differences and significant influence from household economic status (16, 17). Mikel’s study involving 1,738 children aged 6 to 8 and 1,449 children aged 10 to 12 demonstrated that economic income and educational differences lead to inequitable exposure to green and blue spaces (18), resulting in vulnerable groups being more exposed to harmful environments (19). This hinders the achievement of human physical and mental health and well-being, as well as the long-term stable development of society. Although numerous studies have demonstrated the positive effects of green spaces on mental health, research on the equitable distribution of green spaces remains limited. These studies often focus solely on the quantity or accessibility of green spaces relative to residential areas, while neglecting other important factors such as the size and quality of the green spaces (20). Based this background, the present study first examines the direct impact of green spaces on public psychological responses, physical activity, and mental health. It then analyzes the distribution of these green space resources from a justice perspective and evaluates the moderating role of blue space equity in this process. This research is of significant importance for promoting human well-being, planning healthy cities, and fostering harmonious societies.


1.1 The relationship between green spaces and residents’ mental health

Urban green spaces encompass a wide variety of areas, such as parks, community gardens, cemeteries, rooftop gardens, vertical gardens, lawns, street trees, and small engineered green facilities (21). These spaces play a crucial role in improving residents’ mental health (22, 23), with an increase in per capita green space significantly reducing levels of depression (24). Increasingly, research is focusing on the relationship between green spaces and mental health.

Das et al. (25) conducted a year-long study involving bi-weekly surveys of 8,253 adults from 50 U.S. states and found that green spaces can improve negative emotions and reduce the occurrence of mental illnesses. Spano et al. (26) investigated the relationship between green exposure and mental health among 3,886 Italian respondents during the COVID-19 lockdown, discovering that green spaces positively affect anxiety, fear, irritability, and sleep disorders. de la Osa et al. (27) conducted a 3–11 year longitudinal study on 539 community children in Barcelona, analyzing the relationship between green exposure at schools and residences and psychological anxiety. They concluded that increased exposure to green spaces, especially at school, is crucial for children’s mental health (27). Liu et al. (28) evaluated the relationship between residential green exposure and depression using a multilevel linear model with data from 15,826 families across 401 communities in 158 Chinese cities, encompassing 21,086 sample members. They found that greater green space exposure helps reduce the incidence of depression and other mental illnesses (28). Although many studies have demonstrated the positive effects of green spaces on mental health, no research has yet combined indicators such as park quality, park availability, and greening coverage. This gap limits the ability to provide information for equitable urban green space planning, making it difficult for urban planners and policymakers to identify and address issues of environmental justice and health equity in cities (29). Therefore, this study holds significant practical relevance.



1.2 The mediating role of physical activity and psychological responses in green spaces

Green spaces can provide urban residents with areas for social interaction, encouraging various forms of communication and engagement (30), and promoting a range of physical activities (31, 32). Higher exposure to community green spaces is associated with higher prevalence rates of physical activity among residents (33). Numerous studies have discussed the impact of physical activity in green spaces on mental health, yielding predominantly positive results. For example, walking or simply spending time in green spaces can immediately improve mood and state anxiety (34), while physical activity can enhance residents’ self-esteem (35) and positively influence mental health (36). Moreover, Kajosaari and Pasanen (37) employed a spatial method using Public Participation Geographic Information Systems (PPGIS) to explore the effects of different outdoor sports environments on mental health, finding that physical activities conducted in green spaces are more effective in alleviating stress and promoting relaxation. Naghibi et al. (38) utilized the EMOTIV system and visual questionnaires to capture individuals’ perceptions and observations of green space landscapes. They employed two psychological scales to assess attention and stress levels, finding that increased exposure to green spaces made respondents feel more comfortable, relaxed, and cheerful. This emphasizes the role of green spaces in restoring mental health and enhancing mood (38). Similarly, a study by Grellier et al. (39) found that among 22 million residents in England aged 16 and over, at least one weekly green space activity effectively prevented 10,552 cases of major depression. Therefore, this study posits that physical activity in green spaces serves as a mediating factor between green space exposure and residents’ mental health.

Additionally, psychological responses can significantly impact mental health. For instance, Zheng et al. (40) conducted a study on the mental health of 3,501 older adult individuals in 146 Chinese cities and found that psychological responses significantly influence mental health. Kim et al. (41) analyzed 661 adolescents under 19 years old in Korea and found that leisure perception, relaxation, and green space public leisure areas significantly impact adolescents’ well-being. This may be due to the fact that psychological responses can influence mental health by stimulating hormone secretion. Positive psychological responses can induce the release of dopamine, oxytocin, serotonin, and endorphins (42), all of which have beneficial effects on mental health (43, 44). Vegaraju and Amiri (45) analyzed the 2011–2019 BRFSS dataset to study older adults in the United States aged 65 and above, demonstrating a positive correlation between green spaces and the subjective well-being of urban older adult residents, as well as a reduction in psychological distress. Similarly, Delgado-Serrano et al. conducted a study involving 632 individuals in Spain, further confirming that green spaces generally enhance well-being, support mental health, and reduce psychological distress. However, the benefits of green spaces are not consistent across different urban environments (46). Therefore, this study hypothesizes that psychological responses in green spaces are another mediating factor between Green Space Justice and residents’ mental health.



1.3 The chain mediating role of green space physical activity and green space psychological activity

Previous research has indicated that green space physical activity and green space psychological responses might serve as independent mediators of the effect of green spaces on residents’ mental health. However, other studies suggest the existence of a more complex mediation mechanism between these factors. Research has shown that the frequency of exercise is significantly related to self-esteem, stress, depression, and happiness; frequent participation in exercise can make individuals feel more pleasant and relaxed (47–49), while a reduction in exercise frequency can decrease subjective well-being (50). Harada et al. (51) conducted an in-depth analysis of the effects of exercise duration, frequency, and intensity on psychological responses, demonstrating that physical activity is crucial for improving the daily life satisfaction of older adults. The frequency of exercising for more than 30 min significantly impacts subjective health and happiness in older adults (52), with the relationship between physical activity and psychological responses being more pronounced for males, older adults, unmarried individuals, rural residents, those lacking social security, those with higher levels of depression, and those of lower socioeconomic status (53). When individuals experience negative psychological activities such as guilt or shame, they are more likely to spend time on outdoor activities to alleviate anxiety. Conversely, when people are in a peaceful state of mind, they may engage in green space activities to seek relaxation and other positive psychological benefits (54). These actions have been shown to be beneficial to mental health. Therefore, this study hypothesizes that green space physical activity and green space psychological responses play a chain mediating role in the impact of green spaces on residents’ mental health.



1.4 The synergistic moderating role of blue spaces

Different forms of water bodies, such as rivers, ponds, and lakes, are referred to as blue spaces (55). In recent years, many scholars have explored the relationship between blue spaces and human physical and mental health, social relationships, and cultural perceptions (56). Proximity to blue spaces has a positive impact on human and social ecological health, with larger peripheral blue spaces being more beneficial (57). White et al. (58) proposed a model systematically explaining how proximity to blue spaces can enhance health and well-being. Additionally, a review of extensive literature has found a positive correlation between outdoor blue spaces and the health of older adults (59). A study from Greece, analyzing vast data, demonstrated that exposure to blue spaces significantly reduces natural mortality rates and deaths from cardiovascular, respiratory, neurological, cerebrovascular, and ischemic heart diseases (60). Although the area of oceans far exceeds that of inland freshwater bodies, research shows that more than 50% of the global population lives within 3 km of freshwater. Clearly, studying the relationship between freshwater blue spaces and the health and well-being of urban residents holds greater significance than research on coastal blue spaces (61). However, many studies to date have focused on clarifying the relationship between coastal blue spaces and health, with much less attention given to freshwater blue spaces within urban areas (62). As a result, there is currently little knowledge about the potential of different types and quantities of freshwater blue spaces to promote health and well-being (63, 64). Therefore, incorporating blue spaces into research is of significant practical importance.

Increasingly, research on blue spaces has focused on mental health. Chen and Yuan (65) studied older adult residents in Guangzhou and found that exposure to blue spaces positively affects mental health by improving mood, alleviating depression and anxiety, and aiding in the recovery from psychological disorders. Moreover, blue space availability was found to be more effective than green space availability in reducing depression rates among the older adult (66).

Research has also begun to focus on the relationship between physical activity, mental health, and blue spaces. Murrin et al. (67) studied 350 participants and found that physical activity could explain the association between inland blue spaces and mental health outcomes. Studies have shown that even 3 min of visual contact with blue spaces can promote mental health (68), and swimming in open water can improve mood, mental health, and alleviate the distress caused by mental illnesses (69). Although many studies have focused on specific age groups (children/adults/older adult), there is evidence that blue spaces benefit the physical activity and health and well-being of all age groups (70).

Beyond studying the independent moderating effects of blue spaces, Elliott et al. (71) analyzed data from 15,917 cross-sectional studies in 18 countries, finding that the connection between nature and residents’ health is primarily achieved through exposure to green and blue spaces, providing a theoretical basis for promoting health and preventing diseases through these spaces. Marques et al. (72) studied 1,359 mother-newborn pairs and found that exposure to green and blue spaces during pregnancy is related to infant health, and exposure during infancy can affect mental health not only at present but also into adulthood (73). Vegaraju and Amiri (45) used Behavioral Risk Factor Surveillance System (BRFSS) data from phone interviews to demonstrate that exposure to green and blue spaces positively affects the physical and mental health of the older adult in Washington, effectively reducing their psychological distress.

Similar to green spaces, blue spaces also play a moderating role in physical activity and mental health. Therefore, studying the synergistic effects of blue spaces alongside green spaces on physical activity and mental health is of significant importance.



1.5 The current study

In reviewing the existing literature, this study found that although there is an increasing focus on mental health, research on physical health remains more prevalent, and the evidence on mental health is still insufficient. Moreover, while some scholars have analyzed green and blue spaces together, many prefer to study either green or blue spaces independently, with few studies examining their combined effects. At the same time, existing evidence indicates that urban green and blue spaces are beneficial to mental health; however, the optimal quantity, location, duration, type, and quality of these spaces remain unknown (74). Therefore, it is necessary to conduct an in-depth analysis of the attributes of green and blue spaces, including their quantity, area, and accessibility.

Given this research context, this study uses urban remote sensing data and questionnaire interview data to explore the mechanisms by which Green Space Justice affects mental health. By employing structural equation modeling and moderation models, this research examines the mediating roles of green space physical activity and green space psychological responses, along with the moderating effect of Blue Space Justice. This study explores the mechanisms through which green space influences mental health from a justice perspective, addressing gaps in the existing research. This study aims to answer the following key questions: how does Green Space Justice affect residents’ mental health through the mediating mechanisms of psychological responses and physical activity in urban built-up areas? Additionally, does Blue Space Justice play a moderating role in this pathway? Specifically, this study will examine: (1) the direct impact of Green Space Justice on residents’ psychological responses, physical activity, and mental health; (2) the mediating role of psychological responses and physical activity between Green Space Justice and mental health; and (3) the moderating role of Blue Space Justice in the relationship between Green Space Justice and psychological responses, physical activity, and mental health.




2 Materials and methods


2.1 Study area

This study employs a random visit approach, selecting random communities within the built-up areas of the Changsha-Zhuzhou-Xiangtan City Group (CZXCG) in Hunan Province as the research area (Figure 1). This region is located in south-central China, offering a favorable geographical position and convenient transportation, making it a significant economic and cultural area in the country.

[image: Three-part map visualization. Left: Map of China highlighting a province. Center: Enlarged map of Hunan Province with a section marked. Right: Detailed study area map showing community populations with color-coded circles, labeled blue and green spaces, and road networks.]

FIGURE 1
 Study area.


The CZXCG has numerous advantages and holds significant importance. Firstly, as an important urban cluster in south-central China, the economic development of CZXCG has been rapid. Changsha, as the provincial capital, has demonstrated strong economic growth and technological innovation capabilities, driving the development of the entire urban cluster. Secondly, despite being a highly urbanized area, the CZXCG retains a rich natural landscape, including several large parks, green spaces, and water bodies, providing residents with a favorable ecological environment. This blend of natural environments and high urbanization makes the CZXCG an ideal area for studying Green Space Justice and its impact on public physical activity and mental health.

Additionally, the CZXCG is densely populated, with a high level of urbanization and diverse community types. It includes highly developed central urban areas as well as relatively new surrounding communities, offering a diverse sample for research. This diversity helps to deeply explore the differences in green space distribution and utilization across different community types. More importantly, as urbanization accelerates, the CZXCG faces numerous challenges and opportunities in green space planning and construction. Studying the impact of Green Space Justice on residents’ physical and mental health in this region can provide scientific evidence and practical guidance for achieving Green Space Justice and improving residents’ quality of life. This research can also serve as a valuable reference for the planning of green and blue spaces in other urban clusters across the country.

Furthermore, the built-up areas of the CZXCG are centered around the Xiang River, which allows the study to not only reveal the current state of green space distribution and utilization but also explore the moderating role of Blue Space Justice. This can provide valuable insights for further enhancing the level of Green Space Justice in urban areas.



2.2 Data sources

The data for this study are divided into geographic spatial data and survey questionnaire data. The geographic spatial data include administrative boundary data, population density spatial datasets, and land use remote sensing monitoring data. All of these datasets are sourced from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences1. The land use remote sensing monitoring data were generated using Landsat TM/ETM and Landsat 8 imagery, with a spatial resolution of 30 m × 30 m.

The questionnaire data were collected by the research team through in-depth field visits and online surveys conducted from June 2022 to December 2022 in various communities within the built-up areas of the Chang-Zhu-Tan urban agglomeration in Hunan Province. The research sample was obtained using random sampling methods. Questionnaires were randomly distributed in communities near various typical public green parks and the Xiang River waterfront. Additionally, some online questionnaires were distributed through an online survey platform to supplement the field survey data. A total of 1,061 questionnaires were distributed, with 801 valid responses received. Among the survey respondents, 29.09% were male, and 70.91% were female. The age distribution was primarily between 31 and 40 years old, accounting for 49.19%, followed by 41–50 years old at 22.97%, reflecting high participation from middle-aged and young adults. This concentration indicates the significant demand for and utilization of green spaces by this age group in urban areas. In terms of education level, 55.93% of respondents had an associate degree or higher. Monthly income was mainly in the ranges of 0–2000 RMB and 5,000–8,000 RMB, accounting for 22.72 and 21.47%, respectively. These data comprehensively reflect the needs and usage of green spaces by residents with different backgrounds and characteristics (Table 1), providing a solid data foundation for studying the impact of Green Space Justice on public mental health.



TABLE 1 Basic information statistics of survey respondents.
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Additionally, the survey data in this study are primarily based on self-reports from respondents. This data collection method may be subject to several potential biases, including social desirability bias and recall bias. Social desirability bias may lead respondents to provide answers that align with social expectations rather than their true behaviors or feelings. Recall bias can affect the accuracy of respondents’ recollections of past behaviors or emotions. Furthermore, respondents’ emotional states, comprehension abilities, and the design of the questionnaire itself may also influence the data. To mitigate these potential biases, this study implemented the following measures: First, the questionnaire was designed using validated scales and clear question descriptions to reduce comprehension bias. Second, during data collection, respondents were ensured anonymity and encouraged to respond in a pressure-free environment, thereby minimizing the impact of social desirability bias. Additionally, in the data analysis phase, statistical methods such as control variable analysis were employed to detect and correct potential biases, thereby enhancing the validity and reliability of the data. Moreover, this study employed a random sampling method, distributing questionnaires in communities near various typical public green parks and the Xiangjiang River, to ensure diversity and representativeness of the sample. The survey data collected in the field were supplemented with data from an online survey platform to broaden the sample coverage and improve the comprehensiveness of the data.



2.3 Research hypotheses

This study aims to explore the impact of green spaces on public physical activity, psychological responses, and mental health in urban built-up areas from a justice perspective and to examine the moderating role of Blue Space Justice (Figure 2). Based on relevant literature and theoretical frameworks, the following research hypotheses are proposed:
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FIGURE 2
 Hypothetical model construction. Abbreviations can be found in Table 2.


Green Space Justice refers to the equitable distribution of natural space resources such as green spaces and parks within cities. When the distribution of green spaces is more balanced and fair, residents are more likely to be willing to engage in outdoor activities. This increased willingness leads to more frequent and longer participation in green space activities, which directly improves residents’ mental health. Fairly distributed green spaces provide better leisure and relaxation venues, helping to alleviate psychological stress and enhance life satisfaction and happiness. Therefore, the following hypotheses are proposed:


H1a: Green Space Justice has a positive impact on psychological responses.
H1b: Green Space Justice has a positive impact on physical activity.
H1c: Green Space Justice has a positive impact on mental health.



Psychological responses are closely related to physical activity and mental health. When residents’ willingness to engage in outdoor activities increases, their frequency and duration of green space activities also increase. Higher willingness to engage in outings means residents are more likely to participate in outdoor activities, thereby enhancing their psychological health. Therefore, the following hypotheses are proposed:


H2a: Psychological responses have a positive impact on physical activity.

H2b: Psychological responses have a positive impact on mental health.
 

Physical activity are closely related to mental health. More frequent and longer green space activities help relieve stress and improve mood, thereby enhancing residents’ mental health. Therefore, the following hypothesis is proposed:


H3: Physical activity have a positive impact on mental health.
 

Green Space Justice can influence mental health not only through its impact on residents’ psychological responses but also through its impact on their physical activity. Therefore, the following hypotheses are proposed:


H4a: Psychological responses mediate the relationship between Green Space Justice and mental health.

H4b: Physical activity mediate the relationship between Green Space Justice and mental health.
 

Green Space Justice influences mental health through a chain mediation effect involving psychological responses and physical activity. Therefore, the following hypothesis is proposed:


H5: Green Space Justice affects residents’ mental health through a chain mediation involving psychological responses and physical activity.
 

Blue Space Justice refers to the equitable distribution of water resources such as bodies of water and rivers within cities. Balanced distribution of blue spaces can enhance the attractiveness of green spaces, making residents more willing to engage in outdoor activities. This increases the frequency and duration of residents’ participation in green space activities and further improves the overall environmental quality of green spaces. Therefore, the following hypotheses are proposed:


H6a: Blue Space Justice positively moderates the relationship between Green Space Justice and psychological responses.

H6b: Blue Space Justice positively moderates the relationship between Green Space Justice and physical activity.

H6c: Blue Space Justice positively moderates the relationship between Green Space Justice and mental health.
 

By testing the above hypotheses, this study will reveal the importance of Green Space Justice and Blue Space Justice in enhancing public psychological responses, physical activity, and mental health. The findings will provide a theoretical basis for urban planning and public policy.



2.4 Variable selection


2.4.1 Independent variable

Green Space Justice is the independent variable in this study, aimed at assessing the fairness and equity of green space resource distribution within communities. Green Space Justice is composed of four measurement indicators: green space diversity, green space availability, green space equity, and green space accessibility. The comprehensive evaluation of these four indicators allows for a thorough assessment of the equity of green space resource distribution within communities, providing a solid foundation for studying the impact of Green Space Justice on public physical activity, psychological responses and mental health. This study uses buffers as spatial statistical units and communities as visualization units (Figure 3). The detailed descriptions of these four indicators are as follows:

	1. Green Space Diversity: green space diversity measures the number of different green spaces accessible within a 30-min walking distance from the community centroid. According to Wolch et al. (75) and the Ministry of Housing and Urban–Rural Development of the People’s Republic of China (2019), urban green spaces include forests, grasslands, and more. Specifically, the number of different green spaces within a 1,500-meter radius buffer zone from the community centroid represents the green space diversity of that community. Diverse green spaces not only meet the varied recreational needs of residents but also enhance the overall quality of the community environment. Studies have shown that green space diversity is positively correlated with residents’ mental health and social interactions (76, 77).
	2. Green Space Availability: green space availability refers to the area of green space within the buffer zone that is accessible to residents. The larger the green space area, the richer the green space resources available for residents, providing more outdoor activities and leisure space.
	3. Green Space Equity: green space equity is the ratio of green space area to the total area of the buffer zone. A higher ratio indicates a more balanced distribution of green spaces within the buffer zone, ensuring fair opportunities for residents to access green space resources. Research has found that equitable distribution of green spaces plays a significant role in improving residents’ life satisfaction and social cohesion (28, 78).
	4. Green Space Accessibility: green space accessibility is the distance from each community centroid to the nearest green space. To more accurately measure green space accessibility, this study employs the enhanced two-step floating catchment area (2SFCA) method. Walking is the most common mode of daily transportation, and a 30-min walk can be considered the limit of walking accessibility. At a normal walking speed, a person can walk approximately 2,500 meters in 30 min (79). Therefore, this study selects a buffer zone with a radius of 1,500 m, capturing all green spaces that can be reached during daily walking. Green spaces within this range are also suitable for visits using public transportation or cycling. Research shows that high accessibility to green spaces can significantly improve residents’ mental and physical health (80, 81).

[image: Four maps depict different aspects of green spaces in a geographic area.   Map a shows "Green Space Diversity" with color-coded regions indicating varying levels of diversity.   Map b displays "Green Space Availability" with a range of colors representing different availability scales.   Map c illustrates "Green Space Equity", highlighting regions with differing equity levels.   Map d presents "Green Space Accessibility", showing areas with various accessibility ratings. Each map includes legends for reference, a road network overlay, and a river marked as "Blue space".]

FIGURE 3
 Spatial characteristics of Green Space Justice indicators in each community.




2.4.2 Mediating variables

This study considers physical activity and psychological responses as mediating variables in the impact of Green Space Justice on mental health. These variables are composed of several specific indicators:

1. Physical Activity measures residents’ actual participation in green space activities, including green space activity distance, frequency, and duration. The specific explanations are as follows: Green space activity distance reflects the ease of access to green spaces for residents; shorter distances indicate easier access; Green space activity frequency reflects how often residents engage in green space activities; higher frequency indicates more frequent use of green space resources; Green space activity duration reflects the amount of time residents spend in green spaces; longer durations indicate more time spent in green environments.

2. Psychological Responses measure residents’ subjective perceptions of green spaces, including satisfaction, enjoyment, and relaxation with green spaces. These indicators are collected through questionnaires, using a five-point Likert scale to quantify residents’ psychological response levels. The specific explanations are as follows: Green space satisfaction reflects residents’ overall evaluation of the green environment; higher satisfaction indicates greater contentment with green spaces; Green space enjoyment measures the emotional impact of green spaces on residents; higher enjoyment indicates more positive emotions experienced in green spaces; Green space relaxation measures the stress-relief effect of green spaces on residents; higher relaxation indicates more stress and pressure relief experienced in green spaces.



2.4.3 Moderating variable

Blue Space Justice serves as the moderating variable in this study, aimed at assessing the fairness and equity of blue space resource distribution within communities. Blue Space Justice is composed of four measurement indicators: blue space diversity, blue space availability, blue space equity, and blue space accessibility. The measurement methods for these indicators are the same as those for Green Space Justice (Figure 4).

[image: Four maps display aspects of blue space in a region. Each map includes a color-coded legend indicating data ranges.   (a) Blue Space Diversity: Shows varying levels of diversity using colors from yellow to red.   (b) Blue Space Availability: Highlights areas with different availability using similar color coding.   (c) Blue Space Equity: Illustrates equity levels with green and orange shades.   (d) Blue Space Accessibility: Displays accessibility with red and yellow tones. The maps also feature blue spaces, road networks, and a scale bar in miles.]

FIGURE 4
 Characteristics of Blue Space Justice indicators in each community.




2.4.4 Dependent variable

Mental health is the dependent variable in this study, measured by four indicators: self-worth, happiness, self-harm, and psychological illness diagnosis. Self-worth reflects an individual’s subjective evaluation of their value, including their sense of self-esteem and confidence (82). Happiness reflects an individual’s overall subjective evaluation of their life satisfaction and happiness, serving as an important indicator of mental health (83, 84). Self-harm reflects whether an individual has thoughts of suicide or self-harm behavior, assessing self-injurious actions (85). Psychological illness diagnosis reflects whether an individual has been diagnosed with psychological illnesses, including anxiety, depression, obsessive-compulsive disorder, and other psychological conditions (86). These indicators are collected through questionnaires using a five-point Likert scale (1 = strongly disagree, 5 = strongly agree) to quantify the individual’s mental health level (Table 2).



TABLE 2 Model variables and question items.
[image: A table outlining variables related to green and blue space justice and their impact on mental health. It includes categories: independent, moderating, mediating, and dependent variables. Each has latent and observed variables, question items, and option assignments ranging from dissatisfaction to satisfaction or agreement. Examples include green space diversity and psychological illness diagnostic degree.]




2.5 Research methods


2.5.1 Improved Gaussian-based two-step floating catchment area (2SFCA) method

The improved Gaussian-based 2SFCA method is a commonly used spatial analysis method for assessing the impact of urban green spaces on residents’ mental health. This method first calculates the distance from the community centroid to the nearest blue or green space, applying the improved 2SFCA method for distance weighting to consider green space accessibility. Secondly, starting from the community centroid, all green spaces within a 1,500-meter radius buffer zone are regarded as accessible green spaces to evaluate the frequency and duration of green space activities. The advantage of this method lies in its ability to account for the accessibility and convenience of green space activities, providing a more accurate assessment of their impact on mental health (87, 88). The specific calculation process is as follows:

Step 1: Calculate the Supply Capacity of Each Service Facility (Equations 1, 2).

[image: Mathematical formula showing \( S_j = \frac{1}{\sum_{k \in D_j} f(d_{jk})} \), labeled as equation (1).]

Where Sj is the supply capacity of service facility j, Dj is the service area of facility j, f(djk) is the distance decay function (typically a Gaussian function):

[image: Mathematical expression showing a function: f of d sub jk equals e raised to the power of negative d sub jk squared over two sigma squared.]

Here, djk is the distance from service facility j to demand point k, and [image: Greek letter sigma, a lowercase symbol used in mathematics and statistics to represent standard deviation or summation.] is the distance decay parameter.

Step 2: Calculate the Accessibility Index of Each Demand Point (Equation 3).

[image: Equation showing \( A_i = \sum_{j \in S_i} S_j \cdot f(d_{ij}) \) with the equation number (3).]

Where Ai is the accessibility index of demand point i, Si is the service area accessible to demand point i, and f(dij) is the distance decay function indicating the distance decay from demand point i to service facility j.



2.5.2 Structural equation modeling (SEM)

Structural equation modeling (SEM) includes measurement models and structural models, representing the relationships between observed variables and latent variables, and the relationships among latent variables, respectively. SEM is used to assess the relationships among Green Space Justice, physical activity, psychological responses, and mental health. This model integrates the direct and indirect relationships among variables and uses path analysis and model fitting to validate the research hypotheses. In this study, SEM is employed to explore the direct and indirect effects of Green Space Justice on mental health, and further analyze the mediating mechanisms and moderating effects (89, 90).

1. Measurement model (Equations 4, 5):

[image: Equation showing X equals hat X times xi plus delta, labeled as equation four.]

[image: Y equals gamma hat eta plus epsilon, equation five.]

Where X and Y are vectors of observed indicators, ξ and η are vectors of latent variables, [image: Caret symbol followed by the letter X in a small-sized font.] and [image: Caret symbol followed by the letter Y, both in a small font size.] are factor loading matrices, and [image: Stylized lowercase letter "a" with an umlaut, represented with two dots above.] and [image: Mathematical symbol for epsilon, resembling a small, stylized letter "e". Commonly used in mathematics to represent a small quantity, limit, or error term.] are error terms.

2. Structural model (Equation 6):

[image: Equation showing η equals Bη plus Γξ plus ς, labeled as equation six.]

Where η is the vector of endogenous latent variables, ξ is the vector of exogenous latent variables, B is the matrix of path coefficients among endogenous latent variables, Г is the matrix of path coefficients from exogenous to endogenous latent variables, and ς is the error term of the structural model.



2.5.3 Moderation effect analysis

Moderation effect analysis is a statistical method used to explore mediation and moderation effects, often revealing complex relationships in research. In this study, moderation effect analysis is employed to examine whether the impact of Green Space Justice on physical activity, psychological responses, and mental health is moderated by the characteristics of Blue Space Justice.





3 Results


3.1 Reliability and validity testing of the scales

This study used reliability analysis and factor analysis to test the reliability and validity of the questionnaire data. The Cronbach’s α values for psychological responses and mental health were 0.666 and 0.534, respectively. Since both α values are greater than 0.5, the reliability is considered good, indicating a high level of internal consistency within the variables. The KMO test values for psychological responses and mental health were 0.531 and 0.647, respectively. With KMO test statistics above 0.5, the model is suitable for factor analysis, proving that the questionnaire has good validity.



3.2 Structural equation modeling fit testing

In terms of model fit evaluation, the higher the model fit, the more meaningful the parameter estimates. A comprehensive evaluation of the model fit was conducted using all indicators. The overall SEM model fit test results are shown in Table 3. According to the analysis results, the scores for GFI, AGFI, NFI, IFI, CFI, and TLI were all higher than 0.8, and the scores for RMSEA and RMR were both lower than 0.08, indicating that the scores are within a reasonable range. Therefore, the model’s fit is good, and path regression analysis can be conducted.



TABLE 3 Model fit results.
[image: Table displaying fit indices with their descriptions, reasonable ranges, results, and evaluations. Indices include GFI, AGFI, RMR, RMSEA, NFI, IFI, and CFI. All results fall within or exceed reasonable ranges and are evaluated as good.]



3.3 Descriptive statistical analysis

Since the data for the independent and moderating variables have already been presented in Section 2. Materials and Methods, this subsection focuses on the descriptive statistical results of the questionnaire indicators. As shown in Table 4, the results are as follows:



TABLE 4 Descriptive statistics of the questionnaire indicators.
[image: A table displaying statistical data for various groups labeled GSAF, GSAT, GSAD, GSE, GSR, GSS, SE, SHL, SHS, and PIDD. Columns represent Mean, Standard Deviation, Minimum, 25th percentile, 50th percentile (median), 75th percentile, and Maximum values. For example, GSAF has a mean of 4.398, standard deviation of 6.091, and a maximum of 30. Other groups have varying statistics, with minimum and maximum values ranging from different scales.]

First, GSAD represents the distance from home to the frequently visited urban green space, with a mean value of 2.030 km and a standard deviation of 1.542 km, indicating that most individuals live relatively close to the green spaces they visit. GSAF represents the number of visits to nearby green spaces per month, with a mean value of 4.398 and a standard deviation of 6.091, showing a wide variation in the frequency of green space visits among the sample. GSAT represents the duration of each visit to nearby green spaces, with a mean value of 2.122 h and a standard deviation of 1.305 h, indicating that the time most individuals spend in green spaces is fairly consistent.

Second, GSS measures individuals’ satisfaction with the green space environment, with a mean value of 4.271 and a standard deviation of 0.665, suggesting that most individuals are highly satisfied with the green space environment. GSE measures the impact of the green space environment on emotions, with a mean value of 4.266 and a standard deviation of 0.652, indicating that most individuals experience positive emotional uplift in green spaces. GSR measures the extent to which green spaces relieve stress, with a mean value of 4.263 and a standard deviation of 0.636, showing that the majority of respondents experience significant relaxation in green spaces.

Lastly, SE measures whether individuals have recently felt a lack of self-worth, with a mean value of 2.429 and a standard deviation of 1.027, indicating some variation in self-esteem levels within the sample. SHS reflects whether individuals have recently had suicidal thoughts or engaged in self-harm behaviors, with a mean value of 1.577 and a standard deviation of 0.965, showing that while the overall severity of self-harm is low, there are some individual differences. SHL measures individuals’ recent happiness levels, with a mean value of 3.542 and a standard deviation of 0.888, indicating that happiness levels are fairly concentrated among the sample. PIDD measures whether individuals have recently been diagnosed with psychological disorders such as anxiety, depression, or obsessive-compulsive disorder (OCD), with a mean value of 1.619 and a standard deviation of 0.980, suggesting that a portion of the sample does have mental health issues.



3.4 Model estimation results analysis

Table 5 reports the parameter estimation results of the measurement model. The standardized factor loadings between latent variables and observed variables are positive, ranging from 0.164 to 0.483. The parameter estimates of the observed variables for each latent variable are significant at the 1% level, indicating good explanatory power of the observed variables for the latent variables.



TABLE 5 Path coefficients.
[image: Table displaying path coefficients and statistical significance in a study. Paths include Green Space Justice's impact on Psychological Response, Physical Activity, and Mental Health; Psychological Response's effect on Physical Activity and Mental Health; and Physical Activity's impact on Mental Health. Unstandardized and standardized coefficients, standard errors (S.E.), critical ratios (C.R.), and significance levels (P) are provided. Significance at 0.001 and 0.01 levels indicated by asterisks.]

Figure 5 presents the parameter estimation results of the structural model. It shows that the three variables—Green Space Justice, psychological responses, and physical activity—each have a significant impact on the mental health of urban residents.

[image: Diagram showing relationships between various concepts. "Green Space Justice" influences "Psychological Responses" (0.483***) and "Mental Health" (0.29***). "Psychological Responses" affect "Physical Activity" (0.164***) and "Mental Health" (0.266***). "Physical Activity" also impacts "Mental Health" (0.328***). Rectangles represent variables like "GSS", "GSE", "GSR", with corresponding circles and numerical values indicating correlations. Paths demonstrate interconnected effects between constructs.]

FIGURE 5
 The path coefficients of structural equation modeling.


At the 1% significance level, a 1-unit increase in Green Space Justice leads to a 0.483-unit increase in psychological responses. This indicates that higher justice in the distribution of green spaces results in more positive psychological responses from residents, manifested as increased satisfaction, joy, and relaxation with green spaces. This result supports H1a.

Green Space Justice also has a significant positive impact on physical activity (β = 0.387, p < 0.001). This means that higher Green Space Justice increases the frequency and duration of residents’ participation in green space activities. This result supports H1b, indicating that Green Space Justice can significantly increase residents’ physical activity.

Psychological responses have a significant positive impact on physical activity (β = 0.164, p = 0.002). This shows that positive psychological responses to green spaces can promote more participation in green space activities. This result supports H2a, indicating that psychological responses partially mediate the relationship between Green Space Justice and physical activity.

Physical activity has a significant positive impact on mental health (β = 0.328, p < 0.001). This indicates that more participation in green space activities can significantly improve residents’ mental health, including enhancing self-worth and happiness, and reducing self-harm behaviors and the diagnosis rate of psychological illnesses. This result supports H3, showing that physical activity has an important positive impact on mental health.

Psychological responses have a significant positive impact on mental health (β = 0.266, p < 0.001). This means that positive psychological responses to green spaces can directly improve residents’ mental health. This result supports H2b.

Green Space Justice has a significant positive impact on mental health (β = 0.29, p < 0.001). This indicates that Green Space Justice can directly enhance residents’ mental health. This result supports H1c, showing that Green Space Justice not only affects mental health through psychological responses and physical activity but also has a direct positive impact.



3.5 Mediation effect analysis

This study used the SEM model to test the mediation effects. The results, shown in Table 6, demonstrate the mediation effects of Green Space Justice on mental health through psychological responses and physical activity, along with their respective proportions.



TABLE 6 Mediation effect test results.
[image: Table showing mediation analysis results. Variables include Mediation 1, 2, and Chain Mediation 3, with effect values and confidence intervals labeled as Lower and Upper. P-values are less than 0.01. Mediation paths detail relationships involving Green Space Justice, Physical Activity, Psychological Responses, and Mental Health.]

According to Table 6, the total effect and direct effect of Green Space Justice on mental health are significant, with effect values of 0.619 and 0.314, respectively (p < 0.01). This indicates that Green Space Justice has a significant positive impact on residents’ mental health through both direct and indirect effects. Even without considering the mediating variables, Green Space Justice can directly enhance residents’ mental health.

Specifically, the mediation effect of Green Space Justice on mental health through physical activity is significant, with an effect value of 0.139 (p < 0.01), accounting for 22.5% of the total effect. This suggests that Green Space Justice can improve mental health by increasing the frequency and duration of residents’ green space activities. This result supports H4b. The mediation effect of Green Space Justice on mental health through psychological responses is also significant, with an effect value of 0.137 (p < 0.01), accounting for 22.2% of the total effect. This indicates that Green Space Justice can improve mental health by enhancing residents’ psychological responses to green spaces. This result supports H4a. Additionally, the chain mediation effect of Green Space Justice on mental health through psychological responses and physical activity is significant, with an effect value of 0.028 (p < 0.01), accounting for 4.5% of the total effect. This shows that Green Space Justice can first enhance residents’ psychological responses and then increase green space activities, ultimately improving mental health. This result supports H5.

Overall, Green Space Justice has a significant positive impact on mental health through both direct and mediation effects. The mediation effects through psychological responses and physical activity are substantial, indicating that these two variables play important roles in the impact of Green Space Justice on mental health. Although the chain mediation effect is relatively small, it is still significant, demonstrating that the combined pathway of psychological responses and physical activity is also an important mechanism through which Green Space Justice affects mental health.



3.6 Moderation effect analysis

This study used the Process method in SPSS to test the moderation effects of Green Space Justice and Blue Space Justice. The results are shown in Figure 6 and Table 7.

[image: Two line graphs compare effects of green and blue space justice on psychological reaction and physical activity. Both graphs show two lines: one for low blue space justice and one for high blue space justice. The left graph indicates higher psychological reaction with increased green space justice, particularly under high blue space justice. The right graph shows similar trends for physical activity, with more significant increase under high blue space justice.]

FIGURE 6
 Effects of Green Space Justice on psychological responses and physical activity at different levels of Blue Space Justice.




TABLE 7 Moderation effect analysis.
[image: A table presents unstandardized regression coefficients regarding mental health, physical activity, and psychological response. Variables include Green Space Justice, Blue Space Justice, and their interaction. Key coefficients show significant values (p<0.05, p<0.01, p<0.001) impacting these areas. R² and adjusted R² are provided for each model, displaying explanatory power. Standard errors are shown in parentheses.]

Table 7 presents the moderation effect analysis results of Green Space Justice (X), Blue Space Justice (W), psychological responses (M2), and physical activity (M1) on mental health (Y). Specifically: Green Space Justice has a significant positive impact on psychological responses (β = 0.827, p < 0.001). Blue Space Justice also has a significant positive impact on psychological responses (β = 0.161, p < 0.001). The interaction term between Green Space Justice and Blue Space Justice has a significant positive impact on psychological responses (β = 0.341, p < 0.001), indicating that Blue Space Justice can enhance the positive effect of Green Space Justice on psychological responses. This result supports H6a. Green Space Justice has a significant positive impact on physical activity (β = 0.744, p < 0.001). Blue Space Justice also has a significant positive impact on physical activity (β = 0.160, p < 0.001). The interaction term between Green Space Justice and Blue Space Justice has a significant positive impact on physical activity (β = 0.336, p < 0.001), indicating that Blue Space Justice can enhance the positive effect of Green Space Justice on physical activity. This result supports H6b. Green Space Justice has a significant positive impact on mental health (β = 0.229, p < 0.001). Physical activity has a significant positive impact on mental health (β = 0.319, p < 0.001). Psychological responses have a significant positive impact on mental health (β = 0.364, p < 0.001). However, the interaction term between Green Space Justice and Blue Space Justice does not have a significant impact on mental health (β = 0.011, p = 0.710), indicating that Blue Space Justice does not significantly moderate the effect of Green Space Justice on mental health. This result does not support H6c.

Additionally, Figure 6 shows the effects of Green Space Justice on psychological responses and physical activity at different levels of Blue Space Justice. It can be seen that when Blue Space Justice is high, the positive effects of Green Space Justice on psychological responses and physical activity are more pronounced, further supporting the results of the moderation effect analysis.

Overall, this study finds that Blue Space Justice can significantly moderate the effects of Green Space Justice on psychological responses and physical activity, but not on mental health (Table 8).



TABLE 8 Hypothesis testing results.
[image: Table showing hypotheses and their results. Hypotheses include effects of Green Space Justice, Blue Space Justice, psychological responses, and physical activity on mental health. All hypotheses are supported except H6c, which is not supported.]




4 Discussion


4.1 Key findings

This study employed the improved Gaussian-based two-step floating catchment area (2SFCA) method, structural equation modeling (SEM), and moderation effect analysis to explore the impact of Green Space Justice on public physical activity and mental health, and to examine the moderating role of Blue Space Justice. The results show that Green Space Justice has a significant positive impact on psychological responses, physical activity, and mental health; psychological responses and physical activity mediate the relationship between Green Space Justice and mental health; Blue Space Justice significantly moderates the effects of Green Space Justice on psychological responses and physical activity but does not significantly moderate its direct impact on mental health.



4.2 Direct effects of Green Space Justice

The findings indicate that Green Space Justice has a significant positive impact on psychological responses, physical activity, and mental health. This aligns with existing research, suggesting that the fair distribution of green space resources can improve residents’ life satisfaction and happiness (91–93). Other studies have shown that residents living near green spaces have higher levels of physical activity and better physical health (94), with these effects being evident across all age groups, especially among middle-aged and older adults (95). Specifically, Green Space Justice increases the diversity and availability of green spaces within communities, making it easier for residents to access natural environments, thereby enhancing their psychological satisfaction and relaxation, increasing the frequency and duration of their green space activities, and ultimately improving their overall mental health.



4.3 Mediation and chain mediation effects of psychological responses and physical activity

The study further finds that psychological responses and physical activity play important mediating roles between Green Space Justice and mental health. Firstly, Green Space Justice enhances residents’ psychological responses, increasing their willingness to engage in green space activities, which in turn increases actual physical activity levels. This finding is consistent with previous research, indicating that psychological satisfaction and relaxation are key drivers of green space utilization (76, 95). Secondly, frequent and prolonged green space activities significantly improve residents’ mental health (94), including enhancing self-worth and happiness, reducing self-harm behaviors, and decreasing the incidence of psychological illnesses (96). Numerous studies support these findings, such as van den Berg et al. (97), which demonstrated a significant association between frequent green space visits and lower levels of depression and anxiety, indicating that green spaces can help prevent mental illnesses to some extent.

Additionally, chain mediation effect analysis shows that Green Space Justice first enhances residents’ psychological responses, which then increases the frequency and duration of green space activities, ultimately significantly improving mental health. This emphasizes the important mediating roles of psychological responses and physical activity in the relationship between Green Space Justice and mental health. This finding is also consistent with existing research. Dadvand et al. (98) found that the relationship between green spaces and health is partly mediated by psychological health status, social support, and physical activity. Zhang et al. (99) conducted a systematic review of the pathways between green space exposure and mental health, identifying psychological restoration, air quality, and physical activity as key mediating mechanisms. Other studies have shown that the psychological restorative functions and social cohesion provided by green spaces are important pathways linking green space exposure and mental health across different cultural and environmental contexts (77, 100). This finding further supports the application of complex pathways in environmental psychology, providing new perspectives for understanding the impact of natural environments on health.



4.4 Moderating role of Blue Space Justice

Blue Space Justice significantly moderates the effects of Green Space Justice on psychological responses and physical activity, indicating that the positive effects of Green Space Justice are more pronounced when Blue Space Justice is higher. This is similar to findings in other studies. For instance, Pasanen et al. (101) found that living near coastal or freshwater areas is associated with better mental health, with outdoor physical activity partially mediating this relationship. Vert et al. (102) discovered that short walks in blue spaces significantly improve mental health and emotional states, highlighting the psychological restorative effects of blue spaces. Yen et al. (103) conducted a systematic review and meta-analysis, showing that physical activity in blue and green spaces has significant positive effects on mental and physical health, and the presence of blue spaces can amplify the positive effects of green spaces on health. These studies suggest that the presence and equitable distribution of blue spaces (e.g., rivers and lakes) can increase the attractiveness and utilization of green spaces. However, this study finds that Blue Space Justice does not significantly moderate the direct impact of Green Space Justice on mental health. This result warrants further exploration and analysis. First, within the study area, green spaces may play a more significant role in residents’ daily lives. Compared to green spaces, the distribution of blue spaces might be more limited, with residents having less frequent interaction with and reliance on blue spaces. This could explain why the impact of Blue Space Justice on moderating mental health is less pronounced than that of Green Space Justice (95). The natural resources and urban planning within the study area may prioritize the development of green spaces, thereby reducing the relative importance of blue spaces in daily life. Second, there may be certain limitations in the measurement of Blue Space Justice. Although this study measured Blue Space Justice through the number of accessible water bodies and their coverage area within the buffer zones, this approach may not fully capture the subtle effects of blue spaces on residents’ mental health. The influence of blue spaces may depend not only on their quantity and area but also on factors such as water quality, aesthetic appeal, and the nature of residents’ interactions with the water bodies. As a result, the current measurement approach may not fully reflect the actual role of Blue Space Justice (104). Additionally, the utilization and perception of green and blue spaces may vary significantly across different cultural and environmental contexts. In the study area, residents might be more inclined to use green spaces for leisure and physical activities, while their engagement with and perception of blue spaces might be relatively weaker (101). This cultural and environmental specificity could diminish the role of Blue Space Justice in moderating the relationship between Green Space Justice and mental health. Future research should further investigate these potential reasons or consider validating these findings in different urban contexts and cultural environments to gain a more comprehensive understanding of the combined effects of blue and green spaces on residents’ mental health.



4.5 Implications and significance

This study highlights the important roles of Green Space Justice and Blue Space Justice in enhancing residents’ mental and physical health, providing scientific evidence for urban planning and public policy. Specific recommendations include: (1) Improve the equity and accessibility of green spaces: urban planners should prioritize the balanced distribution of green spaces, ensuring that all community residents have convenient access to high-quality green spaces. (2) Integrating Blue Space Resources: Urban planning should fully consider the distribution of blue spaces, enhancing their synergy with green spaces to maximize the positive impact of the natural environment on residents’ health. 3.Promoting Residents’ Psychological and Physical Activities: By increasing the diversity and availability of green and blue spaces, urban planners can enhance residents’ psychological satisfaction and the frequency and duration of their green space activities, thereby improving their overall health.

To better achieve green and Blue Space Justice, the study offers the following recommendations to the government and relevant planning departments: (1) Utilize GIS technology and big data analysis: evaluate the distribution of urban green and blue spaces and the needs of residents, optimize spatial layouts, and ensure service coverage for all communities. These technological tools can help identify and address service gaps, ensuring the equitable distribution of green and blue spaces. (2) Enhance the facilities and services of existing spaces: Improve the quality of services in green and blue spaces by increasing greenery, improving walkways, and adding facilities such as children’s play areas and older adult recreation zones, to meet the physical activity needs of residents of different ages and requirements, thereby promoting their physical and mental health. 3.Encourage community involvement in space planning and management: Engage residents through public consultation and feedback, ensuring that the design and operation of green and blue spaces meet the actual needs of the community. However, effective mechanisms must be established to manage resident participation, ensuring that their suggestions and feedback are constructive and practically implementable.

In implementing the above recommendations, the following challenges may arise: (1) Complexity of resource allocation: the distribution of green and blue spaces may be influenced by environmental factors, socio-economic factors, and historical development patterns, resulting in some areas having richer park resources than others. For example, in Beijing, China, the equity of urban green spaces exhibits a clear concentric pattern, with the northern regions having better access than the southern ones, and the western regions outperforming the eastern ones. Similar imbalances may exist in other cities. (2) Accessibility constraints due to transportation networks: The accessibility of green and blue spaces may be affected by factors such as the coverage of public transportation, road conditions, and traffic congestion. As urban development progresses to later stages, making large-scale adjustments to the transportation network may be challenging, potentially impacting the accessibility and equity of green and blue spaces. (3) Limitations of public participation: while encouraging community involvement in the planning and management of green and blue spaces is a positive initiative, residents may lack the professional knowledge required to make accurate recommendations. Therefore, the government and relevant departments need to design and implement effective public participation mechanisms and communication channels to ensure that public participation is both effective and feasible.



4.6 Limitations and future directions

Although this study provides important findings, there are some limitations and potential weaknesses. First, the study’s data are primarily drawn from the Chang-Zhu-Tan urban agglomeration, which may limit the generalizability of the results, as they may not be broadly representative. Future research could expand to other urban regions to verify the generalizability of these findings. Second, the use of cross-sectional data in this study makes it difficult to establish causal relationships. Longitudinal studies in the future could further validate these causal relationships.

Additionally, the self-reported data used in the study may be subject to biases, such as social desirability bias and recall bias, which could affect the accuracy of the data. The limitations of the questionnaire design and potential sampling biases (e.g., the choice of communities, which may limit the generalizability of the results) also need to be further addressed and controlled in future research.

This study primarily focuses on the impact of green and blue spaces on residents’ health but does not fully account for other potential confounding variables. For instance, factors such as air quality, noise levels, social support, and community safety may also significantly influence mental health and physical activity, yet these variables were not measured in this study. Moreover, socio-economic factors (105), lifestyle (106), genetic and biological factors (107), and the surrounding environment (108, 109) may be stronger predictors of mental and physical health. Future research should incorporate these variables to build a more comprehensive analytical framework.

Finally, although this study demonstrates significant positive effects of green and blue spaces on mental health and physical activity, these results may also be limited by cultural and environmental specificity. Residents from different cultural and social backgrounds may perceive and utilize green and blue spaces differently. Therefore, cross-cultural research in the future would help verify the generalizability and stability of these findings.




5 Conclusion

This study systematically explored the impact of Green Space Justice on public physical activity and mental health and examined the moderating role of Blue Space Justice. The results show that Green Space Justice has a significant positive impact on psychological responses, physical activity, and mental health. Psychological responses and physical activity play important mediating roles between Green Space Justice and mental health, with Green Space Justice significantly affecting mental health through a chain mediation pathway involving psychological responses and physical activity. Additionally, Blue Space Justice significantly moderates the effects of Green Space Justice on psychological responses and physical activity, but does not significantly moderate its direct impact on mental health.

Theoretically, this study refines the concept of Green Space Justice, revealing its mechanisms in influencing mental health through complex pathways and expanding the research dimensions of Blue Space Justice. Practically, the results suggest that urban planning should focus on the equitable distribution and high accessibility of green and blue spaces to enhance residents’ psychological and physical health.

However, this study also has some limitations. First, the research data were primarily collected from the Chang-Zhu-Tan urban agglomeration, which may limit the generalizability of the findings. Second, the study employs a cross-sectional design, making it difficult to establish causal relationships. Future research should consider using longitudinal designs to better validate these causal relationships. Additionally, this study mainly focuses on the environmental factors of green and blue spaces and does not fully account for other potential socio-economic factors, such as income level and educational background, which could significantly impact mental and physical health.

Future research directions should include the following aspects: First, expanding the scope of the study to cover different cultural backgrounds and geographic regions to validate the generalizability of the findings. Second, employing longitudinal study designs to better elucidate causal relationships. Finally, future research should incorporate more socio-economic factors, such as social support and community safety, to build a more comprehensive analytical framework and to explore the multidimensional impacts of green and blue spaces on residents’ health.
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Introduction: This study investigates the effectiveness of government environmental audits in mitigating air pollution. Specifically, it focuses on a pilot project conducted in Lanzhou City by the former Ministry of Environmental Protection. The research employs a regression discontinuity design to empirically assess the impact of these audits on air quality.
Methods: The study utilizes a regression discontinuity design to evaluate the impact of the government environmental audits. The primary outcome variable is the Air Quality Index (AQI). The analysis includes extensive robustness checks, such as sensitivity testing for optimal bandwidths of key pollutants, adjusting for precipitation levels, and conducting various robustness tests to ensure the reliability of the results.
Results: The findings reveal a significant decline in the AQI following the implementation of the environmental audits. The AQI decreased from 31 to 25 during and after the audit period. Additionally, the study observed a notable increase in precipitation levels, suggesting potential environmental improvements. Robustness tests further confirm the reliability of the regression results.
Discussion: The research outcomes demonstrate the effectiveness of government environmental audits in reducing air pollution. By supervising local governments in the implementation of environmental protection policies, these audits contribute to improved air quality. The findings highlight the importance of targeted interventions and policy enforcement in addressing environmental challenges.
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1 Introduction

China has achieved unprecedented economic development since it instituted reforms and opened up. It has realized a historical transformation from a poor and backward agricultural country to the world’s leading industrial manufacturing nation, attaining success that attracts worldwide attention. However, the long-term impact of the extensive economic development mode has resulted in serious air pollution emanating from the discharge of numerous harmful gasses and particles such as industrial exhaust gas, automobile exhaust gas, and industrial dust into the atmosphere without due treatment. In 2011, China became the country emitting the highest amounts of greenhouse gasses in the world. China’s industrial exhaust gas emissions expanded to 67450.93 billion standard cubic meters, 1.84 times higher than the levels noted in 2004. Serious air pollution can cause frequent occurrences of adverse weather conditions such as haze and acid rain; it can also trigger human respiratory diseases such as asthma (1). Furthermore, air pollution severely damages the health of citizens (2) and exerts a negative impact on economic growth (3). The issue of air pollution has become a focal concern for the public over the past few years. Chinese governments at all levels have also realized the gravity of air pollution and are actively attempting to tackle this problem.

As early as 2013, the State Council issued the Action Plan for Prevention and Control of Air Pollution. This policy clearly showed that by 2017, the concentration of inhalable particulate matter would be reduced by more than 10% of the levels registered in 2012 in cities at the prefecture level and above, thus improving the overall air quality of the country and greatly reducing weather conditions triggered by heavy pollution (4). In January 2014, the Ministry of Environmental Protection asked 31 provinces, municipalities, and autonomous regions to sign a letter of responsibility for air pollution prevention and outline control objectives. This document defined the objectives and key tasks of local air quality improvement and assigned further environmental protection responsibilities to local governments. In 2018, the State Council issued and implemented a three-year action plan to win the war of protecting blue skies. This strategy indicated that the total amounts of major air pollutants would be significantly reduced after 3 years of effort. Greenhouse gas emissions would be decreased in a coordinated manner, and the concentration of fine particulate matter (PM2.5) would further be significantly lowered to promote continuous improvements in ambient air quality. The bid to control air pollution cannot be separated from effective supervision. The government environmental audit denotes a prominent aspect of national governance. It can unquestionably deliver effective supervision to regulate air pollution.

The National Audit Office separately listed the environmental audit in its Audit Work Development Plan from 2008 to 2012. This plan preliminarily defined the objects and scope of the environmental audit; furthermore, it highlighted the need for efforts to build an environmental audit model conforming to the actual conditions prevailing in China. In 2009, the National Audit Office issued the opinions on strengthening the audit of resources and environment, which put forward specific requirements on the main tasks, work systems, theoretical research, and other aspects of environmental audits. This document became a guideline for the promotion and execution of resource and environment audits by nationwide audit institutions of that time (5). However, the government environmental audit is a brand-new product that differs from the traditional financial audit. No ready-made example exists to direct its operations. There is also no way to apprehend the effects of its bid to control environmental pollution. In 2015, the Ministry of Environmental Protection executed the government environmental audit pilot in Lanzhou City in Gansu Province, seeking to accrue the experience to design a government environmental audit system. The inclusion of environmental auditing in the development plan by the National Audit Office is an important measure to respond to the construction of national ecological civilization and promote green and low-carbon development. Worldwide, environmental auditing has become an important component of government auditing, serving as a crucial tool for evaluating the effectiveness of environmental protection policies, promoting efficient resource utilization, and environmental protection. Through environmental auditing, it is possible to strengthen supervision over the use of environmental protection funds and the implementation of environmental policies, ensuring that environmental protection funds are used exclusively and policies are implemented effectively. Reveal the problems in environmental management, promote the rectification and implementation of audited units, and enhance their environmental governance capabilities. The openness and transparency of environmental audit results can help enhance public awareness of environmental protection and create a good atmosphere for the whole society to participate in environmental protection. With the increasingly severe global environmental problems, environmental auditing, as an important means of environmental supervision, plays an increasingly prominent role in national governance and sustainable development.

Lanzhou, located in northwest China within the Lanzhou Basin, faces significant environmental challenges primarily due to industrial emissions, coal-fired heating systems, and increasing vehicular exhaust. This unique geographical setting, characterized by mountains and a basin topography, traps air pollutants, leading to poor air quality exacerbated by low wind speeds and minimal rainfall—averaging less than 300 mm annually. Recognizing the urgency of its environmental issues, the Lanzhou Municipal Government has intensified its commitment to environmental auditing and governance. In recent years, it has implemented rigorous auditing methodologies to identify and address inefficiencies in environmental management. These initiatives aim to not only resolve immediate pollution challenges but also foster systemic improvements in governance.

In response to the critical air pollution situation, Lanzhou formulated the Air Pollution Prevention and Control Action Plan, significantly enhancing local air quality in recent years. Being the first city to pilot the government environmental audit, Lanzhou actively promotes measures to monitor and control air quality, focusing on the municipal government’s implementation of the action plan. Through these efforts, Lanzhou is shifting toward a proactive approach to environmental management, emphasizing prevention, accountability, and continuous improvement, ultimately paving the way for a cleaner and more sustainable urban environment for its residents.

This study focuses on the investigation background of environmental audits conducted by the Lanzhou Municipal Government in recent years, and collects and analyzes relevant data. Evaluate the actual effectiveness of government environmental audits in improving air quality, in order to provide valuable references for future environmental governance.

Three principal methods are currently applied to test the effects of policy implementation. First, the ordinary least square method merely allows researchers to compare changes in air quality before and after a government environmental audit is implemented. Second, the difference-in-difference technique involves the selection of a target area and the creation of a control group comprising other cities. Variations in the targeted area are observed during the implementation of the government environmental audit and the times when the government environmental audit is not in effect. In addition, disparities are noted between cities in which government environmental audits are or are not conducted. Third, the regression discontinuity method allows researchers to observe whether a sudden change occurs in air quality after the implementation of a government environmental audit.

In terms of disadvantages, the ordinary least square method cannot distinguish the effects of the government environmental audit from the impact of other policies or identify the inherent trends of air quality change in the target area, in this case, Lanzhou. The difference-in-difference technique cannot be applied in the case of distinctive cities such as Lanzhou. Just as Mexico City is a very special city in Mexico (26), Lanzhou is also a very unusual city in China. It is impossible to find a city in China that mirrors or resembles Lanzhou because of its unique location, terrain, industries, and other factors. Thus, a matching control group cannot be established. Further, the difference-in-difference method cannot distinguish the influence of a government environmental audit on air quality in Lanzhou from the effects of other policies. In comparison to the ordinary least square and difference-in-difference methods, the regression discontinuity approach can better resolve the problem of identifying the impact of a government environmental audit. Regression discontinuity offers scholars the advantage of being able to distinguish the effects of running variables from the impact of other, continuously changing variables to accurately estimate the effects of the running variables on changes in air quality.

In response to the specific situation in Lanzhou City, this study innovatively adopted the econometric method of regression discontinuity design. This method effectively controlled the interference of other potential influencing factors by simulating the conditions of random experiments, making the evaluation of the environmental audit effect of the Lanzhou government more accurate and reliable. This study assumes that the implementation of government environmental audits can significantly improve the efficiency of air pollution control in Lanzhou City and promote sustained improvement in air quality. Through empirical analysis, we found that the air quality in Lanzhou City has significantly improved after receiving government environmental audits, and this improvement has not rebounded, which fully verifies the positive role of government environmental audits in promoting air pollution control. This discovery not only proves the effective implementation of the Lanzhou Air Pollution Prevention and Control Action Plan, but also provides valuable policy references for other cities facing similar contradictions between economic development and environmental protection.



2 Literature review


2.1 Theoretical analysis of environmental audit

Fan and Huang (6) conducted an in-depth analysis of the challenges faced by Japan in flood risk management in response to climate change. Not only does it reveal profound changes in the nature of hazards, exposure levels, and vulnerability, but it also focuses on the new strategies innovatively developed by the Japanese government to address these challenges, especially those measures to strengthen flood risk management through the latest legal framework. Maltby (7) described environmental audits as activities appraising the environmental management compliance of audited entities with the relevant environmental laws and regulations and as the postulation of suggestions for improvement. Todea et al. (27) listed and described several definitions of environmental audits mooted by organizations such as the International Chamber of Commerce, the Council of the European Union, ISO14050, and the Eco-Management and Audit Scheme. They found that these definitions emphasized discrete aspects. Todea et al. (27) opined that the environmental audit denotes a systematic analysis of the environmental impact of enterprises. Xie et al. (8) asserted that environmental audits conducted by auditing institutions serve as a form of economic supervision distinct from administrative and technical oversight. Several scholars have explored not only the concepts underlying environmental audits but also their criteria, implementation pathways, and content. Zhan et al. (9) proposed the establishment of an environmental early warning system. Chen et al. (10) initiated a discussion on the relevant aspects of China’s government environmental auditing standards, particularly in relation to contemporary changes in international and national policies, regulations, auditing standards, and environmental protection accounting principles. They recommend the prompt establishment of government environmental auditing standards. Leng et al. (11) also offered preliminary recommendations for developing a theoretical framework for these standards. Zhang et al. (12, 13) approached the topic from the perspective of big data within the context of government environmental governance systems, proposing a pathway for implementing government environmental accountability audits. Wang (28) outlined relevant tasks related to resources and environmental audits, focusing on four aspects: resource development and utilization, environmental protection, ecological construction, and climate change adaptation. Furthermore, scholars such as Guo (5), Xu and Chen (14), and Wu and Guo (15) have conducted in-depth research on the content of government environmental audits, providing valuable suggestions for the development of environmental auditing practices.

The aforementioned literature may be classified as normative research that primarily discussed the definition of a government environmental audit. Furthermore, previous studies have discussed the system, contents, and methods of government environmental audits and summarized the practical experiences of Chinese and foreign government environmental audits. Such studies have indicated the need for China to implement government environmental audits and postulated methodologies applicable to China given the outcomes of the existing research. The extant literature also comprises research on prevailing problems and proposes solutions for government environmental audits. The research conducted thus far has derived generally similar conclusions.



2.2 Empirical analysis of environmental audit

Empirical research conducted by Li et al. (16) found that government environmental audits facilitated improvements in environmental performance. Cai et al. (17) empirically studied the impact of government environmental audits on corporate environmental information disclosures in the context of the “Three Rivers and Three Lakes” environmental audit implemented by the National Audit Office. They found that the government environmental audit executed by the National Audit Office significantly enhanced the level and quality of corporate environmental information disclosure and stimulated enterprises to fulfill their responsibility of disclosing environmental information. Yu et al. (18) took the Opinions of the Audit Office on Strengthening the Audit of Resources and Environment issued in 2009 as an event, subsequently designing a quasi-natural experiment and using the difference-in-difference methodology to examine the impact of government environmental audits on corporate environmental performance. They found that government environmental audits markedly and positively influenced corporate environmental performance. The establishment and implementation of these systems help regulate the environmental behavior of enterprises and improve their environmental management level. Government environmental audits may promote enterprises to optimize their industrial structure, eliminate high polluting and high energy consuming outdated production capacity, and shift toward green and low-carbon production methods. At the same time, the review and evaluation of environmental protection technologies by enterprises during the audit process may also incentivize them to innovate and develop more environmentally friendly and efficient production technologies, thereby improving their environmental performance. Furthermore, Yu et al. (19) employed the super-efficient DEA model to conduct an empirical analysis of the relationships between government audits and air pollution control efficiency. Their results revealed that government audits can promote the efficiency of air pollution control.

However, most current literature comprises studies categorized as qualitative research. Scant quantitative investigations have been conducted to date on the relationships between government environmental audits and environmental pollution governance. The existing empirical research results remain insufficient and incomplete and cannot comprehensively reveal the mechanisms and implementation effects of government environmental audits. Thus, empirical research initiatives must be further extended and intensified. Based on the actual needs of environmental protection work, establish a scientific, reasonable, and comprehensive environmental audit index system, including resource utilization efficiency, pollutant emission control, ecological environment protection, and other aspects. Drawing on advanced international environmental audit standards and experience, and combining with China’s national conditions, we will develop environmental audit standards that are in line with international standards, and enhance the internationalization level of China’s environmental audit work. Establish an environmental audit performance evaluation mechanism, regularly evaluate and provide feedback on the results of environmental audit work, promptly identify problems, and take measures to improve. Strengthen the professional training of environmental auditors to enhance their professional competence and comprehensive abilities in environmental science, environmental management, environmental law, and other areas. Actively introduce professional talents in the fields of environmental science, environmental engineering, environmental law, etc., enrich the environmental audit team, and enhance the overall quality of the team. Establish a sound incentive mechanism for environmental auditors, encourage them to actively participate in environmental audit work, and enhance their work enthusiasm and creativity.




3 Theoretical analysis and research hypothesis

The present study takes the perspective of public accountability and considers the government audit as a public appraisal task that the audit institutions accept the entrustment of the people and provides the masses with the performance of government public responsibilities. The government environmental audit conducted by the Central Environmental Protection Department can guide the follow-up audit of local governments’ implementation of central environmental protection policies. And it can correct potentially ineffective execution situations. Operationally, audit institutions can inspect the policies and measures adopted by local governments in terms of pollutant emissions, industrial structure, and energy structure adjustment. They can also examine the use, allocation, and flow of environmental protection funds for local governments. Compared to other regulatory measures, the objects of government environmental audits are not limited to local governments and relevant functional departments. Such audits can also directly intervene in enterprises engaged in polluting industries. The government environmental audit is all-embracing for enterprises; they can include the use of environmental protection funds for enterprises and check whether enterprises have installed adequate environmental protection equipment to comply with requirements. In addition, the government environmental audit can access the environmental monitoring data for the area in which the audited enterprises are located to scrutinize the pollutant emissions of enterprises. The production and operation activities of enterprises in polluting industries significantly impact the social and ecological environment. Enterprise operators tend to take the initiative to adopt environmental protection measures to reduce pollution emissions when auditing institutions conduct government environmental audits on such enterprises and they are directly pressured to follow environmental protection policies. Any problems with the audited enterprises are revealed during the inspection. Once such problems are revealed, other enterprises engaged in polluting industries are also deterred by the prospect of an environmental audit and actively follow through to strengthen their environmental protection management. Apart from conducting routine inspections of local governments and enterprises, audit institutions should also closely attend to public opinion, exhibit empathy with complaints, carefully register information reported by the masses, and promptly stop any violations of laws and regulations. The present study has concluded thus far that government environmental audits can help to continuously and steadily improve the air quality of Lanzhou City by undertaking environmental audits of the Lanzhou Municipal Government and Lanzhou-based enterprises.

To thoroughly investigate the impact of government environmental audits on air quality improvement in Lanzhou, we hypothesize that these audits can significantly enhance the region’s air quality. Therefore, this study adopted the sharp regression discontinuity model to test the effects of the government environmental audit on air pollution control in Lanzhou. The specific model was set as follows:


[image: Mathematical equation where \( y_t \) equals \(\alpha_0 + \alpha_1 \text{GovEnvrAudit}_t + \alpha_2 f(T) + \alpha_3 \text{GovEnvrAudit}_t \cdot f(T) + \lambda X_t + u_t \).]


The explained variable y in this model denoted the air quality index (AQI) along with the daily data of individual pollutant indexes including fine particulate matter (PM2.5), inhalable particulate matter (PM10), carbon monoxide (CO), nitrogen dioxide (NO2), ozone (O3), and sulfur dioxide (SO2). CO was measured using mg/m3 as the unit, whereas the other five single pollutants were measured in μ G/m3; the subscript t indicated the date corresponding to the data. The explanatory variable GovEnvrAudi was a virtual variable, indicating the government environmental audit. The regression coefficient α1 signified the improvement effect of the government environmental audit on air quality (20). T symbolized the running variable, denoting the number of days elapsing after the official implementation of the government environmental audit. The Ministry of Environmental Protection issued the notice launching the government environmental audit pilot on February 15, 2015. The present study created an accurate discontinuity by taking February 15, 2015, as the boundary. The value was set to 0 on February 15, 2015, and estimated to be negative before and positive after that date. The f (T) represented the polynomial of T, and the seventh-order term for it was selected for this study according to the local change trend characteristics of each pollutant. X symbolized a group of control variables that affect air quality, including the daily maximum temperature, daily minimum temperature, wind force, holidays, and the occurrence or absence of precipitation.



4 Data and statistical analysis


4.1 Data

The AQI from January 1, 2014 to June 30, 2016 was established as the explanatory variable in this study along with the daily average concentration data of six pollutants including CO, NO2, PM10, PM2.5, O3, and SO2 which were used to monitor the air quality over the same period. The AQI represented the main explanatory variable, and the data pertaining to individual pollutants were also considered. The single conceptual indicator AQI integrates the concentrations of six conventional monitored pollutants. The AQI marks ambient air quality, ranging in value from 0 to 500; the higher the AQI value is, the more serious the pollution is and the greater the harm to the human body is. The data on air quality were collected from Tianqihoubao.1 Furthermore, the data obtained from this website were extremely consistent with the official data. Therefore, the data sample evinced superior confidence levels.

Natural factors could impact urban air quality (21). Therefore, the present study collected as many control variables as possible for weather conditions, including the daily maximum temperature (h_temp, degree Celsius), daily minimum temperature (l_temp, degree Celsius), wind level (wind), and the occurrence or absence of precipitation (rain). Among these variables, the rain was set as a dummy element in this model, and the value rule of the rain was established as 1 when precipitation occurred and 0 when there was no precipitation. The data of these meteorological variables were also obtained from the website Tianqihoubao.

Air quality could also be related to holidays; hence, this study also controlled the variables of holidays. Production activities are undertaken more on working days, causing increased pollution emissions; similarly, production activities decrease during holidays, resulting in reduced pollution emissions. The holiday variables set for this study included legal leaves and weekends, which were categorized according to the holiday arrangement notice issued by the general office of the State Council. A holiday variable labeled “holiday” was thus established for this study. The value 1 was assigned for weekends or legal holidays and 0 for weekdays.



4.2 Statistical analysis

The statistical characteristics of the main variables are displayed in Table 1.



TABLE 1 Descriptive statistics.
[image: Table displaying statistical data for various environmental variables. Variables listed are AQI, PM2.5, PM10, SO2, NO2, CO, O3, h_temp, l_temp, Wind, Rain, and Holiday. Each variable has 908 observations. Mean, standard deviation, minimum, and maximum values are provided. Wind force is noted to range between 3 and 4, with precipitation and holidays as dummy variables.]




5 Empirical results and analysis


5.1 Overall improvement in air quality index

According to the regression discontinuity results in Table 2, the implementation of government environmental audits has had a significant negative impact on the AQI of Lanzhou City, which directly reflects the effectiveness of audit actions in improving overall air quality. After controlling for the variables such as weather conditions and holiday effects, this result is particularly significant, indicating that government environmental audits are an effective means of improving air quality.



TABLE 2 Results of regression discontinuity.
[image: A table displaying variables with coefficients and standard errors for air quality indicators: AQI, PM₂.₅, PM₁₀, SO₂, NO₂, CO, and O₃. Each shows controlling variables with significant levels marked by asterisks. All variables have 908 data points.]



5.2 The concentration of major pollutants has significantly decreased

Further analysis indicates that government environmental audits have a substantial inhibitory effect on key air pollutants (Table 2). Specifically, the concentrations of PM2.5 and PM10, which represent fine particulate matter and inhalable particulate matter respectively, have demonstrated a notable decline following the implementation of the audit. This discovery validates the effectiveness of audit measures in reducing particulate matter emissions, improving atmospheric visibility, and reducing health risks. As typical atmospheric pollutants, the concentrations of sulfur dioxide (SO2) and nitrogen dioxide (NO2) have also significantly decreased after auditing. This indicates that government environmental audits not only focus on controlling particulate matter, but also effectively promote the reduction of harmful gasses in industrial emissions sources and other pollution sources. The decrease in carbon monoxide (CO) concentration also indicates the effectiveness of audit measures in regulating traffic emissions and incomplete combustion processes. This helps to reduce health problems caused by CO exposure.



5.3 Special analysis of O3 concentration changes

Although government environmental audits have generally promoted the improvement of air quality, the regression results regarding ozone (O3) concentration present a complex phenomenon. The concentration of O3 did not decrease as expected, but instead showed a positive correlation with government environmental audits. This phenomenon can be explained from the following aspects. O3 is a secondary pollutant. Its generation is complex influenced by various precursor pollutants (such as nitrogen oxides, volatile organic compounds) and meteorological conditions (such as temperature, light). Therefore, even if the emissions of precursor pollutants are controlled, the concentration of O3 may fluctuate due to changes in meteorological conditions.

Indirect effects of auditing: Government environmental audits may primarily focus on reducing the emissions of precursor pollutants. And these emission reduction measures may promote the conversion of remaining precursor pollutants into more O3 under specific conditions, such as high temperature and strong light exposure. In addition, meteorological conditions during the audit implementation period may also be a key factor affecting changes in O3 concentration.

The complexity of meteorological factors: Wind speed, humidity, and other meteorological factors also play an important role in the diffusion and transportation of O3. If the meteorological conditions during the audit period are favorable for the generation of O3 but unfavorable for its diffusion, it may lead to an increase in the observed O3 concentration.



5.4 Bandwidth adjustment

In Regression Discontinuous Design (RDD), the selection of bandwidth is a crucial step as it directly affects the accuracy and robustness of the estimation results. The bandwidth determines the range of observations included in the regression analysis near the cutoff point, and a bandwidth that is too wide or too narrow can lead to estimation bias. Select the bandwidth that minimizes the prediction error through methods such as cross validation. However, in RDD, this method may not be fully applicable as we focus on the processing effects at cutoff point. Lee and Lemieux (22) stated that the bandwidth could affect the robustness of the results of RDD. Hence, a robustness test was mandated for the bandwidth. The default bandwidth calculation was “mserd” and it was selected for the present study’s regression discontinuity model (23). The robustness test was conducted with the optimal bandwidths of the AQI and six pollutants as obtained through the mserd calculation. The seventh-order polynomial was still selected and the optimal bandwidths were, respectively, reduced and increased by 20 and 40 for each explained variable. The regression discontinuity results presented in Table 3 were obtained after the bandwidth adjustment. These findings revealed that the AQI and the concentrations of PM10, PM2.5, SO2, NO2, and CO continued to display downward trends when different bandwidths were selected, while the O3 concentration trend remained upward (Table 3). In congruence with the previously derived conclusions, these results indicated an amelioration in overall air quality and further supported the outcomes of the benchmark regression.



TABLE 3 Results of bandwidth adjustment.
[image: A table presents values for air quality variables under different bandwidths, including AQI, PM₂.₅, PM₁₀, SO₂, NO₂, CO, and O₃. Each variable shows values for "Optimal bandwidth" and variations for "Bandwidth ±20" and "Bandwidth ±40." Significance levels are indicated, with standard errors in parentheses. Controlling variables are noted as "Yes," and the sample size (N) is 908 for each column.]



5.5 Continuity tests of control variables

The test results displayed in Table 4 disclose that the wind force, the highest temperature, the lowest temperature, and the holidays were essentially stable in the periods before and after the execution of the government environmental audit and no significant changes were noted; however, the precipitation significantly increased. Theoretically, an increase in precipitation is conducive to the reduction of air pollution, primarily because rain can wash and remove air pollutants (24). The average annual rainfall in Lanzhou is less than 300 mm but the average annual evaporation is as high as 1,800–2,200 mm (25). Precipitation significantly increased but the surge was trivial compared to the evaporation. Therefore, the rise in precipitation did not alter the overall arid environment of Lanzhou, and its effect on reducing air pollution was fairly limited. Finally, the precipitation significantly increased by 0.241% after the audit pilot from a statistical perspective. Nevertheless, this relatively small shift obviously could not have greatly ameliorated Lanzhou’s air quality. In general, none of the control variables evinced a substantive jump, and therefore, none could affect the results of the model. It was thus further confirmed that the air quality enhancement was indeed evoked by the government environmental audit.



TABLE 4 Regression results of the control variable continuity tests.
[image: Table displaying controlling variables with columns for h_temp, l_temp, Wind, Holiday, and Rain. Mean values are -3.050, 2.314, -0.286, 0.246, and 0.241 with respective standard deviations (1.9049, 1.4798, 0.2608, 0.3266, and 0.0863). Sample size for each is 908. Significance: Rain variable is significant at 1% level.]



5.6 Regression without control variables

As a local randomized experiment, no significant difference was noted in the control variables of regression discontinuity, indicating that the control variables on both sides of the cutoff point evinced the characteristics of randomness. Therefore, the consistency of the regression discontinuity estimators remained unaffected by the addition of control variables. The previously displayed regression discontinuity results were obtained after the addition of control variables. Therefore, the regression discontinuity results were subsequently scrutinized without adding control variables. Table 5 presents the results of RDD with and without control variables, respectively. The significance and coefficient of the regression discontinuity results without the control variables changed compared to the regression discontinuity results after the control variables were added but the variation was minor. In fact, the regression discontinuity results of the explained variable AQI decreased after removing the control variables, further exhibiting that the execution of the government environmental audit did, indeed, decrease air pollution. Hence, the control variables exerted a modest influence on the regression results of each cutoff point, and the results of each regression discontinuity also satisfied expectations.



TABLE 5 Regression results without and with control variables.
[image: Table showing regression results for air quality index (AQI) variables: PM2.5, PM10, SO2, NO2, CO, and O3. Values are provided with and without control variables, indicating significance levels at one, five, and ten percent. Each row includes values and standard errors for 908 samples.]

The results in Table 5 indicate that the coefficients and significance levels did indeed change after adding and excluding control variables. The addition of control variables may reduce residual variability in the regression model, thereby improving estimation accuracy. This improvement in accuracy may manifest as changes in coefficient estimation values and an increase or decrease in significance levels. If variables related to both explanatory variables and treatment effects are omitted from the model, these omitted variables may lead to estimation bias. Adding these omitted variables as control variables may reduce this bias, thereby altering the estimated coefficient values and significance levels.

This study utilizes daily registered pollutant data from Lanzhou between January 2014 and June 2016 to establish a regression discontinuity model aimed at evaluating the administrative effects of the government environmental audit pilot on air pollution. The findings indicate that the implementation of government environmental audits significantly improves air quality. Specifically, the audit pilot led to a notable enhancement in the overall air quality index (AQI) and resulted in varying degrees of reduction for pollutants such as PM2.5, PM10, SO2, NO2, and CO. Among these, PM10 exhibited the most substantial decrease, followed by PM2.5, SO2, and NO2, while CO showed only a minor reduction.

The differing treatment effects of various pollutants can be attributed to their distinct sources and characteristics. PM2.5 and PM10 are both types of inhalable particulate matter with similar origins, primarily arising from the combustion of fossil fuels, biomass, and dust from roads and construction activities. However, PM10 primarily results from the direct emission of pollutants, whereas PM2.5 can also be formed from the secondary transformation of gasses like nitrogen oxides and sulfur dioxide. Consequently, controlling pollution sources effectively reduces PM10 levels more significantly than PM2.5.

The reduction of PM2.5 levels is influenced by the emission intensities of SO2 and NO2, suggesting a coupling effect between these pollutants. This dynamic results in a more pronounced decrease in PM10 compared to the lesser decreases observed for PM2.5, SO2, and NO2. CO, primarily emitted from fuel combustion and vehicle exhaust, remained a significant air pollutant, exhibiting only a slight decline. This indicates a limited impact of government audits on controlling emissions from fuel combustion and vehicular discharge. Interestingly, the implementation of the audit pilot did not lead to a reduction in ozone concentrations. Instead, O3 levels increased significantly following the audit pilot. Robustness tests confirmed these findings, highlighting the challenges associated with managing O3 emissions. As such, it is crucial for relevant authorities to intensify their focus on O3 management and implement effective strategies to mitigate its impact.

The unique topography of Lanzhou, characterized by a relatively enclosed basin, limits air circulation and contributes to stable air quality. This environmental context supports the reliability of the study’s results, as Lanzhou’s atmospheric conditions are less influenced by external air. Consequently, Lanzhou should prioritize managing air pollution sources such as industrial emissions, coal burning, dust, and vehicle exhaust. A coordinated approach to addressing multiple pollutants and their diverse sources is essential, alongside ongoing efforts to the emission of CO and accelerate the regulation of O3.




6 Conclusion

This study evaluates the effectiveness of the Lanzhou Municipal Government Environmental Audit Pilot Project in controlling air pollution through empirical analysis. The study also found that there are differences in the control effects of different pollutants. PM10 and PM2.5, as inhalable particulate matter, have significantly reduced concentrations, but the decrease in PM2.5 is lower than that of PM10, which may be related to their formation mechanisms and sources. The small reduction in CO indicates that the audit has limited impact on fuel combustion and vehicle exhaust emissions. It is worth noting that government environmental audits did not reduce O3 concentration, but instead showed a certain degree of increase. This highlights the complexity and challenges of O3 governance, which require special attention and strengthened management measures. The implementation of government environmental audits has significantly reduced the air quality index (AQI) and other major pollutants (PM2.5, PM10, SO2, NO2, CO) concentrations in Lanzhou City. Specifically, AQI has decreased by 59.64 units (significant at the 1% level), and the concentrations of PM2.5, PM10, SO2, NO2, and CO have also significantly decreased. However, for O3 concentration, there was a significant increase of 25.54 units after the audit implementation, which may be related to the complex generation mechanism of O3 and meteorological conditions. Overall, government environmental audits have played a positive role in improving air quality in Lanzhou city. Before and after the government environmental audit, control variables such as wind speed, maximum temperature, minimum temperature, and holidays remained stable, while precipitation significantly increased (0.241%, with a significance level of 1%). Regardless of whether control variables are included, the negative impact of government environmental audits on air quality and its major pollutants is significant, indicating that audits effectively reduce air pollution. Specifically, when the control variable is included, AQI decreases by 59.64 units, while when the control variable is not included, it decreases by 64.39 units, and the difference between the two is not significant.
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Urban parks are the primary places where urban residents reconnect with natural environments. Numerous studies have shown that natural landscape features benefit human mental health and promote perceived restoration. However, few studies have explored the extent to which natural landscape features in urban parks can mitigate or compensate for the negative effects of artificial landscape features on emotions and restoration. This study employed a field survey method, collecting questionnaire data from 599 participants in four urban parks in Hangzhou, China. The DeepLabV3+ semantic segmentation tool was employed to identify and extract landscape features from panoramic images. Data were statistically analyzed using Structural Equation Modeling (PLS-SEM) to explore the potential moderating effects of different natural landscape features in various environmental contexts on emotions and restoration. The results from the SEM model indicate that the R2 values for emotional state (ES) and perceived restorative scale (PRS) are 0.359 and 0.643, respectively, demonstrating an acceptable level of explanatory power and fit for the model. The results revealed that not all artificial landscape features negatively affect emotions and restoration. Although Pavement showed a significant negative impact on Perceived Restoration (β = −0.155, p = 0.004), their effect on emotions was not significant (β = 0.111, p = 0.115). Additionally, the study demonstrated that certain natural landscape features, such as the sky and trees, had a significant moderating effect in alleviating the negative emotions caused by artificial landscape features. However, for Perceived restoration, the moderating effect of these natural landscape features was not significant and, in some cases, even exhibited a negative moderating effect. These findings specifically explore how different natural landscape features can offset the adverse effects of artificial landscape features and, to varying degrees, enhance positive emotional responses and improve perceived restoration. The results contribute to understanding the complex dynamics between landscape features, emotions, and restoration in urban parks, offering strategic recommendations for planning, management, and design to create healthier and more restorative urban park environments.
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1 Introduction

In the past 40 years, China has undergone a rapid and extensive urbanization process, with the urbanization rate increasing from 17.93% in 1978 to 58.52% in 2017 (Lei et al., 2023). The high-turnover, high-efficiency urbanization has, to some extent, turned urban spaces into hostile environments. The large population concentration has led to problems such as traffic congestion, housing shortages, and environmental pollution (Dong et al., 2021). In such high-density urban environments, residents have fewer opportunities to engage with nature, and the incidence of mental health issues such as anxiety, psychological disorders, and depression has significantly increased among urban dwellers (Luo and Jiang, 2022).

Urban parks, as important public open spaces, carry multiple functions and values within the urban environment. Studies have shown that during natural disasters, urban parks can serve as temporary shelters, providing a safe refuge for citizens (Shao et al., 2023). In addition, urban parks enhance residents’ quality of life and overall well-being by providing landscape services (Ma et al., 2024). They can effectively reduce negative emotions, reduce stress, and offer significant perceptual restorative benefits to individuals (de Vries et al., 2013; Markevych et al., 2017; Ishak et al., 2018). The physical environment of urban parks is composed of both natural landscape features (such as trees, shrubs, grassland, water, and the sky) and artificial landscape features (such as pavement and buildings) (Booth, 1989; Wang et al., 2016). The overall restorative benefits of these parks depend on a balanced control and refined design between the two (Aboufazeli et al., 2024). Different natural landscape features vary in their ability to improve emotions and promote restoration (Zhang et al., 2023; Shen et al., 2024). Therefore, it is important to thoroughly examine the varying effects of different natural landscape features on emotional regulation and restoration to mitigate the potential negative impacts of artificial landscape features (de Vries et al., 2003). This helps to fully realize the potential of urban parks in enhancing individuals’ emotions and restoration.

In environmental studies, emotions and affect are often used interchangeably (Frost et al., 2022), but they differ significantly in several key dimensions. Affect refers to a broader, longer-lasting state (Ekkekakis and Petruzzello, 2000). Emotions are typically immediate responses to specific stimuli, representing a conscious, context-related, and brief process influenced by particular objects (Beedie et al., 2005; Fiebig et al., 2020). The concept of emotions includes intense feelings such as anxiety, anger, and excitement, which can vary according to context and cognitive appraisal (Mulligan and Scherer, 2012). Additionally, as complex physiological and psychological states (Spielberger and Reheiser, 2009), emotions are regarded as a core mechanism for improving health (Ulrich et al., 1991). The research by Wilkie and Davinson (2021b) explores nature-based interventions (NBIs), a health promotion activity aimed at achieving restoration and recovery through contact with real or technologically simulated natural environments. These interventions help prevent emotional health issues by providing interaction with nature (Wilkie and Davinson, 2021a). Additionally, it is noteworthy that the condition restoration theory proposed by Egner et al. (2020) supports the role of emotions in the recovery process. This theory examines how natural environments conditionally affect individuals’ recovery processes, with studies finding that contact with natural environments has a more pronounced positive impact on emotions than on attention improvement. This enhancement of emotions may be an important pathway through which natural environments influence cognitive functions such as attention.

The theory of restorative environments is primarily guided by two theories: the Attention Restoration Theory (ART) proposed by the Kaplan and Kaplan (1989), and the Stress Recovery Theory (SRT) proposed by Roger Ulrich (Ulrich, 1979). Both theories suggest that exposure to environments with natural characteristics can help alleviate stress, improve emotions, and promote perceptual recovery. A number of studies support this view (Daniels et al., 2022; Li et al., 2023; Stragà et al., 2023), and Gross suggested that, in complex situations, individuals’ emotion regulation strategies also influencethe effectiveness of restorative environments in facilitating emotional recovery (Gross, 2015). Additionally, in restorative environment research, perceptual fluency suggests that natural environments, due to the concept of “fractals, “often exhibit greater coherence and fluency than urban environments (Kaplan and Kaplan, 1989). This fractal concept describes self-similar patterns repeated across different scales, such as branches that are smaller versions of the whole tree. This makes natural scenes easier to process visually and more restorative than urban or other built environments (Joye and van den Berg, 2011).

Based on these theoretical premises, current research generally acknowledges that natural landscape features have an advantage over artificial landscape features in improving emotional states and enhancing restoration (Bowler et al., 2010; Lindal and Hartig, 2015). Nordh et al. (2009) proposed design characteristics of “highly restorative environments” and “low-restorative environments.” Highly restorative environments include abundant natural features, such as lawns, vegetation, and water bodies, while low-restorative environments are often dominated by hard surfaces and transportation infrastructure (Nordh and Østby, 2013). Moreover, it is important to note that early studies by Ulrich et al. pointed out that in environments rich in natural features, the negative effects of artificial facilities may be offset by the positive effects of natural landscapes (Ulrich et al., 1991). This suggests that natural landscape features can, to some extent, intervene in the environment to mitigate or alleviate the negative impacts caused by artificial landscape features.

However, most existing studies focus on assessing the overall benefits of natural environments, primarily revealing the direct effects of natural landscape features on emotions and perceived restoration (Wu and Kim, 2021) or analyzing the benefits of individual natural or artificial landscape features. Few studies explore whether, within the complex context of urban parks—where diverse landscape features intertwine—landscape characteristics can influence individuals’ restoration through enhanced emotions. Furthermore, the specific mechanisms by which emotions function as a mediating variable in this process remain underexplored. Thus, a question worthy of in-depth investigation is whether the interaction between various natural and artificial landscape features in urban parks can elicit complex emotional responses of differing intensities, thereby further influencing perceived restorativeness in the environment. The absence of research in this area has led to limitations in providing comprehensive guidance for landscape planning and design in complex urban park settings. Addressing this research gap would allow for a more detailed analysis of the pathways through which natural landscapes contribute to perceived restoration, deepening our understanding of psychological restoration processes.

In conclusion, this study aims to discuss how natural landscape features mitigate the negative effects of artificial landscape features on emotions and restoration, and to explore the pathway mechanisms between natural landscape features, emotions, and restoration. Given the complex interactions between multiple latent variables in the study, the research hypotheses are developed and validated using Partial Least Squares Structural Equation Modeling (PLS-SEM). As an advanced structural equation modeling technique, PLS-SEM is more effective than traditional regression analysis in handling the relationships between multiple variables, while providing comprehensive estimates for both measurement and structural models (Ali et al., 2018). The study was conducted in four urban parks in Hangzhou, China, where data was collected through field surveys and questionnaires. Additionally, many high-resolution landscape images were collected, and the DeepLabV3+ semantic segmentation tool based on deep learning technology was used to classify and extract the landscape features from the images. This comprehensive approach enables the study to reveal the synergistic or offsetting effects between various landscape features, providing more concrete evidence to support the design and planning of urban parks. It helps designers and planners create urban park spaces with greater restorative potential.



2 Literature review


2.1 The influence of landscape features on perceived restoration

The Attention Restoration Theory (ART) and the Stress Recovery Theory (SRT) both explain the restorative effects of natural environments. According to ART, prolonged directed attention can lead to fatigue, while natural environments alleviate attentional fatigue by engaging involuntary attention, thus restoring cognitive function (Kaplan and Kaplan, 1989). Environments that facilitate recovery from directed attention fatigue are referred to as restorative environments (Kaplan, 1995). In contrast, SRT emphasizes that exposure to nature can rapidly alleviate stress in the short term, lowering blood pressure and cortisol levels, with a stronger focus on psychological and physiological recovery (Ulrich, 1986; Ulrich et al., 1991). Both theories suggest that natural environments can relieve stress and enhance emotion, thereby promoting recovery (van den Berg et al., 2003; Stragà et al., 2023). The Perceived Restorativeness Scale (PRS), created by Hartig et al. (1996), is grounded in Attention Restoration Theory (ART) and is designed to measure environments that engage involuntary attention. This scale serves as a tool for assessing the positive impact of stimulating environmental factors on fatigue recovery. The PRS evaluates the restorative potential of both current and proposed environments by evaluating four key characteristics: being away, fascination, compatibility, and coherence (Tenngart Ivarsson and Hagerhall, 2008). “Being away” refers to the sense of escaping from fatigue or stress, evaluating the feeling of rest and recovery from mental exhaustion when individuals perceive themselves as detached from daily life in a specific environment. “Fascination” indicates that the environment should be sufficiently interesting to capture and hold people’s attention, making them want to engage more with it. Natural landscapes, with their great potential to create moments of fascination, are therefore seen as having a strong ability to combat mental fatigue. “Compatibility” refers to how well the environment aligns with individual preferences, goals, and needs, allowing visitors to engage in activities without restrictions. “Coherence” implies that a space should contain enough features to make visitors feel as though they are moving away from stress. The Perceived Restorativeness Scale (PRS), grounded in ART, has proven effective in assessing the psychological recovery benefits of environments (Bornioli and Subiza-Pérez, 2023). Many studies have used the PRS to evaluate restorative environments and restorative landscape features in urban settings (Carrus et al., 2015; Liu et al., 2020; Hooyberg et al., 2022).

Currently, the restorative effects of natural environments are widely recognized (Pouso et al., 2020; Li et al., 2023), and research has revealed the role of various landscape features in perceived restorativeness. Studies by Hartig et al. (2003) indicate that natural and urban environments have different impacts on attention restoration, suggesting that providing accessible natural landscapes for urban residents may help prevent and reduce stress-related health issues. Jiang et al. (2014) found that green vegetation significantly reduces anxiety and stress levels, enhancing perceived restorativeness, while artificial landscape features such as roads and buildings are closely associated with decreased restorativeness (Wang et al., 2016). Additionally, a laboratory test evaluated the restorative benefits of different environmental elements, such as plants and water, in 12 green spaces. The results showed that these landscape features have restorative effects, with semi-open green spaces high in naturalness offering more positive restorative outcomes than open green spaces with higher levels of artificiality (Liu et al., 2022). Similarly, some international studies have also confirmed the general restorative benefits of natural elements. For example, Akpınar (2021) research found a universally positive impact of nature on perceived restoration among adolescents in Turkey, regardless of gender. In summary, existing research has primarily focused on comparing the overall restorative effects of natural versus non-natural environments or examining the general relationship between landscape features and perceived restorativeness by comparing the restorative effects of different landscape features. However, there is still a lack of exploration regarding how specific elements in natural environments stimulate restorative potential in different contexts. Few studies have delved into the specific ways in which landscape features function to influence the restoration process.



2.2 The influence of landscape features on emotion

Currently, enhancing residents’ positive emotions has become a fundamental requirement for achieving the United Nations Sustainable Development Goals of “Good Health and Well-being” and “Sustainable Cities and Communities” (dpicampaigns, n.d.). Ulrich’s theory of stress recovery indicates that emotions are regarded as a core mechanism for health improvement (Ulrich et al., 1991). Natural environments can reduce physiological stress responses by activating the parasympathetic nervous system, thereby lowering anxiety and improving emotions (Wilkie and Davinson, 2021a). However, with the rapid pace of urbanization, the expansion of artificial landscapes has intensified residents’ feelings of anxiety, becoming a significant factor affecting the emotional health of urban residents (de Vries et al., 2003). Many studies have emphasized the different emotional impacts of natural and artificial landscapes, showing that people can experience varying degrees of emotional healing from natural environments (Zhang, 2023). In this regard, urban park environments have been proven to effectively alleviate visual fatigue, reduce negative emotions (Berto, 2014), and enhance the well-being of both residents and visitors (Rahnema et al., 2019). For instance, the study conducted by Wilkie et al. (2022) compared the effects of different types of environments on individuals’ emotions, mood, and perceived restoration. The findings indicate that even brief exposure to virtual environments can elicit perceptual differences regarding environmental restoration. Moreover, natural environments and urban green spaces were found to generate stronger positive emotions than urban streets, while the impact on mood was less pronounced (Wilkie et al., 2022). Particularly during the COVID-19 pandemic, a substantial body of evidence suggests that time spent in natural environments can reduce stress and enhance mental well-being. Residents who live in proximity to urban parks are less prone to experiencing negative emotions (Ma et al., 2022). And after walking in a natural environment, it may bring better emotional recovery benefits (Hartig et al., 2003). Moreover, numerous empirical studies have further highlighted the impact of landscape features in natural environments on emotional states. For example, natural features such as green spaces and water bodies have been shown to benefit the emotional health of urban residents (Lu et al., 2021; Wu and Kim, 2021), thereby alleviating the stress of modern urban life (Joye, 2007). Tsai et al. found a significant correlation between shrub coverage and the incidence of psychological distress (Tsai et al., 2018). Olszewska-Guizzo et al. (2022) explored the connection between urban green spaces and positive emotions and relaxation, highlighting the impact of landscape visual quality on emotional experiences. These studies emphasize the direct impact of natural environments and their features on emotional health, helping to lower the risk of depression and anxiety (Wu et al., 2023). This aligns with Ulrich’s Stress Recovery Theory (SRT), which suggests that exposure to or viewing vegetation and other natural features can quickly have a positive impact on individuals experiencing acute stress, thus helping to avoid negative thoughts and emotions (Ulrich et al., 1991).

Although numerous studies have highlighted the positive impact of natural environments and landscape elements on emotional states (Collins et al., 2020), the pathway mechanisms by which natural landscape elements influence perceived restoration through emotional impact have yet to be thoroughly explored. Further research is needed to investigate how the moderating potential of natural landscape elements can indirectly affect perceived restoration through emotions, which would contribute to the sustainable environmental design of urban parks for health and well-being.



2.3 Hypothesis

Although existing research has widely confirmed the differential effects of natural and artificial landscape features on emotions and restorative outcomes, these studies have mostly focused on the restorative effects of individual landscape features, often overlooking the complex moderating roles between different landscape characteristics in influencing emotions and restoration. This may result in the underutilization of the restorative potential within urban park environments. While many studies indicate that artificial landscape features generally lack the restorative benefits of natural landscapes and can negatively impact emotions and restoration, Attention Restoration Theory (ART) and Stress Recovery Theory (SRT) suggest that, with thoughtful design and layout, artificial features may promote recovery by enhancing environmental structure and order. This can support emotional restoration and reduce cognitive load, thereby fostering overall restoration. Therefore, although the restorative capacity of built landscape features differs from that of natural landscape features, the moderating effect of natural elements may counterbalance the negative impact of built features, enhancing the overall restorative support of the environment. Additionally, as a widely used mediating variable, the enhancement of emotions may be a key pathway through which natural environments promote restorative effects; the positive emotions generated by the environment may indirectly support cognitive function and attention recovery. Thus, identifying the relationship between built landscape features and emotional recovery, as well as exploring the moderating effect of natural landscape features on the negative impact of built features, can offer a more comprehensive understanding of how landscape characteristics influence restorative processes. This approach enables more effective design and placement of landscape elements in urban parks.

Based on this, this study constructs a moderated mediation model (Figure 1). In this model, emotion serves as the mediating variable, while natural landscape features act as the moderating variable. The statistical technique employed to test the hypotheses in this study is Partial Least Squares Structural Equation Modeling (PLS-SEM). Being a predictive method, PLS-SEM can simultaneously estimate the interrelationships among multiple variables and help validate the hypotheses to explore the pathway mechanisms between variables. The following are the three research hypotheses proposed:

[image: Diagram illustrating the relationships between components of nature and restoration. Nature components are central, linked to hardscape components (building, pavement), emotional state (calm, relaxed), and perceptual restoration (being away, fascination). Arrows indicate interactions: H1 between hardscape and nature components, H2 between nature and emotional state, and H3 between nature components and perceptual restoration.]

FIGURE 1
 A mediation model framework with multiple factors moderation.



H1: Artificial landscape features in urban parks (buildings, pavement) indirectly negatively affect perceived restoration by influencing emotions.
H2: Natural landscape features in urban parks (sky, trees, pavement, water, shrubs) moderate the negative effects of artificial landscape features (buildings, roads) on emotions.
H3: Natural landscape features in urban parks (sky, trees, grass, water, shrubs) moderate the negative effects of artificial landscape features (buildings, roads) on perceived restoration.






3 Methods


3.1 Study sites

This study was conducted in Hangzhou, Zhejiang Province, China. As a city in southeastern China, Hangzhou is renowned for its scenic resources and historical culture, attracting many visitors. According to statistics, Hangzhou had a permanent population of 12.52 million in 2023, with an annual passenger traffic of 160 million. Hangzhou’s urban parks have become important venues for residents and tourists to engage in leisure and cultural tourism activities. In the past decade, the city has undergone rapid economic growth and significant land use changes during urban expansion. From 2017 to 2021, the area of urban green spaces increased, with most of the growth concentrated in the city’s core areas (Chen et al., 2021). Concurrently, the ‘Hangzhou Green Space System Special Plan (2021–2035)’ sets goals for 2035, which include guaranteeing that the per capita green park space is no less than 17 square meters, the service radius coverage of park green spaces reaches at least 95%, and the green coverage rate is maintained at no less than 43% [Hangzhou green space system special plan (until 2035) released, 2024]. This highlights Hangzhou’s commitment to green space planning.

The selection of suitable parks as research sites was based primarily on two criteria. First, the selected parks must be open to the public for free to attract a diverse range of participants. Second, the landscape environment within the chosen parks should be representative, containing typical landscape features commonly found in parks, to ensure the study’s applicability. Based on these criteria, four parks in the core urban area of Hangzhou (Canal Asian Games Sports Park, North City Sports Park, Hangzhou Forest Park, and Yile Park) were ultimately selected for field surveys (Figure 2). In each park, researchers selected 10 locations with typical landscape features for assessment. The Canal Asian Games Park is in Gongshu District, Hangzhou, with a total area of 46.7 hectares. It is a comprehensive urban sports park featuring a variety of relaxation spaces, sports areas, and outdoor landscapes. There is a rich variety of tree and flowering plant species, with the park preserving two original natural rivers and adding an artificial lake and wetlands. North City Sports Park, also located in Gongshu District, covers an area of 45 hectares and integrates sports, ecology, leisure, and entertainment into one sports park. The park includes a 3.8 hectare artificial lake, with green space covering over 86% of the area. Hangzhou Forest Park, located in Shangcheng District, covers 5.5 hectares, and is situated at the heart of the Qianjiang New City Central Business District (CBD). The park mainly serves as a place of leisure and social interaction for office workers and nearby residents. The park layout centers around a natural ecological water system, with an extensive road network, and features tall trees such as camphor and cedar. Yile Park is in Hangzhou’s Qiantang District, with a total area of 5.1 hectares. Surrounded by residential communities, it has become an ideal location for residents’ daily leisure, social, and family activities. The park features an ecological riverbank, with vegetation primarily consisting of willows and various flowering trees and shrubs.

[image: A series of maps showing locations and parks in Zhejiang, China, and Hangzhou. The top row includes a regional map highlighting Zhejiang, another zoomed map of Hangzhou, and a marked map showing four park locations: Canal Asian Games Sports Park, North City Sports Park, Yile Park, and Hangzhou Forest Park. The bottom row shows closer aerial views of each park with outlined boundaries. Each park is labeled and numbered accordingly: 1) Canal Asian Games Sports Park, 2) North City Sports Park, 3) Hangzhou Forest Park, 4) Yile Park.]

FIGURE 2
 Study site areas.




3.2 Landscape features data collection

To collect data on landscape features in the parks, this study conducted photo collection alongside the questionnaire survey. The questionnaires and photos were collected under consistent timing and conditions, from September to November 2023, between 9: 00 a.m. and 6:00 p.m. On days with clear skies and no rain. During this period, temperatures ranged from 20°C to 31°C, with wind speeds between 1 and 4 m/s, and humidity levels fluctuating between 51 and 98%. These specific weather conditions were sourced from the China Meteorological Data Service Center (China Meteorological Data Network, 2023). First, at the selected locations, panoramic static images were captured on-site using an Insta 360° One X camera. The camera has a resolution of 6080*3040 and is equipped with two F2.0 fisheye lenses. The camera height was set at 1.6 meters (Wang et al., 2016). Due to differences in landscape features across various scenes, manually identifying and extracting the areas of landscape features is a challenging task. However, Convolutional Neural Networks (CNN) have demonstrated outstanding advantages in visual recognition tasks (Sun et al., 2020). As an enhanced third-generation iteration of the DeepLab neural network, DeepLabV3+ has accelerated the network training speed and improved the accuracy of image feature extraction compared to the previous V1 and V2 versions (Gou et al., 2022). Therefore, to address this challenge, the study used the semantic segmentation tool DeepLabV3+, based on a deep convolutional neural network, to process the panoramic images. Through this method, the visual landscape features in the images were segmented into different categories, with the pixels of each category converted into uniform colors, thus determining the share of each landscape feature in the image for each location (Figure 3). Finally, based on the landscape element proportions returned by DeepLabV3+, we selected six common landscape features—buildings, roads, sky, trees, grass, water, and shrubs—for subsequent statistical analysis.

[image: Flowchart illustrating an image segmentation model. It begins with an input image, processed by an encoder with atrous convolution. Multiple convolution layers follow, ending in image pooling. This output combines with low-level features in a decoder. The result is upsampled twice and results in a segmented output image.]

FIGURE 3
 The structure of DeepLabV3+ algorithm.




3.3 Assessment of emotional state and perceived restoration

From September to November 2023, we carried out an on-site intercept survey across four urban parks in Hangzhou, collecting a total of 599 valid questionnaires. The target population included frequent park-goers and city residents. The survey was conducted by trained graduate students, who gathered paper-based questionnaires through in-person interactions. Participants were randomly chosen from different locations within the parks. To capture the primary activity times of park visitors, data collection was conducted from 9: 00 AM to 6:00 PM. The questionnaire used in this study consists of two sections: an emotion assessment (Table 1) and a perceived restorative assessment (Table 2). First, the emotion assessment section refers to the State–Trait Anxiety Inventory (STAI) scale employed in a 2023 study by Wang Y. et al. (2023), specifically the State Anxiety Inventory (SAI) part of STAI, which includes ten positive psychological states. The STAI scale is composed of two parts: SAI, which measures anxiety states in temporary situations, and TAI, which measures chronic anxiety levels over an extended period (Spielberger et al., 2017). Numerous studies have found that STAI effectively measures broader negative emotions in practical applications, beyond just anxiety (Bados et al., 2010). According to Ekman’s research, emotions, as one of the basic psychological processes, include intense feelings like anxiety and anger and consist of multiple sub-emotions. For instance, within the positive emotion spectrum, forms like excitement, relief, and contentment together form core emotional states (Ekman, 1992). Furthermore, Scherer’s Component Process Model (CPM) posits that emotions are multidimensional and interdependent processes (Scherer, 2005). Given the immediacy, multidimensionality, and context-dependency of emotions, the SAI scale is effective in capturing momentary emotions triggered by environmental stimuli, such as those encountered in green spaces or public areas, thereby reflecting the emotional state of visitors. The questionnaire ranges from (1) absolutely not, (2) no, (3) not true, (4) somewhat, (5) a lot, to (6) very much. Higher scores indicate lower immediate anxiety levels and higher positive emotions (Zsido et al., 2020). For the assessment of perceived restoration, the study referenced the Perceived Restoration Scale (PRS) developed by Hartig et al. (1997)), along with additional modifications made by Zhao et al. (2023). The scale used in this study includes 20 items to measure four restorative dimensions (Being Away, Fascination, Compatibility, and Coherence). These items are evaluated using a Likert scale ranging from 1 = “completely disagree” to 7 = “completely agree.”



TABLE 1 State–trait anxiety inventory.
[image: Table with four columns. First column: "Construct" - ES. Second column: "Operational definition" - slash symbol. Third column: "Item" - lists feelings: calm, secure, comfortable, content, self-confident, relaxed, steady, satisfied, at ease, pleasant. Fourth column: "Reference" - Wang Y. et al. (2023).]



TABLE 2 Perceived restoration scale.
[image: Table with four dimensions: Being-Away, Fascination, Compatibility, and Coherence (Extent). Each dimension lists several item statements reflecting emotional and experiential responses. Being-Away includes items on escape and relaxation. Fascination focuses on interest and exploration. Compatibility covers personal alignment and belonging. Coherence (Extent) addresses space and order. References on the right attribute items to Hartig et al. (1997) and Zhao et al. (2023).]

To ensure that the questionnaire, once translated into Chinese, could be accurately understood by respondents, the study invited two professionals fluent in English to conduct a rigorous and detailed translation of the State–Trait Anxiety Inventory (STAI) and the Perceived Restoration Scale (PRS) used in the study. Subsequently, we randomly selected 25 respondents in Hangzhou Forest Park for a pilot test to verify the comprehensibility of the questionnaire content. After confirming that all items in the Chinese version of the questionnaire were well understood, we conducted a Cronbach’s reliability analysis on the pilot test data. The results showed good internal consistency across dimensions (STAICronbach’s α = 0.748, PRSCronbach’s α = 0.776–0.879).

After completing the pre-testing steps, we officially began the survey. The survey was conducted by three graduate students across four parks selected by the research team. Prior to the survey, the researchers obtained written informed consent from each participant, providing a detailed explanation of the survey’s purpose and procedures. Respondents indicated that they had read and understood the general information about the survey, indicated that they were volunteering to participate, and were aware that they had the right to discontinue their participation and revoke their consent at any time without any repercussions. Respondents were required to meet the following criteria: (1) self-assessed normal vision or corrected to normal levels, (2) verbally confirmed no psychological disorders, and (3) stayed in the target area for at least 5 min before data collection. These conditions were confirmed through face-to-face verbal questioning. Eligible respondents who agreed to participate were then able to begin filling out the questionnaire. The entire process took approximately 5–7 min. As a gesture of gratitude, participants who completed the questionnaire were given a small gift upon concluding the survey.



3.4 Analysis of data

In the preliminary data analysis phase, IBM SPSS Statistics Version 27 was used to analyze the subjective measurement data obtained from the questionnaire, and subsequently structural equation modeling was constructed using Smart PLS version 3.0. Partial least squares structural equation modeling (PLS-SEM) was chosen for estimating complex models with numerous constructs, indicators, and structural paths. This method is suitable for predictive and exploratory research, particularly when working with complex models that include multiple latent variables and pathways (Hair et al., 2019). Given the model complexity in the hypotheses of this study, PLS-SEM was applied to analyze the research model and clarify path analysis. For the evaluation of the measurement model, construct validity was assessed using Cronbach’s α and rho A, while convergent validity was verified through standardized factor loadings and average variance extracted (AVE). Discriminant validity was assessed using the Fornell-Larcker criterion, which stipulates that the square root of each construct’s AVE should be greater than its correlations with other constructs. Finally, discriminant validity was further verified using the heterotrait-monotrait (HTMT) criterion (Hair et al., 2012). To evaluate the structural model, the significance of path coefficients and model fit were examined using 5,000 bootstrapped samples to assess statistical significance. Lastly, multigroup analysis (MGA) was conducted to explore demographic differences.




4 Analysis result


4.1 Demographic information

According to Figure 4, respondents provided demographic details such as gender (male or female), age (15–25 years, 26–35 years, 36–45 years, 46–55 years, and above 55 years), educational background (primary school, middle school or below, high school, college or equivalent, master’s degree or above), and occupation (student, manual laborer, knowledge worker, retiree, unemployed). To assess the impact of green space exposure frequency and duration on residents perceived restorative effects, we asked about their park visit frequency (rarely, 1–2 times a week, 3–4 times a week, more than 5 times a week) and the duration of each visit (<30 min, 30–60 min, 61–90 min, 90–120 min, and > 120 min). A total of 611 questionnaires were sent out, and 599 responses were received, resulting in a 98% response rate. Among them, 150 responses were from Chengbei Sports Park, 150 from Hangzhou Asian Games Sports Park, 150 from Yile Park, and 149 from Hangzhou Forest Park.

[image: Six pie charts detailing demographic data of 599 individuals. Top left shows gender: 48.1% female, 51.9% male. Top middle shows age: 20.5% aged 15-25, 34.4% aged 26-35, 23.4% aged 36-45, 11% aged 46-55, 10.7% over 56. Top right shows educational background: 34.6% bachelor degree, 26% primary, 23.9% middle/high school, 15.4% master degree. Bottom left shows occupation: 26.5% mental work, 25.5% manual labor, 21.5% unemployed, 13.9% student, 12.5% retiree. Bottom middle shows park visit frequency: 26.4% rarely, 25.4% 1-2 times/week, 23.7% 3-4 times/week, 24.5% more than 5 times. Bottom right shows time on site: 23.6% 61-90 minutes, 21.2% 30-60 minutes, 19.1% less than 30 minutes, 18.7% over 120 minutes, 12.5% 90-120 minutes.]

FIGURE 4
 Demographic Information Chart.




4.2 Measurement model

The measurement model was evaluated to confirm the construct validity of Emotional State (ES) and the Perceived Restoration Scale (PRS). To achieve this, it is essential to meet several criteria, such as construct validity, discriminant validity, and convergent validity (Table 3). Additionally, to seek less biased and more consistent estimates, the study constructed a second-order structure for PRS. Construct validity was measured using Cronbach’s α and rho_A. The results showed that Cronbach’s α (0.775–0.921) and rho_A (0.782–0.912) for the substructures were above the recommended threshold of 0.70, indicating that the measurement model is reliable. For convergent validity, the results showed that the standardized factor loadings for all items were above the threshold of 0.5. Additionally, since the Average Variance Extracted (AVE) for both the first order and second-order structures ranged from 0.523 to 0.729, exceeding the required threshold of 0.5, the model’s convergent validity was confirmed. The study then integrated the latent scores of the four dimensions obtained in the first phase: Fascination (PRS_Fa), Being Away (PRS_BA), Compatibility (PRS_Comp), and Extent (PRS_Ext). The results indicated that the second-order factor loadings for these four dimensions ranged from 0.856 to 0.944, all above 0.7. The AVE was 0.849, Cronbach’s α was 0.94, rho_A was 0.949, and the VIF ranged from 2.531 to 4.985, indicating that there was no issue with multicollinearity. Table 4 presents the discriminant validity based on the Fornell-Larcker criterion. To establish discriminant validity, this criterion requires that the square root of the AVE for each construct must exceed its correlation coefficient with other constructs (Fornell and Larcker, 1981). In our analysis results, the values on the main diagonal of the correlation matrix were all higher than the off-diagonal features in the same row and column. For example, the highest correlation coefficient in the PRS_BA construct was 0.97, higher than its correlation with other constructs (ES = 0.485, PRS_Comp = 0.461), indicating that the measurement model has discriminant validity. Finally, the Heterotrait-Monotrait ratio (HTMT) criterion was used as a double-check to assess discriminant validity (Hair et al., 2012). The results in Table 5 show that the HTMT values were all below 0.85, confirming the establishment of discriminant validity. In conclusion, the checks for reliability and validity demonstrate that the measurement model has good adaptability.



TABLE 3 Reflective scale accuracy analyses (Summary of construct validity).
[image: Table displaying reflective components, constructs, and items related to factor loading, convergence validity (AVE), and consistency reliability (Cronbach's α, rho_A). It includes data for perceived restorativeness and emotional state, highlighting various metrics like VIF for each construct and item. Key statistics show items achieving values above set thresholds, supporting reliability and validity.]



TABLE 4 Discriminant validity assessment: Fornell-Larcker.
[image: A table showing correlations between different variables labeled as Es, PRS BA, PRS Comp, PRS Ext, and PRS Fa. Each column and row intersect with numerical values, such as 0.466, 0.485, and 0.97, indicating relationships between them.]



TABLE 5 Discriminant validity assessment: Heterotrait-Monotrait (HTMT) ratios.
[image: A table with headers: LP, PRS_BA, PRS_Comp, PRS_Ext, PRS_Fa, and ES. Rows include values for labels: Es, PRS BA, PRS Comp, PRS Ext, and PRS Fa. For example, Es row has values 0.723, 0.944, 0.854, 0.849, and ES column has 0.808.]



4.3 Structural model

For the structural model, it is crucial to evaluate the significance of path coefficients and assess the model’s overall goodness-of-fit (Ali et al., 2018). This study employs the PLS-SEM analytical method to list detailed information on direct and indirect effects and conducts a rigorous statistical significance evaluation of the model’s fit. In the SEM model shown in Table 6, the analysis reveals that the R2 values for emotional state (ES) and perceived restoration (PRS) are 0.359 and 0.643, respectively. Since R2 indicates the extent of variance explained by the variables and is used to assess the goodness-of-fit of the regression model, the results suggest that the structural model has suitable predictive power. Additionally, we observed significant direct effects of various landscape features on ES and PRS. For example, trees (β = 0.832, p < 0.001) and grass (β = 0.215, p = 0.014) had positive direct effects on ES, while among the artificial landscape features, only buildings (β = −0.224, p < 0.001) had a negative direct effect on ES. Furthermore, ES (β = 0.206, p < 0.001) exhibited a significant positive direct effect on PRS. As for the artificial landscape features, buildings (β = −0.202, p < 0.001) and pavement (β = −0.115, p = 0.004) showed significant negative effects on PRS, while among the natural landscape features, trees (β = 0.297, p = 0.022) and water (β = −0.274, p < 0.001) positively influenced PRS.



TABLE 6 Parameter estimates in the final structural equation model (SEM).
[image: A table showing direct and total indirect effects of various variables on ES and PRS, with statistical results. The table includes columns for effect type, beta \( \beta \), standard error \( se \), t-value \( t \), p-value \( p \), and confidence interval \( CI2.5\%-97.5\% \). Statistically significant values are bolded at \( p < 0.05 \). Variables analyzed include Building, Pavement, Sky, Tree, Grass, Water, and Shrub.]

Further analysis of the indirect effects, as shown in Table 7, reveals that some environmental factors influence PRS through ES, acting as mediators. For example, the path from sky to ES to PRS is significant (β = −0.092, p = 0.037), indicating that the openness provided by the sky has an indirect positive impact on perceived restoration through its effect on emotional state. The indirect effects of trees (β = −0.171, p = 0.000) and grass (β = −0.044, p = 0.016) on PRS through ES are also significant, indicating that trees and grass enhance perceived restoration by improving emotional state. At the same time, the study observed some negative indirect effects. For example, the path from buildings to ES to PRS (β = −0.046, p = 0.000) and the path from sky to buildings to ES (β = −0.231, p = 0.000) suggest that the presence of buildings and the interaction between the sky and buildings may negatively impact emotional state, thereby reducing PRS. It is also noteworthy that the indirect path from sky through pavement to ES and then to PRS (β = 0.000, p = 0.826), as well as the indirect paths from water through buildings (β = −0.005, p = 0.132) and through pavement (β = −0.012, p = 0.143) to ES and then to PRS, were not significant. This highlights the varying effects of different landscape features on the mediating role of emotional state. The SEM model analysis provides insights into the direct and indirect effects of different landscape features on emotional state and perceived restoration. The important paths in the model emphasize the crucial mediating role of emotional state in studies of environmental perceived restoration.



TABLE 7 The specific indirect effects.
[image: Table showing mediation paths with columns for path, beta (β) coefficient, standard error (se), t-value, and p-value. Bolded p-values indicate statistically significant results at the p < 0.05 level. Rows detail paths like "Building → Es → PRS" and their statistics.]



4.4 The moderating role of natural landscape features

To explore the possible moderating role of natural landscape features in the relationship between emotional state and perceived restoration, the study applied a bootstrapping technique with 5,000 resamples and a 97.5% bias-corrected confidence interval. This approach was used to generate robust standard errors, leading to more dependable parameter estimates. The results showed that the sky and trees significantly moderated the effects of buildings and pavement on ES in a positive direction. In contrast, grass and shrubs did not significantly moderate the impact of buildings on ES. However, grass, water, and shrubs significantly moderated the negative effects of roads on PRS. Regarding the relationship between natural landscape features and PRS, grass and shrubs significantly moderated the positive effect of buildings on PRS, indicating that as grass and water increase in the built environment view, the positive impact on PRS strengthens. On the other hand, sky, trees, and grass significantly moderated the negative impact of pavement on PRS. Only water showed a significant positive moderating effect on the impact of pavement on PRS. Table 8 provides detailed results of the moderation effect analysis.



TABLE 8 Regulating effect.
[image: Table showing the relationship between sound source type and landscape characteristics, with variables ES and PRS. Columns include beta values (β), standard errors (se), t-values, and p-values. Statistically significant p-values (less than 0.05) are bolded. Examples include significant relationships for "Sky x Building → ES" (p = 0.006) and "Sky x Pavement → PRS" (p = 0.000).]



4.5 Analysis of demographic differences

Given the numerous demographic variable groups collected in the preliminary stages of this study, reasonable classifications were made to enhance the stability of multi-group analysis (MGA) while maintaining logical consistency. For instance, the five age groups within “Age” (“15–25, 26–35, 36–45, 46–55, >55”) were divided into two groups using 35 years as a threshold, categorizing age heterogeneity into “≤35” and “≥36.” At the same time, measurement invariance is regarded as a necessary condition for conducting multi-group analyses. Based on the three-step method proposed by Henseler et al.: (1) configural invariance, (2) compositional invariance, (3) the equality of composite mean values and variances (Henseler et al., 2016), we applied the Measurement Invariance of Composite Models (MICOM) procedure to evaluate measurement invariance. The analysis results from MICOM indicated that subgroups categorized by age, gender, educational background, occupational type, frequency of visits, and duration of stay had established complete measurement invariance. We subsequently conducted multi-group analyses, with relevant results presented in Tables 9, 10.



TABLE 9 Impact of demographic variables on ES.
[image: Table displaying correlations between demographic factors and environmental settings (ES). Categories include Gender, Age, Education, Occupation, Frequency of visits, and Time spent on site. Each factor correlates with environmental settings: Grass, Sky, Water, Tree, Shrub, Ground, Buildings. Notable correlations: Tree→ES has high values especially for age >35, and ≤35 shows 0.691**. Shrub→ES negatively correlates with education and occupation. Asterisks indicate significance levels: *p<0.05, **p<0.01, ***p<0.001.]



TABLE 10 Impact of demographic variables on PRS.
[image: Table displaying multiple regression coefficients for various environmental preferences (Grass, Sky, Water, Tree, Shrub, Ground, Buildings) with respect to different demographics and behaviors (Gender, Age, Education, Occupation, Frequency of park visits, Time spent on site). Coefficients vary, with asterisks indicating significance levels: *p<0.05, **p<0.01, ***p<0.001.]

As presented in Table 9, there is a significant positive correlation between trees, grass, and water with emotions across the groups of gender, age, education background, visit frequency, and stay duration. In the occupational group, grass and water have a notable positive effect on individuals engaged in physical labor, but their impact on those engaged in mental labor is not significant. Additionally, the influence of sky and trees on emotions is significantly positive for individuals engaged in mental labor within the occupational group. The impact of shrubs on emotions varies significantly across gender, age, and visit frequency. Male visitors, visitors aged ≥36, and those with a visit frequency ≥ 3 times show a significant negative impact of shrubs on emotions. In the path of ground surface impact on emotions, the significance of age, education background, and visit frequency varies across the binary groups. For visitors aged ≤35, with education background <Bachelor, and with visit frequency ≥ 3 times, the ground surface has a significant positive effect on emotions.

As shown in Table 10, among the landscape elements, shrubs, ground surface, and building views have no significant differences in their impact on PRS across demographic information, while grass, sky, water, and trees exhibit varying levels of significance. Visitors with education <Bachelor, manual labor, and a stay duration ≥61 min show a significant positive effect of grass on PRS. Female visitors, those engaged in physical labor, and those who stay in the park for ≥61 min show a significant negative relationship between the sky and PRS. Male visitors and those with education <Bachelor show a significant positive effect of water and trees on PRS, while female visitors and those with education ≥Bachelor show no significant relationship on this path. Additionally, visitors with a visit frequency ≤ 2 times show a significant positive effect of trees on PRS, but for those with a visit frequency ≥ 3 times, the effect is not significant.




5 Discussion


5.1 The direct and indirect effects of landscape features on emotion and restoration

The interaction between landscape features and human emotions and mental health is a complex phenomenon. By analyzing the direct and indirect effects of these landscape features on emotional state and perceived restoration, the irreplaceability of natural features in urban environments can be highlighted, while also pointing out the potential positive role of some artificial landscape features under specific conditions. The results reveal the impact of natural landscape features and artificial features on emotions and restoration and clarify how individual natural landscape features influence restoration through emotion as a mediating factor. Additionally, the study indicates that not all natural environments have the same restorative capacity (Herzog et al., 2003). The research also finds that emotions have a significant positive effect on PRS. Based on this, the study further examines the mechanism by which natural landscape features can influence perceived restoration by affecting emotions as a mediating variable.

Previous research has found that people have different preferences for various vegetation structures, with shrubs being less favored compared to trees (Purcell and Lamb, 1998). Additionally, studies have shown that among green features, trees are relatively more captivating and represent a more restorative type of nature (Van den Berg et al., 2016). These findings are further corroborated by the direct effects observed in this study. The results show that natural landscape features such as sky, trees, grass, and water can significantly enhance emotional state. Additionally, trees, grass, and water have a significant positive effect on restoration. However, shrubs did not show a significant effect on either emotion or restoration. This phenomenon might be explained by habitat theory (Joye, 2007), which suggests that the long evolutionary period early humans spent in savanna-like environments may have shaped our preference for certain natural features (Sarmiento, 2013). Expansive views, resources such as food and water, and social-friendly environmental features provided essential resources and shelter for early human evolution, fostering a positive emotional connection to these landscape elements in modern humans. This may explain why trees, grasslands, and water are especially significant for providing a sense of psychological restoration, while shrubs, with limited resources and shelter in the open savanna environment, may have a less pronounced effect on emotions and restoration than other elements.

Further mediation analysis indicates that the natural landscape features of sky, trees, and grass have a significant indirect effect on perceived restorative outcomes through emotions, while the causal path of water and shrubs → emotions → restoration is not significant. According to ART, visual features in natural stimuli that effortlessly capture attention are referred to as “soft fascination, “which can supplement and restore directed attention (Kaplan, 1995). The sky, trees, and grass typically have simple and open characteristics, making them more likely to provide soft fascination. In contrast, dense shrubs may obstruct the view, and water features, due to their dynamic and reflective qualities, possess relatively high visual complexity. These landscape features may require more attention or cognitive processing. Perceived fluency suggests that people tend to prefer landscapes that are easy to understand and have simple structures (Joye and van den Berg, 2011). The sky and grass exhibit characteristics of high perceived fluency, such as continuous surfaces and symmetry, while trees also align with the fractal concept in perceptual fluency (Reber and Schwarz, 2006). Therefore, compared to shrubs and water, the sky, trees, and grass can promote restoration by reducing cognitive load and evoking positive emotions. It is noteworthy that the study also found that, although the path from shrubs → emotion → PRS was not significant, the path from shrubs → buildings → emotion → perceived restoration exhibited a significant negative effect. Previous research using eye-tracking experiments discovered that artificial features (such as buildings) tend to trigger more visual search and fixation (Zhou et al., 2023). According to ART theory, prolonged directed attention can lead to fatigue and stress (Kaplan and Talbot, 1983). This may further explain why the path from shrubs → emotion → PRS is not significant, but when shrubs indirectly affect emotion and restoration through buildings, a negative effect can occur.

A key finding of our study is that certain natural landscape features (such as shrubs), in specific views, may have their restorative potential limited, making them unable to counterbalance or alleviate the inherent stressors of artificial features in park environments. Additionally, different environmental contexts may either enhance or suppress the restorative potential of certain landscape features. For example, although water features did not show a significant moderating effect through their indirect impact on artificial landscape features in relation to ES and PRS, the significance of their direct impact suggests that in specific environmental settings, the restorative effects of water may be more direct and pronounced. This suggests that designers, when planning water features in urban parks, should focus on the independent restorative effects of water features and handle the relationship between water features and artificial landscapes with caution. By placing water features in areas with a strong natural backdrop and carefully arranging interactions between the water features and other natural and artificial landscape elements, their restorative potential for the environment can be maximized.



5.2 The moderating effect of landscape features on emotion and perceived restoration

Through an in-depth analysis of the moderating effects, we not only confirmed the positive impact of natural landscape features on emotion and restoration but also uncovered their complex dynamic moderation when combined with different artificial landscape features. Research suggests that features within the same green space may influence human health through various pathways (Liu et al., 2023). Buildings and roads typically have a negative effect on emotion and perceived restoration; however, when these artificial features are paired with natural features like the sky or trees, this negative impact may be reduced or even become positive under certain conditions. This highlights the intricate interactions between natural and artificial landscape features, indicating that simply reducing artificial features may not be enough to significantly enhance restorative effects. Instead, an effective configuration of landscape features within the view layout is essential for achieving better emotion improvement and restoration.

Appleton’s “Prospect-Refuge Theory, “People tend to favor environments that provide both an expansive view and the sense of safety offered by concealment (Appleton, 1975). This preference stems from human needs for survival and safety in natural environments. The study found that grass plays a significant moderating role in the relationship between roads and emotion, exerting a negative influence, while it exerts a positive moderating effect on the relationship between buildings and perceived restoration. According to the Prospect-Refuge Theory, the differential effects of grass, pathways, and buildings on emotions and restoration in an environment can be explained by people’s need for safety and visibility in the environment. Although in real-world road environments, people’s need for refuge may not be as strong as their need for visibility, they generally prefer to see ahead to ensure their safety. However, this still results in the grass failing to provide enough sense of safety in the road’s view, and open spaces can make people feel exposed and uneasy, thereby having a negative impact on emotions. In the view of buildings, the buildings themselves enhance the sense of refuge, while the grass provides an open vista. The combination of both creates an environment that is both visible and secure, leading to a more positive restorative experience. This phenomenon is also supported by the ART and SRT theories, both of which suggest that a balance between openness and enclosure in the environment can meet people’s dual needs for safety and comfort, thereby enhancing restorative outcomes (Ulrich et al., 1991; Kaplan, 1995). In addition, some empirical studies have confirmed the SRT perspective, suggesting that brief exposure to natural environments can improve emotions (McMahan and Estes, 2015; Roberts et al., 2019). In our study, natural landscape features such as the sky and trees significantly positively moderated the impact of artificial landscape features (buildings and roads) on emotions. However, in road environments, their moderating effect on restoration showed a significant negative impact. This may be because the sky and trees often provide a sense of visual openness and comfort, which helps alleviate emotional stress in the short term. However, in road environments, negative factors such as noise, pollution, and traffic stress may persist, weakening the positive effects of natural landscapes on long-term restorative experiences. While natural landscapes can improve emotions in the short term, the negative characteristics of roads may suppress the long-term restorative benefits.

In addition, in many studies, water is considered a captivating natural features (Regan and Horn, 2005; Nordh et al., 2009), that helps alleviate mental stress (Li et al., 2020). However, the findings of this study indicate that while water has a significant positive effect in moderating the impact of buildings on emotions, it shows a negative effect when moderating the impact of roads on emotions. Moreover, water has a significant positive effect in moderating the perceived restorative influence of roads, but it does not significant influence the moderation of the relationship between buildings and perceived restoration. A possible explanation is that in natural environments, people’s attention to water as a landscape features is relatively high, possibly due to the reflections in the water increasing the proportion of the corresponding landscape features (Li et al., 2020). It is worth noting that natural water landscapes are easily affected by weather and water flow changes, leading to decreased environmental stability, which may also result in a weaker restorative potential (Shen et al., 2024). Additionally, water presents different visual appearances in specific contexts. For example, while water generally has a positive influence, its emotional effects may vary depending on the form of the water (e.g., still water or flowing water) in different situations, leading to non-significant pathways (Luo et al., 2021). Therefore, the study suggests that the interaction between natural landscape features and artificial landscape features is not always a simple additive relationship.

These complex moderating effects suggest that natural and artificial landscape features in the environment interact through different mechanisms, resulting in differentiated restorative effects. In urban park settings, these two features are often inseparable. As people move through different environments, the visual changes influence their emotional responses. Therefore, by gaining a deeper understanding of the specific moderating mechanisms of natural landscape features, it is possible to mitigate the negative impacts of artificial landscape features and maximize their potential restorative functions (Zhou et al., 2023).



5.3 The impact of demographic differences on emotions and perceived restoration

The results of the PLS-MAGS analysis reveal significant differences in emotions (ES) and perceived restorative effects (PRS) across different demographic characteristics. Tree, grass, and water landscape features exhibit significant positive effects across groups categorized by gender, age, education level, frequency of visits, and duration of stay. This suggests that natural landscape features have universal value in enhancing positive emotions across diverse demographic groups (Kaplan and Kaplan, 1989). It is worth noting that park visitors aged 36 and above, as well as those with a higher frequency of visits (≥3 times), showed a significant negative effect of shrubs on emotions. This may be because, compared to grass, trees, and other features, shrubs are less able to provide strong interactive functions and activity spaces. Research has shown that younger individuals and visitors with a higher frequency of visits tend to actively seek social, fitness, and other health-related activities. As a result, they are more likely to derive positive emotions from landscapes that offer greater openness and interactivity (White et al., 2013; Boyd et al., 2018; Wang J. et al., 2023). In the occupational groups, the sky and trees have a significant positive impact on the emotions of intellectual workers, while the effect is not significant for manual laborers. This difference may reflect the varying landscape needs of different types of workers (Zhang et al., 2022). Intellectual workers, who are often in a state of cognitive load for extended periods, are more likely to seek a sense of visual openness and naturalness in their environment (Franěk, 2023). In terms of the restorative effect of the sky, individuals with a longer stay (≥61 min) showed a negative correlation, possibly due to frequent exposure to the sky in daily life, leading to an adaptation to its restorative effect, which in turn weakened its restorative contribution in the park. A previous study suggested that even natural features in the workplace can lose their original restorative effects due to frequent exposure (Gonçalves et al., 2023).



5.4 Implications of the research results for urban park design

Providing high-quality green spaces in dense urban environments promotes more positive emotions and mental health, while also helping to foster environmental awareness among citizens (Carrus et al., 2015). The results of this study offer several insights for the design and enhancement of urban park spaces, particularly in enhancing residents’ emotions and perceived restoration. First, when designing urban parks, the harmonious integration and composition of natural and artificial features should be considered to ensure that the landscape environment has coherence, which is crucial for developing resilient spaces (Naghibi, 2024). This study reveals that emotions can have a direct and significant positive impact on perceived restoration and demonstrates that natural landscape features can positively moderate the effects of artificial landscape features on emotional states and perceived restoration, such as the sky, trees, water, and grass. This underscores the key role of natural landscape features in urban parks. There are differences in the moderating mechanisms of various natural landscape features. For example, the sky and trees primarily influence emotions and restoration by providing a sense of openness and visual dominance, while grass and shrubs may play a greater role by improving the quality of the immediate surroundings. However, in areas with high tree canopy density, the view of the sky can easily be obstructed, reducing the overall sense of openness (Jiang et al., 2014). This calls for more detailed design strategies tailored to specific environments during planning.

Secondly, the examination of moderating effects reveals that emotions and restorative experiences are not solely influenced by individual environmental features. The interaction of different landscape features has a significant impact on perceived restoration. It also highlights the importance of landscape features configuration in environmental design. This interaction may enhance sensory experiences and provide deeper contact with nature, offering a new perspective for environmental design and emphasizing the need to create multisensory and multi-layered experiences. The design of park environments should be acutely aware of the emotional changes and perceived restorative effects brought about by landscape features. Thoughtfully incorporating natural features and ensuring their considerate placement in urban settings can significantly enhance the emotional and restorative benefits derived from the environment. In the context of rapid urbanization, urban planners, policymakers, and environmental professionals should collaborate to create public spaces that not only meet residents’ needs but also promote emotional well-being.

Finally, from the perspective of analyzing the differences in demographic differences, factors such as gender, age, education level, occupational background, visitation frequency, and duration of stay indeed play a complex moderating role in emotional support and perceived restoration. There are significant differences in emotional support and restorative responses to natural landscapes among different groups, which are closely related to both the types of landscape features and the specific demographic characteristics of individuals. Therefore, in landscape design, considering these demographic factors and strategically optimizing the configuration of different landscape features will help enhance their emotional support and restorative effects.



5.5 The innovation, limitations, and future research directions of this study

Unlike previous studies that independently examined the effects of landscapes on emotions or restoration, this research innovatively investigates how natural landscape features influence the connection between artificial landscape elements and emotional and perceived restoration. By treating emotions as a mediating variable, we reveal a more complex interaction mechanism among the three. This finding provides new perspectives and potential theoretical frameworks for understanding the intricate relationship between the environment and restoration. Nevertheless, this study has several limitations that should be explored in future research.

Firstly, the model in this study’s hypotheses involves numerous complex pathways, thus the PLS-SEM method was employed to analyze the model and elucidate the path relationships. PLS-SEM is suitable for exploratory research, as it can handle complex model structures and multiple moderating effects, effectively revealing the relationships between variables. However, due to the complexity of multiple group moderating effects, this method also has certain limitations, including the potential for estimation instability and increased computational complexity of the model. Future research could further explore different model configurations and hypothesis testing, considering the adoption of other statistical methods or model simplification strategies to reduce the number of moderating effects, simplify the model structure, and thereby enhance model stability, offering a deeper insight into the dynamic relationship between environmental support and restoration. Secondly, this study primarily focuses on how landscape features influence restoration through emotions. To maintain the theoretical focus of the research and ensure that data analysis can concentrate on the main hypotheses and their corresponding models, the study did not delve into the interplay between emotions and restoration by testing competing models. We consider this a potential direction for further research, which could explore the possible bidirectional relationship between emotions and restoration, as well as the influence of other relevant variables in future studies. In addition to the demographic characteristics and emotion and restoration primarily discussed in this study, research has shown that underlying factors related to individuals, such as personality traits, place attachment, and others, have a complex influence on emotion and restoration. Future research should further examine the interaction between individual attributes, cultural differences, social characteristics, and emotional and perceptual restoration, in order to provide more comprehensive and effective solutions.

Finally, although this study focuses on the impact of visual landscape features on emotions and restoration, concentrating solely on the visual aspect may overlook the multisensory nature of environmental experiences. Other sensory factors, especially auditory ones (such as natural sounds and urban noise), may play an equally important role in shaping the overall environmental experience and perceived restoration. However, this study did not incorporate these auditory factors from an integrated audiovisual perspective. Future research should expand to consider multisensory experiences and include them in the next stage of investigation.




6 Conclusion

This study applied a structural equation modeling technique (PLS-SEM) to determine the coefficients and assess the significance of each path, thereby determining the level of support for each hypothesis. It thoroughly explored how landscape features influence emotional states and perceived restoration through direct, indirect, and moderating effects. The results of the three hypotheses tests are as follows:

	1. H1 (Artificial landscape features in urban parks indirectly negatively impact PRS through their influence on emotions) is partially supported. The results show that among artificial landscape features, buildings indirectly negatively affect PRS through their impact on emotions (β = −0.224, p < 0.001), while the impact of roads on PRS is not significant (β = 0.023, p = 0.141).
	2. H2 (Natural landscape features in urban parks moderate the negative impact of artificial landscape features on emotions) is partially supported. The moderation analysis results show that among natural landscape features, the sky and trees significantly and positively moderate the negative impact of artificial landscape features (buildings, roads) on emotions. Water significantly positively moderates the negative impact of buildings on emotions. Other natural landscape features, such as grass and shrubs, either show a negative moderating effect or no moderating effect on the path between artificial landscape features and emotions.
	3. H3 (Natural landscape features in urban parks moderate the negative impact of artificial landscape features on perceived restoration) is also only partially supported. Although the direct effects show that both buildings and roads have a significant negative impact on perceived restoration, the moderation analysis results indicate that, among natural landscape features, only grass and shrubs significantly and positively moderate the relationship between buildings and PRS. Additionally, water significantly positively moderates the impact of roads on perceived restoration.

This study, by constructing a multifactor moderated mediation model, reveals the complex mechanisms through which natural landscape features promote emotional regulation and restorative experiences. These mechanisms may be influenced by different landscape features and their characteristics, thereby bringing various restorative benefits to the environment. These findings provide new insights into the complex processes through which landscape features in urban parks influence emotions and perceived restoration. They highlight the importance of integrating natural features in urban environments to promote emotional well-being and psychological restoration. Urban planning and environmental design should consider the direct and moderating effects of these landscape features to create urban park environments that better support residents’ mental health and restoration.
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During rapid urbanization, environmental issues significantly affect urban residents health. Urban parks and green spaces play a crucial role in urban planning and layout, significantly impacting residents quality of life and livability. This study constructs a comprehensive landscape evaluation model, “AHP-TOPSIS-POE” from the perspective of behavioral psychological perception. It uses four urban parks in Jinan City (Qianfoshan Park, Baotu Spring Park, Daming Lake Park, and Quancheng Park) as case study samples. This method validates its feasibility by converting subjective perceptions into objective data. The research findings are as follows: (1) Urban park green space landscapes are significantly correlated with public psychological recovery; (2) The weight ranking of the criteria layer is as follows: Landscape Perception (B4) 0.5135 > Social Interaction (B3) 0.3015 > Spatial Form (B2) 0.1244 > Visual Quality (B1) 0.0606; (3) The relative closeness ranking of the four typical urban parks in Jinan City is as follows: Qianfoshan Park > Quancheng Park > Daming Lake Park > Baotu Spring Park. This study aims to reduce the subjectivity of evaluation indicators, raise public awareness of high-quality cognition and emotional experiences, and provide a scientific basis for the development of scientifically reasonable urban park green landscapes.
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1 Introduction

The rapid urban construction and increasing population density have heightened the demand for urban park green spaces. Urban residents’ focus on urban park green spaces has transitioned from quantity-oriented to prioritizing convenience and accessibility (Zhang et al., 2019). Urban park green spaces, as integral components of urban green infrastructure, not only contribute to creating a conducive living environment but also enhance the psychological well-being of urban residents (Bian et al., 2023). Public psychological perception is the perception resulting from the interaction between individuals and the spatial environment, and it subsequently influences the interaction between individuals and the environment (Huang et al., 2017). Public psychological perception of urban park green spaces encompasses various aspects, including recreation, leisure, aesthetics, sports, education, and spiritual experiences (Huai and Voorde, 2022). Enhancing the quality of urban park green spaces is becoming a strategy to alleviate the diverse mental health challenges faced by urban residents. Hence, investigating the correlation between the provision of urban park green spaces and residents’ mental health is crucial for addressing the imbalance in green space resource allocation and optimizing urban park green space construction (Huang et al., 2017; Huai and Voorde, 2022; Dade et al., 2020). Within the framework of sustainable development, optimizing urban park green spaces is vital for enhancing the psychological well-being of urban residents. Public psychological perception of urban park green spaces is intangible, highly subjective, and non-consumable (Dade et al., 2020). Due to the absence of objective measurement indicators, obtaining precise quantitative evaluation results is challenging (Gai et al., 2022).

In recent years, there has been a growing body of research on urban park green spaces. Internationally, research primarily focuses on urban greening, sustainability, spatial accessibility, environmental justice, and related topics (Kabisch et al., 2015; Li et al., 2016; Sherrouse et al., 2011; Barton and Pretty, 2010). In China, research primarily emphasizes planning layout, ecological benefits, spatial distribution, accessibility, among other aspects (Gupta et al., 2016; YuTing et al., 2021; Clement and Cheng, 2011; Lockwood, 1999). However, research on the impact of urban park green spaces on psychological perception is relatively limited, with most studies focusing on aspects such as their influence on residents’ health, satisfaction, environmental responsibility behavior, among others (Fan et al., 2017; Zhai, 2016; Liu et al., 2021). Quantitative studies on how urban park green spaces affect visitors’ mental health primarily use methods such as the Analytic Hierarchy Process (AHP), fuzzy comprehensive evaluation, scenic beauty evaluation, two-step floating catchment area method, and landscape ecology method (Ma, 2020; Lee et al., 2021; Hagerhall et al., 2004; Dickinson and Hobbs, 2017; Kurt and Douglas, 2013). However, most existing studies rely on either single methods or simple combined models, such as GST + AHP, AHP + TOPSIS, or TOPSIS+POE. While these methods provide insights into the relationship between urban park green spaces and visitors’ mental health, they have certain limitations in terms of comprehensiveness and precision. This study introduces an integrated AHP + TOPSIS+POE model, which combines the advantages of AHP in weight assignment, the strengths of TOPSIS in ranking, and the dynamic feedback mechanism of POE (Post-Occupancy Evaluation). This comprehensive model not only compensates for the limitations of single-method approaches but also provides a more systematic and multidimensional evaluation of how urban park green spaces influence visitors’ mental health. By integrating multiple methodologies, this model offers a more robust and scientific approach to understanding the multifaceted impact of green spaces on psychological well-being. The research framework is depicted in Figure 1.

[image: Flowchart illustrating the Public Psychological Perception Evaluation System of Urban Park Green Spaces, divided into three sections: AHP, TOPSIS, and POE. The process involves data collection and indicator systems feeding into comprehensive scoring, evaluation ranking, satisfaction survey, and result validation. Key elements include basic information, questionnaire surveys, visualization, social interaction, and landscape perception. Evaluation uses AHP and TOPSIS for scoring and ranking, followed by satisfaction surveys and validation with comparisons and consistency analysis. The final goal is understanding public perception through structured data and analysis.]

FIGURE 1
 Flowchart of the current study.




2 Data


2.1 Research object

The study focuses on four typical urban parks in the main urban area of Jinan: Qianfoshan Park, Baotu Spring Park, Daming Lake Park, and Quancheng Park, with a total area of 164.5 hectares. These parks are mainly categorized as specialized and comprehensive parks. The selection of this study area is based on the following considerations: The selected parks are the major urban parks in Jinan, featuring sufficient visitor flows and abundant blue and green spaces, providing robust samples and research data for analysis. The parks in the study area are primarily positioned based on the cultural services of ecosystems, which are closely related to the psychological perception of urban residents. The selected parks represent the diversity of Jinan’s central urban area in terms of scale, type, and geographic location. Qianfoshan Park is characterized by its mountainous landscape and rich historical and cultural heritage. With high vegetation coverage, it combines natural ecology and cultural landscapes, making it an ideal place for hiking, fitness, and scenic leisure. Baotu Spring Park is renowned for its iconic spring water landscapes and serves as a cultural landmark of Jinan. With its primary focus on sightseeing, it is a representative example of specialized parks. Daming Lake Park is centered around a natural lake, integrating lake wetlands with urban recreational functions. Its distinctive “lake within the city” feature reflects both ecological and cultural value. Quancheng Park, as a modern and comprehensive park, features spacious green spaces and multifunctional areas, catering to the diverse activity needs of citizens. By studying these representative parks, the research aims to capture the impact of urban park green spaces on residents’ psychological perceptions more comprehensively and provide conclusions with broader applicability. The study area is shown in Figure 2.

[image: Map showing a section of Jinan, highlighting Daming Lake, Baotu Spring, Jinan Park, and Thousand Buddha Mountain. Each landmark is marked with circles of different colors on a city grid. A scale indicates distances in kilometers.]

FIGURE 2
 The research area.




2.2 Index selection and data sources

The selection of indicators is based on the theories of ecosystem services, environmental psychology, and landscape ecology, drawing on the research findings of various experts and scholars regarding the evaluation of urban park green space landscape quality. Additionally, it takes into account the unique landscape characteristics of Jinan’s Qianfoshan Park, Baotu Spring Park, Daming Lake Park, and Quancheng Park. Considering the scientific rigor and applicability of the evaluation system, the framework was constructed from four criteria layers: visual quality, spatial morphology, social interaction, and landscape perception. These four dimensions correspond to the core needs of residents in terms of aesthetics, social interaction, physical perception, and convenience, fully reflecting the psychological impact of urban park landscapes and providing a clear logical foundation for the construction of the evaluation system (Gugulica and Burghardt, 2023; Kaplan and Kaplan, 1989; Guo et al., 2020).

To ensure the scientific, objective, and practical nature of the evaluation indicator system, we invited 18 experts specializing in landscape design from local universities, landscape design institutes, and experienced landscape design enterprises to participate in the construction, selection, and refinement of the indicator system. During this process, the experts, leveraging their extensive professional experience, conducted multiple rounds of discussions and adjustments to an initial pool of 32 evaluation indicators. In the selection process, the experts focused on the scientific validity, applicability, and operability of the indicators. Through in-depth discussions via online and offline meetings, 24 core evaluation indicators were ultimately identified. These indicators comprehensively cover the four criteria layers—visual quality, spatial morphology, social interaction, and landscape perception—forming a scientifically rigorous evaluation system for assessing the psychological perception of urban park green spaces (see Table 1). This system not only reflects the systematic and rigorous nature of theoretical research but also incorporates the practical characteristics of urban parks in Jinan, providing a solid theoretical foundation and strong guidance for subsequent research and practical applications.



TABLE 1 Evaluation indicator system for urban park green space landscape psychological perception.
[image: Table displaying the "Urban Park Green Space Landscape Psychological Perception Evaluation" with columns for Objective Layer A, Criteria Layer B, Indicator Layer C, and Evaluation Factor Description. Rows cover aspects like visual quality, spatial form, social interaction, and landscape perception, detailing elements like vegetation coverage, spatial comfort, social space design, and perception of naturalness.]




3 Research methods


3.1 AHP theory

The Analytic Hierarchy Process (AHP), proposed by Professor T.L. Saaty of the University of Pittsburgh in the early 1970s, is a decision-making method that converts qualitative problems into quantitative analysis (Wang et al., 2019). It categorizes research objects based on different criteria, dividing them into the goal level, criterion level, and index level. The goal level, which is the highest level, represents the overall objective of the analytic hierarchy. The criterion level and the index level are intermediate steps toward achieving the overall objective, divided into primary and secondary evaluation levels (Weng et al., 2023). Its essence lies in converting the decision maker’s thoughts into a quantifiable model, offering decision-making guidance for complex issues with multiple objectives and criteria.



3.2 TOPSIS theory

The Technique for Order Preference by Similarity to an Ideal Solution (TOPSIS) method, also known as the approximation to the ideal solution, ranks evaluation objects by comparing their similarity to an idealized target (Cai et al., 2012). The TOPSIS method calculates the Euclidean distance between each evaluation object and the positive and negative ideal solutions, then computes the relative closeness of each evaluation object to the positive ideal solution. Evaluation objects are ranked in descending order based on their relative closeness, thereby providing a quality ranking. This method is primarily employed in landscape evaluation for urban park quality assessment (Grilli et al., 2020), vegetation greening scheme optimization (Oteros-Rozas et al., 2018), tourism landscape evaluation (Buckland and Pojani, 2023), medical landscape evaluation (Huiyun et al., 2023), etc. A higher relative closeness of a certain urban park to the positive ideal solution indicates that the park exhibits superior landscape quality, nearing the ideal solution.



3.3 POE theory

Post Occupancy Evaluation (POE) originated in Western countries in the 1960s (Oteros-Rozas et al., 2018; Buckland and Pojani, 2023). It is a method that tests the rationality of spaces from the perspective of users for spaces currently in use (Wang et al., 2000). To validate the accuracy and practicality of the AHP-TOPSIS evaluation system and mitigate the influence of subjective factors and calculation errors on the results (Zhu et al., 2023), the POE method was employed to conduct a questionnaire survey on the landscape quality of typical urban parks in Jinan City. By statistically calculating the corresponding satisfaction, accurate evaluation criteria for park landscape quality were obtained.



3.4 Steps for constructing the AHP-TOPSIS combined model

This study initially employs the Analytic Hierarchy Process (AHP) to compute the weight vectors for each indicator. Subsequently, TOPSIS is utilized to rank various evaluation objects, with the following steps:

[image: Mathematical expression showing a vector \(\omega\) equal to \((\omega_1, \omega_2, \ldots, \omega_p)\).]

Satisfy [image: Summation notation showing the sum from j equals 1 to n of omega sub j equals 1, with omega sub j greater than or equal to zero, and j ranging from 1 to n.].

To further utilize TOPSIS for ranking different evaluation objects, the specific steps are as follows:

	1. Construct a weighted normalized matrix: Select n evaluation objects meeting the criteria, with P evaluation indicators. Obtain the original data matrix for scoring, normalize it, and apply weights to obtain matrix Z:

[image: Matrix \( Z \) represented in notation form. It is an \( n \times p \) matrix with generic entries \( z_{11}, z_{12}, \ldots, z_{1p} \) in the first row and \( z_{n1}, z_{n2}, \ldots, z_{np} \) in the last row. Dots indicate continuation of entries within the matrix.]

In the equations: [image: The equation shows z subscript i j equals g subscript i j times omega subscript j.], [image: "Lowercase letter 'g' with subscripts 'i' and 'j'."] represents the evaluation value of the i-th evaluation object under the j-th indicator, it is stipulated that [image: \( g_{ij} > 0 \)], Where [image: The image shows the lowercase Greek letter omega, subscript j.] is the weight of the j-th indicator, [image: \( i = 1, 2, \ldots, n \)], [image: Mathematical expression showing \( j = 1, 2, \ldots, p \), indicating the variable \( j \) takes integer values starting from 1 up to \( p \).].

	2. Determine the ideal and negative ideal solutions. Define the ideal solution [image: The image shows the chemical notation "M" with a superscript plus sign, indicating a positively charged ion.] and the negative ideal solution [image: Mathematical expression showing the variable "M" with a superscript minus sign.] based on the maximum and minimum values of each indicator:

[image: Mathematical expression showing a set \( M^+ = \{ z_1^+, z_2^+, \ldots, z_n^+ \} \), where \( z_j^+ = \max_i z_{ij} \) for \( j = 1, 2, \ldots, p \).]

[image: Mathematical expression defining a set \( M \) as the collection of elements \( \{\bar{z}_1, \bar{z}_2, \ldots, \bar{z}_n\} \), where each \(\bar{z}_j\) is the minimum of \( z_{ij} \) across all \( i \), with \( j = 1, 2, \ldots, p \).]

Then, [image: The image shows the chemical notation "M" with a superscript plus sign, indicating a positive ion or cation.] represents the ideal vector, and [image: Text with a capital letter "M" followed by a raised minus sign.] represents the negative ideal vector.

	3. Calculate the Euclidean distances between each evaluation object and the ideal and negative ideal vectors, denoted as [image: Mathematical notation showing the variable \(d\) with a subscript \(i\) and a superscript plus sign.] and [image: Mathematical expression showing "d" with subscript "i" and a superscript negative sign.] respectively:

[image: The mathematical expression defines \( d_i^+ \) as the Euclidean distance, calculated as the norm of \( z_i \) minus \( M^+ \), equal to the square root of the sum of squared differences \((z_{ij} - z_j^+)^2\) from \( j = 1 \) to \( n \), for \( i = 1, 2, \ldots, n \).]

[image: Mathematical formula displaying a distance calculation. The formula is: d sub i equals the norm of z sub i minus M, which further equals the square root of the sum from j equals 1 to n of the squared difference between z sub ij and z bar sub j. This is given for i equal to 1 through n.]

where [image: Mathematical expression displaying vector \( z_i = (z_{i1}, z_{i2}, \ldots, z_{ip}) \), where subscripts indicate elements of the vector.] is the i-th row of the weighted normalized matrix [image: Matrix notation showing \( Z = (z_{ij})_{n \times p} \), representing a matrix Z with elements \( z_{ij} \) having dimensions n by p.].

	4. Calculate the relative closeness [image: Mathematical notation showing "C" with subscript "i" and superscript plus sign.] of each evaluation object to the optimal vector:

[image: Mathematical equation showing \(C_i^+ = \frac{d_i^-}{d_i^+ + d_i^-}\), where \(i\) ranges from one to \(n\).]

If [image: \( z_{i} = M^{+} \)], then [image: \( C_{i}^{+} = 1 \)]; if [image: Mathematical equation: \( z_i = M^- \).], then [image: Mathematical equation showing \( C_i^+ = 0 \).]; [image: Mathematical notation showing "C subscript i superscript plus".] satisfies [image: \(0 \leq C_i^+ \leq 1\)] f. Therefore, as [image: The image shows the mathematical notation \( C_{i}^{+} \), representing the positive charge of a specific ion or element denoted by \( C \) at index \( i \).] approaches 1, it indicates that the evaluation object [image: The image shows the mathematical expression "M" with a subscript "i."] is closer to the optimal vector [image: A mathematical expression showing the uppercase letter "M" followed by a superscript plus sign.].

	5. The evaluation objects are sorted in descending order based on the calculated values of relative closeness [image: The image shows the mathematical notation "C" with a subscript "i" and a superscript plus sign.], thus obtaining the ranking results of each evaluation object’s superiority or inferiority.




4 Results


4.1 Determination of indicator weights using AHP method

Based on the evaluation indicator system, a questionnaire survey was conducted, wherein 18 experts and scholars from Dezhou University, University of Jinan, Shandong Jianzhu University, and other institutions compared the 24 indicators pairwise based on their importance. The judgments of these 18 experts were weighted and averaged to construct five judgment matrices for B1 ~ B4, C11 ~ C16, C21 ~ C27, C31 ~ C36, C41 ~ C45. Using the eigenvalue method, the weights of criteria layer B1 ~ B4 were calculated to be 0.0606, 0.1244, 0.3015, and 0.5135 respectively, along with the weights of indicator layers C1 ~ C45 under each criteria layer (see Table 2 for details).



TABLE 2 Weights of criteria layers and indicator layers for each factor.
[image: Table detailing an analysis of psychological perception of urban park green space (Landscape A). The table categorizes evaluations into four criteria layers: Visual Quality, Spatial Form, Social Interaction, and Landscape Perception. Each layer is associated with specific indicators such as vegetation coverage, spatial comfort, interactive facilities, and perception of naturalness. Weights and weighted overall rankings are provided for each indicator, showing their contribution to the overall perception evaluation. The highest weight is assigned to Landscape Perception (0.5135), with the Perception of Visibility indicator having the highest weighted overall ranking of 0.2064.]

To ensure the consistency of the judgment matrices, we calculated the Consistency Ratio (CR), where CR = CI/RI. Here, CI represents the Consistency Index of the judgment matrices, and RI represents the Random Index. The CR values for matrices B1 ~ B4, C11 ~ C16, C21 ~ C27, C31 ~ C36, C41 ~ C45 are 0.0351, 0.0255, 0.024, 0.0162, and 0.0117, respectively. All of these values are less than 0.1, indicating that the judgment matrices have passed the consistency test, thereby suggesting that the results of the evaluation index weights are reasonable.

Table 1 displays the descending weights of each criterion in the criterion layer: visual quality (0.0606), landscape perception (0.5135), social interaction (0.3015), and spatial form (0.1244). This suggests that Social Interaction and landscape perception predominantly influence urban park landscape quality. Hence, future urban park planning and design should prioritize enhancing park layout and structure, designing landscape perception effects, and integrating key factors like multifunctional spaces (Woollett and Maguire, 2010; Regina Grazuleviciene et al., 2014). Through optimizing landscape layout and enhancing interactive facilities, improvement in overall landscape quality can be targeted (Yang and Gao, 2022; Xie et al., 2020).



4.2 TOPSIS weighted ranking

A satisfaction survey was conducted using the Likert 5-point scale method, focusing on the four major categories and 24 indicators influencing the public’s psychological perception of urban park green space. Respondents rated their satisfaction level for each of the 24 question items on a scale ranging from “very dissatisfied” to “very satisfied, “with corresponding scores of 1 to 5.

Initially, we normalized the collected data and formed the initial matrix. Subsequently, utilizing the weights of each evaluation indicator obtained through the AHP method, we constructed the weighted matrix (refer to Table 3 for specifics).



TABLE 3 Weighted values for the evaluation of public psychological perception in four urban parks in Jinan.
[image: Table presenting various indicators for four parks: Qianfo Shan, Baotu Spring, Daming Lake, and Quancheng. Indicators include aspects like vegetation coverage, landscape diversity, social space design, and perception of naturalness. Values are represented as decimals, detailing each park's performance in these areas.]

Subsequently, we determined the positive ideal solution [image: Chemical symbol for a positively charged ion, denoted as \( M^+ \), where \( M \) represents a metal or element.] and negative ideal solution [image: The image shows the mathematical notation "M" with a superscript negative sign, indicating the inverse or reciprocal of the variable M.] for all indicators regarding the four urban parks, outlined below: [image: The image shows the chemical notation "M⁺", which represents a positively charged metal ion.] = {0.00833, 0.01403, 0.01210, 0.00570, 0.00216, 0.00208, 0.03574, 0.02646, 0.00815, 0.00284, 0.00460, 0.01704, 0.00821, 0.10529, 0.07482, 0.17982, 0.01343, 0.01123, 0.02766, 0.06691, 0.05010, 0.02671, 0.10518, 0.20640}, [image: The mathematical notation shows the letter "M" raised to the power of negative one, indicating the inverse of matrix M.] = {0.00309, 0.00581, 0.00346, 0.00088, 0.00001, 0.00054, 0.00705, 0.00164, 0.00570, 0.00118, 0.00224, 0.00440, 0.00122, 0.00526, 0.00723, 0.03370, 0.00080, 0.00008, 0.00012, 0.01061, 0.00360, 0.00006, 0.01033, 0.03936}.

Utilizing the provided formulas, we calculate the Euclidean distances [image: Mathematical notation showing the variable "d" with a subscript "i" and a superscript plus sign.] and [image: Mathematical notation depicting "d sub i" with a minus sign as a superscript.]between each of the four city parks and the positive [image: The image shows the mathematical notation "M" with a superscript plus sign, representing the positively charged ion of a metal.] and negative ideal solutions [image: Text showing the variable \(M\) raised to the power of negative one, represented as \(M^{-1}\).], respectively. A smaller value of [image: Mathematical expression showing "d" with a subscript "i" and a superscript plus sign.] signifies that the park is closer to the positive ideal solution, indicating a higher level of landscape quality. Conversely, a smaller value of [image: Mathematical notation showing the variable \(d_i\) with a superscript minus sign.] suggests that the park is closer to the negative ideal solution, implying a lower level of landscape quality. Additionally, we determine the relative closeness degree [image: Mathematical expression showing \( C_i^+ \), where \( C \) has a subscript \( i \) and a superscript plus sign.] for each park to the positive ideal solution. A value closer to 1 for [image: Equation showing "C" with a subscript "i" and a superscript plus sign, indicating a positively charged ion or molecule.] signifies that the park is nearer to the positive ideal solution [image: The image shows the chemical symbol "M⁺," representing a positive ion of an element or molecule, where "M" denotes the element or molecule, and "⁺" indicates a positive charge.]. Based on these calculations, the parks are ranked as follows (see Table 4). Qianfoshan Park (0.61397), Quancheng Park (0.56477), Daming Lake Park (0.44923), and Baotu Spring Park (0.37774). This ranking reflects each city park’s performance relative to the positive ideal solution, with higher values indicating closer proximity to the positive ideal solution.



TABLE 4 Discrepancy in landscape quality among four urban parks in Jinan and their alignment with positive/negative ideal solutions.
[image: Table comparing four parks: Qianfoshan, Baotu Spring, Daming Lake, and Quancheng. Metrics include Euclidean Distance to Positive and Negative Ideal Solutions, Relative Closeness Degree, and Ranking. Quancheng Park has the highest ranking of 2, followed by Daming Lake at 3, Baotu Spring at 4, and Qianfoshan at 1.]

Following a comprehensive evaluation of the four urban parks in Jinan, Qianfoshan Park exhibits the highest landscape quality assessment, whereas Baotu Spring Park shows relatively poorer performance. Parks with superior landscape quality should concentrate on fortifying and enhancing their current strengths, delving into their distinctive features, and advancing the landscape quality of city parks further (Jiang et al., 2022). Conversely, addressing deficiencies, resolving extant issues, and fostering quality enhancement are paramount for parks with lower landscape quality evaluations, aiming for holistic development in all aspects.

Qianfoshan Park demonstrates superior visual quality attributed to its well-executed overall layout, topography, water body design, and vegetation coverage, indicating a higher landscape quality. Its spatial form provides commendable comfort and privacy, enhancing visitors’ sense of security, mitigating noise disturbances, and fostering psychological well-being. Notably, Qianfoshan Park excels in social interaction with its well-designed social spaces, interactive facilities, and engaging elements, fostering a vibrant and socially rewarding environment that bolsters interpersonal relationships. Its distinctive visual and spatial aspects contribute to a favorable perception of the park (Vîlcea and Șoșea, 2020). Conversely, Baotu Spring Park exhibits deficiencies in landscape quality assessment, necessitating improvements in plant arrangement and seasonal landscape changes to enhance overall visual appeal. Enhancements in spatial form should address privacy concerns and foster a sense of belonging. Promoting social interaction may require the introduction of appealing social spaces and activities to encourage park visitors’ interaction. Emphasizing the integration of historical and cultural elements can enhance the park’s uniqueness and attractiveness.

Overall, evaluating the public’s psychological perception of urban park green space landscapes allows for a more nuanced understanding of each park’s strengths and weaknesses, enabling the provision of guidance and recommendations for enhancing the landscape quality of urban parks in future planning endeavors. These analytical findings facilitate targeted design interventions and improvements aimed at achieving comprehensive enhancements in the landscape quality of urban park green spaces (Deng et al., 2019). The final ranking indicates that Qianfoshan Park leads in landscape quality, followed by Quancheng Park and Daming Lake Park, while Baotu Spring Park requires further enhancement.



4.3 POE method survey verification

In order to validate the accuracy and rationality of the evaluation system while mitigating the influence of confounding factors and computational errors on the evaluation outcomes, we conducted a Post-Occupancy Evaluation (POE) questionnaire survey among users of the four city parks. Subsequently, we statistically analyzed the questionnaire responses to ascertain satisfaction levels regarding landscape quality.

The survey questionnaire comprised two sections: one focused on gathering respondents’ basic information, while the other assessed satisfaction with the urban park green space landscape psychological perception (see Table 5). Using the Likert 5-point scale, we delineated specific options in the satisfaction survey, categorized into five levels: extremely satisfied, satisfied, average, dissatisfied, and extremely dissatisfied. Each category was assigned values ranging from 1 to 5 based on the relative importance of different evaluation factors. Respondents were instructed to rate their satisfaction with various indicators. The satisfaction score for each evaluation factor was computed as the arithmetic mean of the scores assigned to its constituent indicators, with the superior indicator’s satisfaction equivalent to the average satisfaction score of its subordinate indicators.



TABLE 5 Urban park green space landscape perception satisfaction evaluation system.
[image: Table detailing the objectives, aspects, and elements of urban park green space landscape psychological perception satisfaction. Categories include Visual Quality, Spatial Form, Social Interaction, and Landscape Perception, with evaluation elements such as Vegetation Coverage Rate, Spatial Privacy, Social Space Design, and Perception of Naturalness.]

To ensure the accuracy of the evaluation process, questionnaire surveys were conducted at the four city parks from August 14 to 21, 2022, and from March 1 to 7, 2023. A total of 1,200 questionnaires were distributed across the parks, yielding 1,088 valid responses, with a response rate of 90.67%. The respondents represented four age groups: children (<18 years old), youth (18–40 years old), middle-aged (40–65 years old), and elderly (>65 years old), comprising 23.23, 36.16, 30.14, and 14.08% of the sample, respectively, as shown in Figure 3. Educational backgrounds varied, with 219 respondents holding a junior high school education or below (20.12%), 296 respondents having a college education or above (27.21%), 436 respondents possessing a junior college education or above (40.07%), and 137 respondents holding a graduate-level education or above (12.60%), as shown in Figure 4.

[image: Donut chart titled "Age Group Proportion" showing age distribution: Juvenile (<18) in purple at 0.2323, Youth (18–40) in turquoise at 0.3616, Middle-aged (40–65) in blue at 0.3014, and Elderly (>65) in yellow at 0.1408.]

FIGURE 3
 Age group proportion of respondents in the four urban parks.


[image: Pie chart titled "Educational Levels" showing four segments: College and Above at 40.07% (yellow), Senior High School and Above at 27.21% (green), Junior High School and Below at 20.12% (blue), and Postgraduate and Above at 12.60% (red).]

FIGURE 4
 Educational level proportion of respondents in the four urban parks.


The satisfaction scores of the surveyed items ranged from 1 to 5, where a score of 5 denoted extreme satisfaction, scores between 3 and 4 indicated satisfaction, a score of 3 indicated an average sentiment, scores between 2 and 3 reflected dissatisfaction, and scores between 1 and 2 signified extreme dissatisfaction. Through the computation of satisfaction scores, we can ascertain the rationality and feasibility of the evaluation system.

The analysis reveals that Qianfoshan Park has the highest satisfaction ranking, followed by Quancheng Park, Daming Lake Park, and Baotu Spring Park, in descending order. The calculated landscape satisfaction rankings of Jinan’s urban parks (refer to Table 6) are consistent with the evaluation rankings generated by the AHP-TOPSIS combined evaluation model, offering robust validation for the evaluation model and its findings.



TABLE 6 Survey results of landscape satisfaction in four urban parks in Jinan.
[image: Table showing satisfaction survey results for four parks: Qianfoshan, Quancheng, Daming Lake, and Baotu Spring. Categories include extremely satisfied, satisfied, moderate, dissatisfied, and extremely dissatisfied. Total satisfaction rate ranges from 67.69% to 86.32%.]




5 Discussion

The psychological perception evaluation of urban park green space is a comprehensive evaluation problem involving multiple factors, characterized by certain fuzziness and complexity, which makes it difficult to fully quantify. This study effectively addresses this issue by constructing a combined AHP-TOPSIS-POE evaluation model.

Firstly, the AHP method was employed to analyze the psychological perception evaluation index system of urban park green space, determining the weights of the criteria layer and indicator layer, thus providing a quantitative basis for evaluation. Secondly, the TOPSIS method was used to calculate the relative closeness of each evaluation object to the positive ideal solution, ranking the landscape quality of four typical urban parks in Jinan City. Lastly, the POE method was applied to validate park landscape satisfaction through surveys. The results showed that the POE outcomes were generally consistent with the rankings derived from the AHP-TOPSIS model, which to some extent verifies the accuracy and scientific validity of the AHP-TOPSIS-POE evaluation model. This provides a reliable basis for landscape optimization and design of urban parks.


5.1 Comparative analysis of AHP-TOPSIS and POE results

Although the evaluation results of AHP-TOPSIS and POE are consistent in terms of overall ranking, there are certain differences in specific details. For example, the POE satisfaction scores for Daming Lake Park and Quancheng Park are 77.53 and 77.30%, respectively, which are almost identical. However, in the AHP-TOPSIS evaluation results, the relative closeness of Daming Lake Park to the positive ideal solution is significantly lower than that of Quancheng Park. These differences may be related to the following factors:


5.1.1 Influence of weighting

The AHP-TOPSIS model relies on the weights assigned by experts, where high weights for “Landscape Perception” (B4 = 0.5135) and “Social Interaction” (B3 = 0.3015) may have contributed to Quancheng Park’s relatively higher scores. In contrast, the POE method directly reflects the subjective satisfaction of the public, which may place more emphasis on intuitive perception indicators such as “Visual Quality” and “Spatial Form,” thereby narrowing the satisfaction gap between Daming Lake Park and Quancheng Park.



5.1.2 Differences between model-based and subjective perceptions

The AHP-TOPSIS calculation is based on structural correlations between indicators and assigned weights, emphasizing the scientific rationality of the theoretical framework and the logical consistency of data. In contrast, the POE method focuses on user experiences and subjective perceptions, which may be influenced by individual preferences. For instance, Daming Lake Park, characterized by its “city-lake” landscape, may generate higher public satisfaction in aspects such as “environmental belonging” or “hydrophilicity,” which might be underrepresented in the comprehensive scoring of the AHP-TOPSIS model.



5.1.3 Variations in data sources

The AHP-TOPSIS model relies on expert opinions and the indicator system, while POE data is derived directly from questionnaire surveys involving diverse public groups of different ages, education levels, and places of residence. This makes POE results more reflective of the public’s true feelings. Thus, the combination of subjective and objective evaluation methods effectively compensates for the limitations of using a single evaluation approach.




5.2 Directions for improvement

Although the AHP-TOPSIS-POE evaluation model successfully addresses the quantification challenge in psychological perception evaluation of urban park green spaces, there is still room for improvement:


5.2.1 Further optimization of weight distribution

In this study, the indicator weights were mainly determined by expert scoring. Although consistency testing was passed, there may still be subjective bias in expert opinions. Future research can incorporate more public perception-based weight allocation methods (e.g., principal component analysis or fuzzy comprehensive evaluation) to enhance the objectivity of the evaluation system.



5.2.2 In-depth exploration of public perspectives

Although the POE method provides direct evaluations of landscape quality from the public, its data analysis has yet to delve deeply into the perceptual differences among various groups (e.g., local residents vs. non-local visitors, different age groups, and varying educational levels). Future research could refine data analysis methods for public perception to provide more targeted landscape optimization recommendations for different groups.



5.2.3 Inclusion of more park samples

This study focuses on four typical parks in Jinan City. Although the sample has a certain degree of representativeness, it cannot fully cover the characteristics of different types of urban parks. Future studies could expand the sample scope to include more specialized and comprehensive parks, thereby improving the universality and applicability of research conclusions.





6 Landscape quality enhancement strategies

By constructing multi-dimensional and interconnected activity spaces, optimizing landscape sequences and spatial hierarchies, enhancing interactive landscape quality, and strengthening cultural and ecological values, the landscape quality of urban parks in Jinan City will be significantly improved (He et al., 2020). Based on the targeted strategies proposed in this study, urban parks can not only better meet residents’ psychological and perceptual needs but also play a more important role in enhancing urban quality of life and optimizing the urban ecosystem. These strategies provide a scientific foundation for the future planning and design of urban parks, contributing to the high-quality development of Jinan City’s urban green space system.


6.1 From single to multi-dimensional: constructing diverse and integrated Urban Park spaces

High-quality urban park landscapes can provide residents with diverse activity spaces. Jinan City’s urban parks need to achieve multi-dimensional space construction based on single-function foundations, creating comprehensive material space layers for residents’ free living in the form of “park +.” Studies show that “landscape perception” and “social interaction” have higher weights in the quality of urban park landscapes, indicating that urban parks need to further enhance residents’ psychological satisfaction by optimizing diversified activity spaces and increasing functional complexity (Zhou et al., 2023). By improving pedestrian paths, bicycle lanes, and public transportation connections, a “fully circulated” park grid system can be constructed, making it easy for residents from different areas to access the parks. Combining leisure, sports, education, and entertainment to form multi-functional spaces that satisfy individual activities and are suitable for social interactions. At the same time, focusing on the combination of ecological functions of green spaces and humanized needs to promote diversification and comprehensiveness of park spaces, providing residents with a “suitable for both activity and relaxation” spatial experience (Huang et al., 2008). Appropriately introducing drought-resistant plant species to enhance ecological functions, while combining pedestrian walkways and shading designs to meet residents’ comfort needs, collaboratively promoting the physical and mental health and spiritual life of urban residents, making urban parks truly serve as the “living rooms” of the city.



6.2 From static to dynamic: optimizing landscape sequences and spatial hierarchies of urban parks

Although visual quality has a lower weight in the landscape quality of Jinan’s urban parks, it still plays an important role in enhancing residents’ aesthetic pleasure and sense of belonging, especially in parks with strong cultural and scenic appeal (such as Baotu Spring Park). Optimizing the landscape sequences and spatial hierarchies of urban parks can guide residents to experience park activities more deeply and enhance their psychological perception effects (Alessa et al., 2008). By introducing seasonally changing plants and landscape elements, parks can display different charms in different seasons. For example, adding seasonal plant changes and topographical designs in Qianfoshan Park to enrich the layers of visual perception (Hao et al., 2021). Combining the “urban lake” feature of Daming Lake Park, by planning open vistas and hierarchical landscape belts, creating more coherent and rhythmically distinct landscape sequences, increasing residents’ overall environmental identification. Introducing more design elements that integrate spring water culture in Baotu Spring Park, creating landscape forms that combine cultural and scenic appeal, making its landscape layers more abundant.



6.3 From perception to interaction: enhancing the interactive landscape quality of urban parks

Social interaction is an important component of public psychological perception, and optimizing interactive spaces helps improve the overall landscape quality of parks. Appropriate spatial scales and humanized interaction designs can effectively stimulate residents’ sense of participation and belonging, enhancing mental health and happiness (Shi et al., 2023). Reasonably dividing static rest areas, dynamic activity zones, and open social spaces, controlling the degree of spatial enclosure and scale. Designing more inclusive and flexible interactive venues for Quancheng Park to attract more citizens to participate. Adding facilities suitable for different age groups (such as children’s playgrounds and elderly fitness areas) to meet diverse usage needs, while adding fun and interactivity to the parks; arranging plants at varying heights and reasonably distributing landscape nodes to provide residents with psychological safety and a sense of domain, such as appropriately increasing sheltered spaces in Daming Lake Park to optimize the balance between privacy and openness (Wang et al., 2021). Introducing interactive designs for walkways and hiking paths in Qianfoshan Park, leveraging the advantages of the natural environment to encourage slow-paced activities, enhancing residents’ physical and mental health experiences.



6.4 From general to distinctive: strengthening the cultural and ecological values of parks

In Jinan’s urban park evaluation index system, landscape perception has the highest weight, with natural perception, cultural perception, and spatial perception being important sub-indicators (Yang et al., 2023). Therefore, urban parks should focus on exploring unique cultural elements and enhancing natural landscapes to improve the overall attractiveness of the parks and residents’ psychological identification. In Baotu Spring Park and Daming Lake Park, strengthen the interpretation of spring water culture and historical culture by introducing iconic sculptures, cultural corridors, and other designs to enhance cultural perception. By optimizing vegetation coverage and the overall layout of green spaces, improve residents’ satisfaction with natural perception. In Quancheng Park, increase open green spaces and natural landscape nodes to enhance the environment’s biodiversity and visual attractiveness. Optimize the design of visual perception and spatial perception within the parks, creating an interconnected green network system, so that residents can gain a higher sense of overall presence and belonging within the parks.




7 Conclusion

This study conducted a comprehensive evaluation of the psychological perception of green landscapes in four typical urban parks in Jinan City using the AHP-TOPSIS-POE evaluation model, providing valuable insights. The findings not only validate the scientific and practical applicability of the evaluation model but also offer references for the planning and design of urban park landscapes. However, there are certain limitations in this study that need to be addressed in future research:


7.1 Research limitations

The evaluation criteria and weights were determined by experts and scholars, which might introduce subjective biases and fail to fully capture public perceptions and preferences. The study data were based solely on four typical urban parks in Jinan City, resulting in a relatively limited sample size, which may restrict the generalizability of the findings. Additionally, the results are based on data collected at specific time points and do not reflect the evolution of public psychological perceptions over different time periods.



7.2 Future research directions

Future research should explore incorporating public opinions and preferences into the evaluation criteria alongside expert weights, using methods such as surveys or interviews to enhance the objectivity and representativeness of the evaluation system. It is recommended to expand the study scope to include more urban parks in different geographical regions, covering various types and scales of parks, to improve the generalizability of the findings (Muhamad Nor et al., 2024). Longitudinal data collection across multiple time points should be conducted to examine the long-term impact of changes in urban park management, environmental conditions, and socioeconomic factors on public psychological perceptions. Furthermore, integrating technologies such as remote sensing, geographic information systems (GIS), and virtual reality could provide more precise and comprehensive data support for the evaluation of urban green spaces. The application of these technologies will further enhance the accuracy, efficiency, and practicality of the evaluation model.
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Color and form are closely related to our daily lives and can directly and rapidly affect people’s emotions, and it is of great significance to study the effects of color and form of garden plants on the body and mind of urban residents. In this study, the shrub Camellia japonica L., which has rich germplasm resources, was selected as the research object. It aims to address the following research questions: how flower colors and flower types of Camellia japonica L. affect human physiology and psychology? In this study, we recruited 158 participants to participate in a controlled experiment to quantitatively measure and analyze physiological (heart rate, blood pressure, oxygen saturation, electroencephalogram [EEG]) and psychological (anger, panic, nervousness, energy, fatigue, depression, and self-esteem) indices before and after viewing pictures of Camellia japonica L. of all colors and flower types, as well as of them in different colony configurations. The results of evaluating physiological indexes and POMS values showed that different types of Camellia japonica L. images had different restorative benefits. From the physiological indicators, blood pressure metrics were more sensitive as an evaluation of recovery effects than those of heart rate and oxygen saturation, and stress recovery was more significant after color stimulation than petal category and landscape type. Color, petal type, and landscape configuration type affect relaxation, concentration restoration, and other moods differently reflected by α wave and β wave of EEG. POMS questionnaires showed that viewing different types of picture processes of Camellia sinensis significantly reduced nervousness, anger, fatigue, depression, panic, and self-esteem, and the effect was significant in males than in females. Our findings provide a theoretical basis and selection for the garden application of Camellia japonica L. in a broader sense, intending to improve their health benefits and maximize the restorative effects of urban environments.
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1 Introduction

Urban dwellers have faced an increasing number of pressing challenges in recent decades. The rapid expansion of urban populations has become one of the greatest global health challenges of the 21st century (Uriel, 2023). As a result of increasing work pressure and an accelerated pace of life, mental pressure and psychological disorders such as insomnia and anxiety are on the rise (Beyer et al., 2014). There is a higher presence of mental illness in cities, 80% compared with 48% in the countryside, mainly depression, stress, and neurotic disorders, according to a meta-analysis by Reddy and Chandrashekar (1998). According to the World Health Organization, depression has such adverse effects that it has been declared a global epidemic (WHO) (Nieuwenhuijsen et al., 2010).

As part of sustainable development, urban green spaces contribute to the health and wellbeing of individuals. Research has shown that urban residents can benefit physically and psychologically from exposure to the natural environment as a result of those developments (Dong et al., 2021; Wu et al., 2020). Many explanations have been offered for why urban green spaces are beneficial to health. Humans have an innate biological connection to nature, and natural environments restore emotional stability, attention, and stress (Ulrich et al., 1991; Ruoxi, 2016). Following the stress recovery theory (Ulrich et al., 1991), natural elements such as scenes, odors, and sounds can activate the parasympathetic system, which reduces blood pressure, heart rate, skin conductance, and salivary cortisol. It has been suggested that these physiological responses could cause relaxation and reduce autonomic arousal and stress. Later studies have confirmed the possibility of recovering fatigue caused by excessive attention in the natural environment (Lewandowska et al., 2020). Several other pathways have also been investigated that link urban green spaces with human health. Research on the psycho-physiological effects of green spaces has yielded promising results (Yi et al., 2022; Elsadek and Liu, 2021). According to a recent study, viewing the green facade is associated with improved mental and physiological health (Elsadek et al., 2019). Green space access is rapidly declining in urban areas as nature-contact opportunities decrease (Fuller and Gaston, 2009). Recent systematic studies have examined the impact of flower color on emotions and affect. A study by Zhang et al. (2023) with a large sample of 670 participants evaluating eight different flower colors, found that cool flower colors like blue and purple effectively promoted relaxation and reduced stress. In contrast, warm colors like orange, yellow, and red evoked more uplifted and positive emotions (Zhang et al., 2023). These findings were supported by a cross-cultural study conducted in both the UK and USA by Neale et al. (2021). Several experts have increased public awareness of the differences between landscape types (Liu, 2016), landscape elements (White et al., 2010) and spatial characteristics (Peschardt and Stigsdotter, 2013) on health promotion. Some of them even deeply explored the effects of landscape characteristics (Wang et al., 2019) and fine-grained categories of designed urban planting (Wang et al., 2019) on aesthetic preference and perceived restorativeness.

There are numerous uses for plants of the genus Camellia (family Theaceae), from beverages to oils to ornamental plants (Barman et al., 2008; Gui-Ying et al., 2015). The camellia plant is renowned for its large, bright flowers and has been cultivated for thousands of years in China and throughout Asia (Li et al., 2016; Dejun, 1984). In more than a thousand years of camellia cultivation and application, we have made full use of the characteristic resources and cultivated richly colored cultivars with different poses through natural selection (Zhang, 2008). There are nearly more than 250 species and thirty thousand varieties of Camellia in the world, and the characteristics of different varieties are mainly reflected in the flower type and color (Li et al., 2016). Camellia plants are often used in gardens and parks for their beautiful appearance, evergreen, and many varieties. Double flower types of camellias are loved for their fruitful shapes, including a variety of double flower types such as semi-double flower type, peony double flower type, and fully double flower type, but camellias in the wild tend to have simple flowers. Camellia plants not only possess a rich variety of flower types, but the flower color is also an important ornamental trait, of which the red flower type accounts for about 95% or so, and some pink, yellow, and white types. Current research on Camellia focuses on its component research, genetic breeding, and landscape applications et al. (Wang et al., 2020; Lin et al., 2013). It is believed that Camellia’s diverse flower colors and shapes provide a special sense of mental pleasure and reduce potential stress. However, this assessment is entirely subjective. To date, there is insufficient evidence of physical and mental health benefits.

To validate the above belief, a study of the health effects of colors and forms generated by Camellia flowers would be helpful. Furthermore, it will provide useful guidelines for landscape designers on how to enhance the health benefits of urban green spaces by using Camellia species. It aims to address the following two research questions: (1) Do different flower colors and flower types of Camellia plants affect human physiology and psychology? (2) What are the differences in the effects of different flower colors, petal types, and landscape application types? To answer these questions, we conducted a controlled study by exposing 158 participants to different flower colors, petal types, and landscape application types generated by Camellia. The Profile of Mood Stats (POMS) scale and physiological (heart rate, blood pressure, oxygen saturation, electroencephalogram [EEG]) indices were experimented with to measure quantitatively. Using POMS alone may lead to biased results toward the subjective feelings of the subjects (Saddoud et al., 2021). A combination of physiological indices and questionnaires can provide not only subjective information regarding people’s current psychological states but can also provide objective information regarding people’s physiological responses (Li et al., 2020).

Using the combined methods, different flower colors, petal types, and landscape application types of Camellia were investigated on the human body. The results of the research will provide useful information on the use of Camellia species in urban landscapes for better physical and mental health landscapes.



2 Materials and methods


2.1 Participation

We invited colleagues from our unit and students from cooperative universities to participate in this activity, and gave potted gifts to volunteers who participated in the test. One hundred fifty-eight entirely voluntary participants were recruited for this study, half of the students and the other working populations, aged from 17 to 54 years. Differences in personal liking and professional background may directly affect the experimental objective results. We also collected data on participants’ preferences for pictures. The experimenter’s preference for special colors was collected before and after the experiment and included white, pink, red, and green. For the differentiation and statistics of majors, we include two majors and non-related majors related to garden plants (Table 1). All participants who were undergoing any form of neurological or psychiatric treatment were exempt from participation. To ensure their physical and mental health, participants were asked not to drink alcohol and to keep up a good routine the day before the experiment. Before participating in the study, all subjects provided informed consent.



TABLE 1 Descriptive information of participants who enrolled in the study (N = 158).
[image: A table summarizes characteristics of 158 individuals. Age range is seventeen to fifty-four. Sex distribution: 116 females (73.42%) and 42 males (26.58%). Garden plant majors: 75 non-related (47.47%) and 83 related (52.53%). Affiliations: Chongqing Landscape and Gardening Research Institute (31.65%), Chongqing Jiaotong University (43.03%), and Chongqing University of Arts and Sciences (25.32%). Favorite colors: pink (22.78%), white (34.81%), red (12.03%), green (30.38%). Least favorite colors: pink (25.32%), white (12.03%), red (38.61%), green (24.05%). Median and interquartile range noted.]

Upon completion of an informed consent form, all participants were informed regarding the content of the experiment and were told that they had the right to withdraw from it at any time. We followed the National Research Council’s ethical standards and the Helsinki Declaration in all study procedures.



2.2 Stimuli

Camellia species are a rich resource with different flower colors, flower types, and landscape application types. We chose common flower color flower type and landscape type to make stimulus pictures. The pictures in the flower color group (Figures 1A–D) were made into stimulus pictures with different flower colors but the same flower type and background using Photoshop software. Pictures in the flower type group (Figures 1E–J) were created as stimulus pictures with different flower colors but the same flower color and background using Photoshop software. Pictures in the landscape type group (Figures 1K–P) used Photoshop software to make the pictures into stimulus pictures with different flower types landscape types and the same background. The visual characteristics of other elements in each group environment were identical.

[image: Images of various camellia flower varieties labeled (a) to (j), showcasing different colors and petal arrangements. Images (k) to (o) depict camellia trees planted in garden settings, showing different layouts and landscapes. Image (p) shows a potted camellia plant.]

FIGURE 1
 Stimulus images. (A–D) group: color group, white (A), red (B), pink (C) and variegated (D); (E–J) group: flower type group, simple flower (E), semi-double flower type (F), fully double flower type (G), anemone type (H), peony double flower type (I) and rose double flower type (J); (K–P) group: landscape type group, tree rows (K), shrub rows (L), tree groups (M), tree solitaires (N), clusters (O) and potted plants (P).




2.3 Experimental procedure

During the experiment, each subject participated individually and each experiment lasted about half an hour. The procedure is shown in Figure 2. The staff distributed number cards to the participants, and groups of three entered the test room to prepare. Staff put on EEG, blood pressure, and oximeter to the subjects. Subjects were given a stress test in the classroom and were given 5 min to complete the English translation test questions. The staff timed the reminder, and after the 5-min stress test, their physiological and electroencephalographic values after the stress test were measured and recorded. At the same time, the subjects used their mobile phones to scan and fill in the Pre-Experimental Mood State Scale (short form POMS). Cycle with images staying for 30 s and a black screen for 5 s for a class of images, the pictures shown in sequence are Flower-White, Flower-Red, Flower-Pink, Flower Color-Variegated, Flower type-single, Flower type-semi-double, Flower type-fully double, Flower type-anemone, Flower type-peony double, Flower type-rose-double, Landscape-tree rows, Landscape-shrub rows, Landscape-tree groups, Landscape-tree solitaires, Landscape-clusters, Landscape-potted plants. The staff recorded the physiological and electroencephalographic measurements of the subjects after looking at each type of picture within 5 s of the black screen. After subjects finished viewing the 16 camellia pictures, they used their mobile phones to scan and fill in the Post-Experimental Mood State Scale (short form POMS).

[image: Flowchart depicting an experimental procedure involving three main steps: Preparation, Data Recording, and Equipment Removal. Preparation includes instructions, background information collection, and equipment setup. Data Recording involves placing stress on participants with a five-minute English translation test, pre-experimental measurement using physiological EEG and POMS, and a recovery period with visual and resting phases repeated fourteen times. Equipment is removed at the end and final measurements are taken.]

FIGURE 2
 Experimental procedure.




2.4 Measurement items


2.4.1 Physiological stress

In this study, the biofeedback measurement method was adopted, and blood pressure (diastolic blood pressure, SBP for short; systolic blood pressure, DBP for short), heart rate (HR for short), and blood oxygen saturation (SpO2 for short) were selected as indicators of physiological changes in participations. Blood pressure and heart rate were measured high-precision electronic sphygmomanometer (Yuwell, 670A, China); blood oxygen saturation was measured by a finger-clip finger oximeter (Yuwell, YX102, China). Using a Neurosky mindwave EEG headset (Beijing Oriental Creation Technology Co., Ltd., China), we measured EEG signals transmitted from the forehead (Deng et al., 2019). It was light and compact and did not cause obvious discomfort to users. The headset had four essential components: (1) a sensor arm containing the EEG electrode, (2) a Bluetooth module, (3) a headband, and (4) an ear clip. The α wave and β wave are generally thought to display the closest correlation with human emotions. The alpha waves (8–12 Hz) are the gateway to meditation, relaxation, open-eyes dreaming, learning, the feeling of being present. They originate in the occipital area and advance to the frontal sides of the brain that process emotion and behavior. High alpha intensities (approximately 10–12 Hz) are correlated with relaxation. The beta waves (12–30 Hz) are responsible for states of attention, alertness, cognition, decision-making and problem-solving (Oana et al., 2019; Coben et al., 2010; Robbins and Stonehill, 2014). We used the accompanying analysis software Mindwave Mobile and Visualizer for EEG data processing. This software sorts brain wave signals from weak to strong on a scale of 1–100 during states of relaxation and attention (Adem et al., 2017).



2.4.2 Psychological tests

Psychological tests were used, and the Profile of Mood States (POMS) was chosen to measure and evaluate the psychological indicators of participants, with higher scores representing higher anxiety and vice versa. The POMS questionnaire consists of 40 questions and is divided into seven dimensions: tension, anger, fatigue, depression, vigor, panic, and self-esteem, with each question scored from 1 to 10, and the higher the score for each dimension, the higher the degree of emotion. The questionnaire was presented in Supplementary Table S1.




2.5 Data analysis

SPSS 25.0 (IMB SPSS Statistics) was used to process the experimental data and calculate the differences in physiological, electroencephalographic, and psychological data between the subjects after the viewing activity and the stress control group. All data were tested for normal distribution using the Shapiro–Wilk test (Royston, 1992). Pre and post paired t-test (Paired sample Test) was used to compare the changes in the mean values of physiological, EEG, and psychological indices and the paired differences were computed by subtracting the differences between the pre and post experiment. The Wilcoxon signed rank test was used to analyze the POMS data. The threshold for statistical significance was set at p < 0.05.




3 Results


3.1 The effects of color, type, and landscape type on the physiological index

Did the color, type, and landscape type influence participants’ physiological stress? The paired difference (pre-stimulus minus post-stimulus) and p-value significance of the heart rate, systolic blood pressure, diastolic blood pressure, and SpO2 data are shown in Table 2. In general, among the different physiological index tests, blood pressure (telescopic and diastolic) was more sensitive than heart rate and blood oxygen saturation. In terms of Systolic Pressure, all color, petal, and landscape types have a significant recovery effect. Of the results for diastolic blood pressure, only landscape-shrub rows did not have a significant recovery effect (p > 0.05), while all other types had a significant recovery effect. After the different pictures stimulus experiment, the mean heart rate of four colors exhibited a significant (2.85 ± 1.97, 2.67 ± 2.07, 1.81 ± 1.78, and 2.35 ± 0.80, p < 0.01); while neither the flower types and Landscape types showed a significant effect on heart rate. Similarly, the result further tested the effects related to blood oxygen saturation (SpO2). The results showed that only the color-related stimuli (red and pink) had a significant effect on blood oxygen saturation and the pairwise differences for red and pink are 0.83 ± 0.68 and 1.02 ± 1.08, respectively (p < 0.01). Flower color showed significance in both heart rate and blood pressure, while flower pattern and landscape type were only significant in blood pressure (Table 2), Overall, between the different stimulus picture types, color was more sensitive than the petal type and landscape type.



TABLE 2 Heart rate, systolic pressure, diastolic pressure, and SpO2 after each type of picture stimulation.
[image: Table displaying various categories of flowers and landscapes along with heart rate, systolic pressure, diastolic pressure, and SpO2 readings. Specific readings include statistical significance markers, with some showing significant variations. Categories listed include different flower types, such as white and red flowers, and landscape types, like tree rows and potted plants. The measurements are accompanied by asterisks denoting statistical significance levels, and standard deviations are included.]



3.2 The effects of color, type, and landscape type on focus and relaxation, as reflected by the brain waves

We compared the EEG alpha frequency and high beta wave while the participants were watching the slide show, in which alpha frequency is associated with a state of alert relaxation and beta frequency with increased concentration. The higher the EEG-Alpha, the less arousal and stress were measured. Paired t-test showed that pictures 6 (Flower type-semi-double), 7 (Flower type-fully double), 8 (Flower type-anemone), 10 (Flower type-rose-double), 13 (Landscape-tree groups), 14 (Landscape-tree solitaires), and 16 (Landscape-potted plants) relaxation value (alpha frequency reflecting) was significantly higher than the other group (Figure 3, p < 0.05). Color stimulation did not show a significant effect on the alpha-wave. The effect of flower type (Semi-double flower type, fully-double flower type, anemone flower type, rose-double flower type) stimulation on relaxation was even more pronounced. The effect of landscape-type visual stimulation on relaxation also varied by planting method, in which tree groups, tree solitaires, and potted plants showed significant differences.

[image: Sixteen bar graphs compare "pre" and "after" relaxation values for various flower and plant types. Categories include flower colors and structures (white, red, pink, etc.) and planting arrangements (tree rows, clusters, etc.). Significance levels are denoted as "ns" for not significant, "*" for p<0.05, and "**" for p<0.01.]

FIGURE 3
 Relaxation values after each type of picture stimulation in response to brain wave testing.


The higher the EEG-beta, the less concentration value was measured. Paired t-test showed that the pictures 2 (Flower-Red), 3 (Flower-Pink), 4 (Flower-Variegated), 5 (Flower type-single), 6 (Flower type-semi-double), 8 (Flower type-anemone), and 16 (Landscape-potted plants) concentration value (beta frequency reflecting) was significantly higher than the other group (Figure 4, p < 0.05). Overall, flower color type had a higher effect on concentration value than petal type and landscape combination type.

[image: Sixteen bar graphs display concentration values before and after for different flower categories. Each graph includes paired bars for "pre" and "after," colored in purple and green. Significant changes are marked by asterisks, while "ns" denotes no significant change. Categories range from "1-white" to "16-potted plants," showing differing levels of significance.]

FIGURE 4
 Concentration values after each type of picture stimulation in response to brain wave testing.




3.3 Psychological effects


3.3.1 The effects of color, petal, and landscape type on mood

Profile of mood states (POMS) questionnaires were used to assess the psychological responses of participants to the stimuli procedure. Paired samples t-test analysis of the Profile of mood states (POMS) questionnaires before and after the stimulation process showed that viewing different types of picture processes of Camellia sinensis significantly reduced nervousness, anger, fatigue, depression, panic, and self-esteem, as shown in Figure 5 (p < 0.05), with paired differences of 1.103 ± 0.091, 0.747 ± 0.562, 0.505 ± 0.123, 0.758 ± 0.618, 1.206 ± 0.164, and 0.66 ± 0.356, respectively. However, there was no significant difference in energy recovery (p > 0.05). In terms of the magnitude of the paired differences, the effect of the stimulation process was most pronounced on the effects of nervousness and Panic.

[image: Box plot comparing POMS scores (Profile of Mood States) for pre and end values across seven emotions: Nervousness, Anger, Fatigue, Depression, Energy, Panic, and Self-esteem. Pre values are in pink and end values in green. Significant differences are marked with asterisks, and "ns" indicates non-significant differences.]

FIGURE 5
 POMS scores of different psychological conditions.




3.3.2 The difference in the influence of gender and professional major on experimental mood results

As shown in Table 3, there were significant differences after the stimulus recovery process of images. The mean restorative value of psychological indicators of women showed less obvious beneficial changes. Males showed significant validity in nervousness, anger, energy, and self-esteem (p < 0.05), while females showed significant validity only in energy and self-esteem (p < 0.05). From the analysis of the sub-specialization categories, Differences between specialties fields were not significant, and similarly, the indicators with significant validity were both energy and self-esteem.



TABLE 3 Mean restorative value of psychophysiological responses of different genders and major for stimulation process.
[image: Table showing psychological indexes with significance of pairing difference values for gender (male, female) and plant-related factors (major non-related and related garden plants). Indexes include Nervousness, Anger, Fatigue, Depression, Energy, Panic, and Self-esteem. Significant values are indicated: p<0.05 (*), p<0.01 (**). For example, male nervousness has a value of 1.44 ± 0.07 (p=0.018**) and self-esteem for females is 1.06 ± 0.25 (p=0.000**).]





4 Discussion

The study objective was to identify the relationship between physiological, psychological, and restorative benefits when viewing Camellia images with different colors, petal types, and landscape configuration types. As a result, we examined the influence of spatial characteristics and environmental components on environmental restorative effects. In accordance with previous studies (Stigsdotter et al., 2017; Gidlow et al., 2016), the current results confirmed that urban green space would have positive restorative effects on human physiological and psychological wellbeing. Comparing restorative differences between different image characteristics, POMS scores, and physiological indices both showed differences. Despite this, the results of evaluating POMS values and physiological indexes showed that different types of Camellia images had different restorative benefits.


4.1 Color, petal type, and landscape configuration type affect physiological stress differently

Exposure to the natural view of the city has been found to have a number of health benefits in previous studies. A study conducted by Mao et al. (2012) found that forests can prevent cardiovascular disease and have therapeutic effects on hypertension in humans. People’s physiological (heart rate, blood pressure, EEG, etc.) and psychological (anxiety, depression, attention, etc.) indicators show significant changes when they view or experience the natural environment (Vujcic et al., 2019). All types of picture stimuli in this study had a significant effect on blood pressure, and overall, blood pressure metrics were more sensitive as an evaluation of recovery effects than those of heart rate and oxygen saturation. Stress or relaxation can affect the sympathetic and parasympathetic nervous systems in the human body, resulting in changes in blood pressure and heart rate (Deng and Deng, 2018). Blood pressure and pulse rate are raised by the stress emotion, whereas they are decreased by the relaxed emotion, as described in the literature (Zanstra and Johnston, 2011; Ahmad et al., 2018). When the organism is in a state of stressful activity, sympathetic activity plays a major role. Accordingly, the different Camellia images were supposed to be able to regulate the sympathetic and parasympathetic nervous systems, as well as improve the participants’ emotional states. From the physiological indicators, stress recovery was more significant after color stimulation than petal category and landscape type. Furthermore, when people appreciate plants, they immediately notice their color, which has a profound effect on their reaction (Zhang et al., 2012). It has been found that flowers of different flowering periods or different colors influence psychological responses in different ways (Zhao et al., 2019; Kim and Fujii, 1995).



4.2 Color, petal type, and landscape configuration type affect relaxation, concentration restoration, and other moods differently

Our results show that the mean relaxation value and concentration values of the experimental groups differed differently for different categories of picture stimuli, which responded from brainwave test results. The presence of alpha waves is related to reduced mental stress, increased relaxation, and improved memory (Alarcão and Fonseca, 2017; Ismail, 2020). There is also evidence that exposure to the natural environment leads to increased alpha wave strength, which plays an important role in physiological relaxation and recovery (Kim et al., 2013; Ursuiu et al., 2018). In this research, flower petal types responded more significantly to (relaxation value) a-waves than to color and landscape categories. Our study is similar to the findings of several previous studies on the benefits of plant shapes for health, healing, and mood regulation, such as the stem and leaf shapes of bamboo (Wang et al., 2021). One of the suggestions for this result is to add flowering plants with diverse petal types to places where relaxation is needed, such as studios, living rooms, hospitals, etc. In terms of concentration values, flower color sensitivity is higher than the petal type and landscape type. This is similar to the case for physiological indicator responses. In a study by Zhang et al. (2023) in which 670 participants evaluated eight different flower colors, warm colors, such as orange, yellow, and red, evoked more positive feelings, while cool colors like blue and purple were found to promote relaxation and reduce stress in participants (Zhang et al., 2023). The choice of flower colors in the experiment was dominated by warm colors, which is similar to their findings. It was found that attention and relaxation scores in the experimental condition (Flower type-semi-double and anemone) were both significantly higher than those in the control condition. There is a tendency to infer from this that states of relaxation and concentration can occur simultaneously to some degree. The findings are in line with research on emotional changes caused by environmental contact, such as virtual visual stimulation experiments, walking in bamboo forests and cities, and horticultural activities (Ahmad et al., 2018; Guo et al., 2019; Hassan, 2018). In this respect, it might be suggested that the use of warm-colored flowering plants at the workplace can improve the efficiency and concentration levels of workers. According to the POMS questionnaire results, most of the average scores on each scale improved both in control and experimental conditions, with some changes being significant. Different camellia pictures stimulated a better emotional response. Previous studies have found that flowers of different flowering periods or different colors influence psychological responses in different ways (Zhao et al., 2019; Kim and Fujii, 1995). Because filling out the self-report scale was done after looking at all types of stimulus pictures, it was more significant in terms of the psychological stress recovery effect than the physiological response after looking at each picture. This may be related to the total effective time of looking at the stimulus pictures.



4.3 Gender and major background influence peoples’ preferences and recovery effects

The stress recovery experiment in this study involves two main subjects, one is the stimulus picture and the other is the variability of the subject population. There are relevant studies showing that demographic variables, such as age, ethnicity, nature-relatedness, and educational background, are strongly related to general preferences (Zena, 2011; Ghamari and Amor, 2016). A notable characteristic of the strongest responses was that they were associated with colors, petals and landscape types that participants actually liked. In this study, males had a more significant recovery effect than females. Moreover, body hormones affected females’ antistress ability in a significantly different way from males (Guo et al., 2022). Men and women experience different physiological responses to acute stress (Brigitte and Kudielka, 2005), which impacts their cognition and emotion (Jentsch et al., 2022). Evidence suggests that stress increases men’s skills in downregulating negative emotions, while women do not experience this effect (Langer et al., 2023; Langer et al., 2020). In line with expectations, raising cortisol levels pharmacologically resulted in reduced emotional responses (Jentsch et al., 2019) and heightened dorsomedial prefrontal cortex activity in men, but not in women, when they viewed emotional images (Ma et al., 2017). These data suggest that men profit more from the beneficial effects of stress on ER than women (Hamza et al., 2024). The result will be more willingness and ability on the part of most males to actively engage in work. An explanation can be put forward here that visiting a series of camellia picture experiments is a more pleasurable thing for men, and therefore stress recovery is better for men as compared to women. In terms of professional background differences, there was no significant difference in whether it was related with garden plants and this result was unexpected to us. In terms of Energy and Self-esteem restoration, there were significant restoration effects with or without a background in landscaping plants.



4.4 Limitations and future research

A number of limitations were identified in this study. First, only typical Camellia strains were used as experimental material, and the experiments focused solely on their color, petal type, and landscape configuration, Generalizability may thus be limited. It is recommended that further research be conducted using other experimental plants and a wider range of colors in order to reach more general conclusions. Additionally, the stimulation time of images in this study was relatively short. It may be possible in the future to use real plant materials or 3D displays to extend the simulation time. Third, as mentioned in the methods section, POMS was not tested after each picture due to the long time of the psychological questionnaire. Future studies should reasonably consider the questionnaire time and the recovery time. All of the participants in this study consisted mainly of students and young researchers, whose professional and age ranges are rather restricted, and a more diverse testing population could be considered in the future.




5 Conclusion

Color, petal type and landscape combination of plants can potentially increase the health benefits delivered by the green spaces. This study investigated the effects of color, petal type and landscape combination of Camellia japonica L. on participants’ preferences as well as their physiological and psychological responses. Our findings provide preliminary evidence to include Camellia japonica L., and flowering woody plants species in a broader sense, in urban green spaces. The combination of physiological and psychological indicators has led to better understanding of the health effects of the plant. The method can be used in future studies of other flowering woody plants. Future research is also needed to explore a more rigorous method to avoid single sensory experiments and to consider the complex factors that influence the emotional changes of people’s perception of vision. By considering the health implications of Camellia japonica L. and other flowering woody plants species in a broader sense, urban administrative staff and planners can make better decisions to enhance the ecological and human health of the design.
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0.015

00115
—0377

0.569

0,235+
025475
152545
0.921%%%

38,583+

6464

0.104

0220

0.156

0.010

0202

0.308

0.000

0402

0.013

0011

0.016

0.191

0.011

0.003

0413

0.408

0.034

0.035

0113

0178

1522

-7.04

038

-574

-143

-270

000

-0.19

347

029

-028

603

-304

~091

140

690

7.28

1351

519

2536
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Variables (4) (5)

Time FE Two-way FE
~0004%+ ~0.009%+% ~0011%+ ~0006%+* ~0.008%+%
asld
(=3.06) (~5.20) (~4.99) (-3.81) (-427)
220919+ 434,605+ 72214754 ~325.767%* —1,847.265%+%
Visp
(3.07) (387) (462) (-225) (-653)
6,659.132%%* 14,867.145%+ 17,885.246%* 3291304 3,144.283
lihed
(3.42) (7.42) (8.64) (1.36) (1.24)
5035 8595 ~9.854 —13511 ~12269
xbtz
(0.46) (-0.92) (~1.06) (~1.60) (~149)
0,052+ 0.058%+% 0.058%+ 0.044%5% 0.039%+%
Jisp
(3352) (3158) (2489 (19.98) (1555)
78045+ —61.186%* —47.872%%% —242510% 5832
cyig
(-1695) (-1041) (-7.28) (=3.54) ©.74)
737,645+ 750037+ —937.851%++ ~311.736* —1,863.284%%%
dysx
(=9.80) (~4.25) (-2.68) (=1.71) (=5.67)
~0.075% 0.009 0023 0018 0.007
ydsp
(-1.85) 0.26) (0.68) (0.56) 021
2,860,846+ 1974863 1,099.061 3347927+ 7,379.788%+%
Constant
@2) (1.70) oy (3.10) (6:62)
Observations 510 510 510 510 510
Ri(within) 0.884 0923 0924 0939 0944
1D FE NO NO Yes NO Yes
YEARFE NO NO NO Yes Yes

rstatistics in parentheses, *++p<0.01, *#p <0.05, *p<0.1.
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Variable

Type
Explained Variables

Explanatory Variable

Control Variable

Urban Green Space Coverage
Geographical Attributes
Regional Level of Medical Care
Level of Aging in the Area
Regional Gender Characteristics
Regional Economic Level
Regional Industrial Structure

Urban physical activity

Symbol
jmjk

asld

dysx

ylsp

llhed

btz

Jisp

cyig

ydsp

510

510

510

510

510

510

510

510

510

3,162
66,750
0.500
2817
0.106
104500
50,592
44.130

1,568

2217
52,939
0.500
0.805
0.0274
3801
31,002
8.874

1,252

0.438

0.0547

94.920
5,787

15.800

13,968
292,976
1
4320
0200
123200
190313
61.500

9,678
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Study ID

Criterion

1. Was the research question or objective in this paper clearly stated? Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
2. Was the study population clearly specified and defined? Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ¥ Y
3. Was the participation rate of eligible persons at least 50%? Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y

4. Were all the subjects selected or recruited from the same or similar

populations

luding the same time period)? Were inclusion and

exclusion cri

ia for being i the study pre-specified and applied uniformly
to.all participants?

5. Was a sample size justification, power description, or variance and effect

estimates provided?

6. For the analyses in this paper, were the exposure(s) of interest measured

prior o the outcome(s) being measured?

7. Was the timeframe sufficient so that one could reasonably expect to see

an association between exposure and outcome if it existed?

8 For exposures that can vary in amount or level, did the study examine

different levels of the exposure as related to the outcome (e, categoriesof N Y Y Y N Y Y Y Y Y Y Y Y Y Y Y Y ¥ N N Y Y ¥ N Y ¥
exposure, or exposure measured as continuous variable)?

9. Were the exposure measures (independent variables) clearly defined, Y Y N ¥ N 4 Y Y N N ¥ N N N N
valid, reliable, and implemented consistently across all study participants?

10. Was the exposure(s) assessed more than once over time? N N N N N N N N N N N N N N N N N N N N N N N N N N
11. Were the outcome measures (dependent variables) clearly defined, valid, Y ¥ Y Y N ¥ N ¥ Y Y Y Y ¥ Y Y ¥ ¥ Y Y ¥ N : 4 ¥ Y Y N
reliable, and implemented consistently across al study participants?

12. Were the outcome assessors blinded to the exposure status of N|(N|N N N N N N N N N N N N N N N N N N N N N N N N
participants?

13. Was loss to follow-up after baseline 20% or less? ¥ Y|Y Y ¥ Y Y ¥ Y Y Y Y Y Y T ¥ ¥ Y Y 4 Y Y ¥ Y Y Y
14, Were key potential confounding variables measured and adjusted Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y ¥ Y Y
statistically for their impact on the relationship between exposuref(s) and

outcome(s)?

“Total score 7.8 9 9 7 9 7 9 9 8 9 9 9 8 9 8 9 9 8 7 7 9 8 7 8 7

This study quality assessment tool was adopted from the National Institutes of Healths Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies. For each criterion, a score of one was assigned if “Y” was the response, whereas a score of zero was assigned
otherwise. A study-specific global score, ranging from zero to 14, was calculated by summing up scores across all 14 criteria. Study quality assessment helped measure strength of scientific evidence, but was not used to determine the inclusion of studes.
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First  Country Study  Sample  Age  Female Sample Statistical ~ Control

author design size (years) (%) characteristics model variables
(year)

Age, gender, ethnic
group, prevalence of

disability, access to

Logistic vehicles and household
Sarkar, Cross- 15,354 regression, income, urban
1 UK 394209 522 Residents of all ages
2015 (34) sectional  respondents continuous  morphology and
regression accessibility,
neighborhood-level
deprivation and road
safety
Li, 2018 Cross- Spatial error  Spatial autocorrelation,
2 USA 300,000 trips. NA NA NA
39 sectional regression walk score, population
‘The odds of
Logistic Age, gender, household
walking: 24773
Lu, 20182 Cross- regression, income, other built
3 China residents; total 5+ 519,566  Residents of all ages
6) sectional linear environment
walking time: ) )
regression covariates

1994 residents,

Age, gender, income,

The odds of vehicle ownership,
Multlevel
walking; urban density, street
logistic
90,445 connectivity, land-use
Lu, 2018b Cross- regression,
4 China participants; 2 53.04,5737  Residents mix, number of bus
(15 sectional multilevel
total walking stops and retail stores,
linear
time: 6770 and distance to the
regression
participants closest Mass Transit

Rail station

Household income,

‘gender, age, population

Multilevel
Lu, 2018¢ Cross- 1390 density, street
5 China 53220 51 Residents of allages  logistic
&) sectional  participants intersection density,
regression
land use mix, and total
parkarea
Gender, age, household
income, population
density, street
intersection density,
Multilevel
land-use mix, cycling
Lu,2019 Cross- 5701 logistic
6 China 15+ 515 Residents lane density, number
(8) sectional  participants regression
of bus stops and retail
models
stores,terrain slope,
and distance to the
closest Mass Transit
Rail station
City of residence,
residential length,
survey season, sex, age,
racefethnicity,
employment status,
education attainment,
Linear economic hardship
Cross- regression,  index, perception of
Us 423 residents NA 60 Residents of all age
sectional logistic community safety
regression from crime, perceived
walking to multiple
destinations within
10min, and estimated
intersection density of
walkable roads/land
use mix
Gender, age and
Multilevel
Vich, 2019 Cross- 127 commuting mode,
8 Spain 18-64 591 Adults logistic
(9 sectional  participants publicand private
regression
transport
‘The odds of
walking: 10700
Multilevel
‘Yang, 2019 Cross- participants; Age, gender,
9 China 65-80 505 Older adults logistic
@0 sectional  total walking household, vehicle
regression
time: 1083
participants
901,760
Chen, Cross- records of Linear
10 China NA NA NA NA
2020 (29) sectional  shared bicycles regression
usage
Population density,
street intersection
Multilevel
Wang, Cross- 20 million density, land-use mix,
n China NA NA NA logistic
2020 (16) sectional  cycling trips the number of bus
regression
stops, retail stores,
terrain slope.
Gender, age, hukou,
education, marriage,
income, license,
Multi-level
employment, car
logit
number, work time,
Wu,2020 Cross- 791 regression
12 China 16-64 555 Residents working and living
1) sectional  participants and multi-
distance, day type,
level linear
travel time flexibility,
regression
vehicle flexibility,
starting place, ending
place
Age, gender, former
Zang, Cross- 180 Logistic
13 China 65-85 35 Older adults occupation, self-
2020 (41) sectional  participants regression
reported health status
Multi-level
Normalized difference
linear
vegetation index, floor
Gao, 2021 Cros: regression,
1 China NA NA NA NA area ratio, land use
(12) sectional geographically
entropy; real-time,
weighted
population density
regression
Sex; age,self-selection,
Ki, 2021 Cross- Logistic household income,
15 Korea 2500 residents | 20-65 0 Residents
as) sectional regression housing type, walking
time by purpose
Active travel, rip
duration, trip purpose,
departure time, peak
time, weekend, last
activity satisfaction
Ta, 2021 Cross- 791 Working-age Logistic
16 China 18+ NA before the trip, PM2.5
@) sectional  respondents residents regression
level, average green
exposure on daily
s, female, marriage,
age, education, house
ownership, income
Yang, Cros 10,700 Logistic House type, male,
17 China 7382 51 Residents
2021a (44) sectional  participants regression automobile, income
Family size, male, age,
family income,
Logistic population density,
Yang, Cross- 1,083 regression,  land use mix,
18 China 65+ 53 Residents
20216 (13) sectional  participants linear intersection density,
regression access to the metro,
access to recreational
facilities
Gender, age,
Multlevel educational
Bai, 2022 Cross- 965 logistic attainment, income,
19 China 2152 61 University students
3) sectional  participants regression travel tools owners!
model hukou status, travel
satisfaction
Age, gender, race,
educational
atainment, number of
vehicles owned by the
Koo, 2022 Cros: 318 Binary log household, household
20 USA 272170 421 Residents
(16) sectional  participants regressions  income, driver status,
number of walking
activities in the past
7days, travel distance
of each trip
Far,land use mix, river
Ordinary least
line length, road
square model,
Luo, 2022 Cross- density, green space
2 China NA NA NA NA geographically
@2 sectional area, number of bus
weighted
stations, number of
regression
enterprises
Walking companions,
walking duration, bus
Structural stops density, retail
Song, Cross- 144
2 China 15-60 5278 Residents equation store density, socio-
2022.(25) sectional  participants
model demographic
attributes, family-
related attributes
Normalized difference
vegetation index, land-
Multivariate
use mix, greenway link-
Bai, 2023 Cross- Poisson
2 China 139,018 trips NA NA NA node ratio, building
@) sectional regression
density, number of
model
parks and plazas,
greemway width.
Population density,
building floor area
ratio, road density;
Gao, 2023 Cross- Poisson land use mix entropy,
2 China 2,495,848 trips NA NA NA
5 sectional regression distance to subway
station, distance to bus
station, distance to city
center
58 Residents Generalized  Gender, nationality,
additive possession of a driving
mixed models license, bicycle
Lin, 2023 Cross- 1886 ownership, education
2 Netherlands 18+
(49) sectional  participants level, monthly
household income,
household car
ownership
2% Xie, 2023 China Cross- 1,020 508216 566 Residents Linear Gender, age,
(7 sectional  participants regression,  employment status,
logistic marital status,
regression educational

attainment, annual
household income,
homeownership, self-
rated health status,
household member,
travel mode to the
greenway

NA, not applicable.
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Study ID

First author

Type of street greenness
measure

Detailed measure of

Type of active
travel measure

Detailed measure
of active travel

10

20

2

2

23

2

2

26

(year)

Sarkar, 2015 (34)

Li, 2018 (35)

Lu, 2018a (36)

Lu, 2018b (15)

Lu, 2018¢ (37)

Lu, 2019 (38)

Tsai, 2019 (30)

Vich, 2019 (39)

Yang, 2019 (40)

Chen, 2020 (29)

Wang, 2020 (16)

Wu, 2020 (31)

Zang, 2020 (41)

Gao, 2021 (42)

Ki, 2021 (18)

Ta, 2021 (43)

Yang, 2021a (44)

Yang, 2021 (13)

Bai, 2022 (45)

Koo, 2022 (46)

Luo, 2022 (32)

Song, 2022 (25)

Bai, 2023 (47)

Gao, 2023 (48)

Liu, 2023 (49)

Xie, 2023 (17)

Objective measure

Objective measure: derived from

Google Street View images

Objective measure: derived from
Google Street View images
Objective measure: derived from

Google Street View images

Objective measure: derived from

Google Street View images

Objective measure: derived from

Google Street View images

Objective measure: EnviroAtlas

Objective measure: GPS tracking
points obtained from MOVES

smartphone app

Objective measure: derived from

Google Street View images

Objective measure: derived from

Tencent Street View

Objective measure:

derived from Tencent Online Map

Objective measure: derived from

Baidu Maps street view image

Baidu Street View images

Objective measure: obtained via

BaiduMap street view images

Objective measure: derived from

Google Street View images

Objective measure: obtained from

Baidu Maps Street View images

Objective measure: derived from
Google Street View images
Objective measure: Google Street

View imagery

Objective measure: derived from

Baidu Maps street view images

Objective measure: derived from

Google Street View images

Objective measure: derived from

Baidu Maps Street View images

Objective measure

Objective measure: street-

images from Baidu Maps

Objective measure: derived from
Baidu Maps street view images

Objective measure: obtained geo-

tagged street view images from
Amsterdams data portal

Objective measure: using the street
network analysis provided by Baidu
Maps

street greenness

The density of street trees

‘The amount of street greenery:

Green View Index

“The eye-level street greenness

The availability of eye-level street

greenery

“The quantity and quality of street

greenery

Eye-level street greenness

Street tree cover

Environmental exposure to

greenness

“The level of street greenery

Green view index

Eye-level street view greenness

Street green view index

Street green view index

Eye-level urban greenness

Street green view index

Street Green View Index

Eyelevel streetscape greenery

Eye-level street greenery index

Street greenery

Streetscape factors: greenness

Street green view index

Eye-level street greenness

Street-view greenness

The eye-level street greenery view

index.

Street greenery

The greemway proximity

HKTCS, Hong Kong Travel Characteristics Survey; IPAQ, International Physical Activity Questionnaire.

Self-reported
questionnaire: London
Travel Demand survey
Objective measure:
collected from a

smartphone application
Objective measure

Self-report questionnaire:
HKTCS

Self-reported

questionnaire: IPAQ

Self-reported
questionnaire: HKTCS

Self-report questionnaire:
survey of the Health of

Wisconsin

Objective measure: GPS
tracking points obtained
from MOVES smartphone
app

Self-report questionnaire:
HKTCS

Objective measure:
captured the data from
Mobike

Objective measure:
obtained from bike-sharing

company Mobike

Objective measure:
obtained from GPS

tracking

Self-report
questionnaire: obtained
from the travel diary
Self-report questionnaire:
IPAQ

Objective measure:
obtained from the bike
sharing operators (Mobike,
Ofo, Bluegogo, and
Xiaoming Bike)

Self-report questionnaire

Objective measure:
obtained from GPS

tracking devices

Self-report
qu
from the daily activity

nnaire: obtained

diary
Self-report questionnaire:
HKTCS

Self-report questionnaire:
HKTCS

Self-report questionnaire

Self-report questionnaire:
National Household Travel
Survey

Objective measure: Strava

data

Self-report questionnaire:
obtained from the daily
activity diary

Obijective measure:
obtained from the daily
order dataset of bicycle-
sharing companies
updated by the Shenzhen
‘government’s open data
platform

Objective measure:
obtained from Mobike

Objective measure:
obtained from Dutch

National Travel Survey

Self-report questionnaire

Walking distance

‘Walking activities: rip

number

‘The odds of walking

“Total walking time

1 The odds of walking

Total walking time

“The total duration of
green physical activity
(2150 min/week vs.

150 min/week)

‘The odds of cycling

The odds of walking or
cycling

Frequency of walking

or eycling

Duration of walking or

cycling

Walking patterns:
distances, durations,

steps, and burned calories

1 The odds of engaging
in walking

2 Total walking time

‘The use of dockless
shared bicycles

Cyeling frequency

1 The probability of
Active Travel
2 Active Travel distance,

duration

Total walking time

Bike sharing usage

Walking time

Active travel satisfaction

‘Walking propensity

Walking time

Active travel preference

‘The 0dds of walking

Cyclingand running

activities

Walking satisfaction

Cycling frequency

Bike sharing usage

Walking duration

‘The use of the East Lake
Greenway: frequency,

time, and intensity
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Study ID  First author Estimated effects of street greenness on active

(year) travel

Main findings of this study

1. The regularity observed was that a higher density of street trees
consistently correlated with an increased likelihood of walking
(OR=1.06,95% CI=1.03-1.10).

2. Among the factors related to street-level design and accessibility,

local-scale betweenness at a 400-meter radius was found to have a

positive association with walking. Compared to the lowest quartile, the
second and fourth quartiles exhibited significantly increased odds of
walking (1.15,95% CI=0.99-132 and 1.29,95% CI=1.09-1.53,
respectively in model 3).
3. Conversely, when examining meso-scale betweenness at a

1 Sarkar, 2015 (34) | 3,000-meter radius, it was linked to a reduced likelihood of falling into
the category of individuals who engage in some walking (with odds

75-0.99; 0.84,95% CI1=0.72-098; and 0.84,

ratios of 0.86, 95% CI

95% CI=0.71-0.99 for the second, third, and fourth quartiles,
respectively).

4. The density of street trees exhibited a consistent positive correlation

with the distance walked, which remained stable across all models after
accounting for other factors (0.056, 0.025-0.088 for model 1;0.055,
0.024-0.086 for model 2; 0.039, 0.007-0.071 for model 3).

5. The association between street-level betweenness and the distance

walked remains

1.1n the cases of residential land, commercial land, recreational land,
and industrial land, there is no statistically significant association
between the street enclosure by trees and the trip number.
2.In the case of residential and commercial land, there is a notable and
2 14,2018 (35) negative correlation between the green view index and the trip number
(with coefficients of ~1.50 10-2, p <0.01 for residential land

and - 1.35x10-2, p<0.01 for commercial land). However, for

recreational and industrial land, there is no significant association

between the green view

dex and the trip number.
Green view index and the odds of walking:
400 m Buffer: OR = 1.149, 95%CI = 1.035, 1.276, p =0.009

800m Buffer: OR=

1193, 95%Cl =1.070, 1,330, p =0.001
3 Lu, 20182 (36)
Green view index and walking time:
400m Buffer: §=0.149, 95%C1 =0.045, 0.253, p =0.005
800m Buffer: =0.223, 95%C1 =0.133, 0.333, p <0.001
Street greenery and the odds of walking (800 m Buffer):

Level of street greenery (middle-high vs. low): OR
95%ClI=1.01, 1.13, p =0.023

4 Lu, 2018b (15) Level of street greenery (high vs. low): OR=1.09, 95%Cl=1.02,

116, p=0.009

Street greenery and walking time (800 m Buffer):

B

.09, 95%Cl =

.04,0.14, p <0.001.
Street greenery and achieving >150min of recreational green physical
activity a week (1,000 m Buffer):
Quantity of street greenery (high vs. low): OR=1.20,95%Cl = 1.08,
133,p=002

5 Lu, 2018¢ (37)

110, 95%Cl=

Quality of street greenery (high vs. low): OR=
1.25,p<0.01

05,

Street greenness and the odds of cycling:

400m buffer: OR=1.21, 95%CI = 1,00, 1.4¢

6 Lu, 2019 (38)
800m buffer: OR=1.25,95%CI =104, 1.51;

1,600m buffer: OR =1.36, 95%CI = 1.1, 1.67.

A10% increase in sidewalk tree cover and odds of participating in
active transportation:
500m buffer: AOR: 1.19;95% Cl: 1.02-1.40 (p <0.05);

750m buffer: AOR: 1.25; 95% CI

05149 (p <0.05)
1,000m buffer:

OR: 1.27; 95% CI: 1.05-1.54 (p <0.05);

1,250 m buffer: AOR: 1.31; 95% CI: 1.08-161 (p <0.01).
7 Tsai, 2019 (30)
A 10% increase in street tree cover and odds of participating in active

transportation:

500m buffer: AOR: 1.19;95% CI: 0.99-1.43 (p >0.05
750m buffer: AOR: 1.27; 95% Cl: 1.03-1.57 (p <0.05);
1,000m buffer: AOR: 1.32;95% Cl: 105-1.67 (p <0.05);

1,250 m buffer: AOR: 1.39;95% Cl: 1.09-1.79 (p <0.01).

g time:
8 Vich, 2019 (39)

0.001, SE=0.000,

5,895, p =0.001, 95%C1 =0.000, 0.00.
Street greenery and the odds of walking (800 m bufer):
OR:

165, 95%CI =1.004, 1.352, p =0.04.
9 Yang, 2019 (40)
Street greenery and walking time:

[

Green view index and riding density:

187, (95% CI=0.071, 0304, p =0.002),

Workday: coefficient =0.061, p <0.001;
10 Chen, 2020 (29)

Weekend: coefficient =0.049, p <0.01;

Total: coefficient =0.054, p <0.001.

Street-view greenness and cycling frequency on weekdays:

500m buffer: coefficient = 1.983, SE =0.026, p <0.01;
1,000 m buffer: coeflicient = 2.095, SE=0.023, p <0.01;

1,500m buffer: coefficient =

551, SE=0.028, p <0.01.
1 ‘Wang, 2020 (16)
Street-view greenness and cycling frequency on weekends:

500m buffer: coefficient =2.520, SE=0.027, p <0.01;

1,000m buffer: coefficient =2.728, SE =0.024, p <001

1,500 m buffer: coefficient = 3.807, SE=0.029, p <0.01.
Green View Index and the probability of Active Travel:

Total green view index: coefficien

001, SE =0.000, p =0.000;

Mean green view index: coefficient=5.873, SE=0.648, p =0.000;

Green View Index and walking distance:

12 Wu, 2020 (31) Total green view index: coefficient=0.003, SE =0.000, p =0.000;

Mean green view index: Coefficient=—1.513, SE=0.215, p =0.000;
Green View Index and cycling distance:
Total green view index: coefficient=0.002, SE =0.000, p =0.000;

Mean green view index: Coefficient=—2.195, SE:

74, p =0.000.

Green View Index and walking time (500m bufer):
3 Zang, 2020 (41)
Coefficient=0.137, p =0.05.

Street greenness and Bike use:
On weekdays Coefficient=4.57, p <0.05

14 Gao, 2021 (42)
On weekend Coefficient=3.96, p <0.05

On holidays Coefficient =401, p <005

Green View Index and utilitarian walking tim

Coefficient=11.070, t=:

.26,p <0.01;
15 Ki, 2021 (15)
Green View Index and leisure walking time:
Coefficient=4.241, t=391, p <0.01.

Street-level green space exposure and active travel satisfaction:

Street-level green space exposure and walking satisfaction:

Coefficient =

23,p <0.05;
" o, 2021 (43) Street-level green space exposure and travel satisfaction with nonwork
trips:

Coefficient

58, p <0.05;

Street-level green space exposure and Traveling trips for more than

30min:

Coefficient=2.03, p <0.1

Streetscape greenery and walking propensity:

17 Yang, 2021a (44)
Coefficient=3.316, p <0.1

Street greenery and the walking time:

400m buffer: coefficient

2.949, t-stat

48,p<0.05;

800m buffer: coefficient =46.642, t-stat =279, p <0.01;
18 Yang, 2021b (13)

1,600m buffer:

Coeffcient=37.851, tstat=2.11, p <0.05.

Green Vegetation Index and the likelihood of respondents being

willing to participate in AT:

Green vegetation index (Moderate vs.low): OR=3.674,

95%Cl=1.162, 11,616, p <0.05;

19 Bai, 2022 (45)

Green vegetation index (High vs. low): OR
10340, p <001,

863, 95%C1 =143,

Streetscape greenness and odds of walking: OR=2.070, z-value =265,
p<001

20 Koo, 2022 (46)

1. The green view index and cycling index: coefficient =0.138, p<0.01
21 Luo, 2022 (32)
2.The green view index and running index: coefficient =0.028, p<0.1

Street greenness exposure and walking satisfaction: coefficient

2 Song, 2022 (25)
<005

Street-view greenness and cycling frequency:

At Weekend: coefficient =

015, 81

0.001,p <001

On Weekdays: coefficient =0.014, SE=0.001, p <0.01;

Ina Week: coefficient =0.015, SE=0.001, p <0.01;
Street-view openness and cycling frequency:

At Weekend: coefficient =

.00, SE=0.001, p <001

2 Bai, 2023 (47)
On Weekdays: coeficien

0,011, SE=0.001, p <0.01;

Ina Week: coefficient

003, SE=0.001, p <0.05;

Street-view enclosure and cycling frequency:

At Weekend: coefficient =

016, SE=0.001, p <0.01;
On Weekdays: coefficient =0.016, SE=0.001, p <0.01;
Ina Week: coefficient=0.017, SE=0.001, p <001

Greenery view index and bike-sharing usage:

All: incidence rate ratios = 1.003, z-valu

9.18, p <0.001;

Weekday:

cidence rate ratios = 1.003, z-value =

6.63, p <0.001;
2 Gao, 2023 (45) Weekend: incidence rate ratios = 1.003, z-value = 14,62, p <0.001;

Morning: incidence rate ratios

001, z-value =5.695, p <0.001;

Noon:

idence rate ratios=1.007, z-value=24.27, p <0.001;

Evening: incidence rate ratios=1.003, z-value =12.98, p <0.001.

Street greenery and walking duration:

2 Liu, 2023 (49) On weekdays: coeflicient =~0.006, SE

006, p >0.15
For weekends: coefficient=0.03, SE=0.01, p < 0.05.
Greenway proximity and greenway use frequency:

Coefficient

0.12,95%Cl=~0.19, ~0.05, p <0.01;

Greenway proximity and greenway use time:
2 Xie, 2023 (17) e e ’

Coeffcient=—0.02, 95%Cl=—0.08,0.04, p >0.1; Greenway
proximity and greemway use intensity:

OR

73, 95%C1=0.54, 0.98, p <0.05.

1. There is a notable correlation between the odds of walking
and the density of street trees as well as street-level
betweenness (which measures street network connectivity).
2. The sensitivity analyses involving continuous regression
models for individuals engaged in some walking revealed
favorable associations between the distance walked and street

trees.

1. The relationship between the visibility of street greenery
and human walking activities varies depending on the land
use types.

2. There s no statistically significant association between
street enclosure by trees and human walking activities in any

of the land use types.

Eye-level greenery was found to be significantly associated
with increased odds of walking and extended walking time

within both the 400-meter and 800-meter buffers.

1. Street greenery was associated with higher odds of wall

2. Street greenery was linked to the total time spent walking.

‘The presence and amount of street greenery showed a

positive correlation with recreational physical activity.

There was a positive correlation between the likelihood of
cycling and eye-level street greenness within three different

buffer zones: 400m, 800m, and 1,600 m.

1. The probabiliy of engaging i active transportation was
positively linked sidewalk tree cover within all network
buffers

2.Street tree cover did not demonstrate a significant
association with active transportation at a 500m radius in any
of the models. However, within network buffers ranging from
750m to 1,250m, stret tree cover exhibited a positive

correlation with active transportation.

‘The presence of street trees showed a positive correlation with

individual walking activity levels.

‘The presence of street greenery exhibited a positive
association with both the likelihood of older adults engaging

in walking and the total time they spent walking

Eye-level greenery had a beneficial effect on cycling.

1. Eye-level greenery showed a positive correlation with the
frequency of cycling on both weekdays and weekends within
three different buffr sizes around metro stations (500-m,
1,000-m, and 1,500-m).

2. The impact of eye-level greenery on cycling frequency was

more pronounced during weekends compared to weckdays.

1. The greater the cumulative Green View Index value, the
lower the likelihood of increasing the probability of active
travel

2. The average Green View Index significantly increases the

incidence of active travel,

3. The buildup of the Green View Index i significantly and

positively associated with the distance of active travel.
4. The average Green View Index has a significant adverse

impact on both walking and bicycle travel distances.

The Street Greenery View Index plays a role in enhancing the

walking time of older adults.

Eye-level greenery exhibited a positive correlation with the

usage of bike sharing on weekdays, weekends, and holidays.

A high Green View Index encourages both practical and

recreational walking t

e.

1. Interac

ng with green spaces during travel enhances
people’s overall travel satisfaction.

2. The impact of exposure to green spaces on travel
satisfaction differs depending on the mode of travel,its
duration, and its purpose.

3. Exposure to green spaces significantly influences

satisfaction with walking, nonwork trips, and medium-

duration trips.

Streetscape greenery positively influences the inclination for
walking within a specific range, but beyond that range, the
positive correlation dissipates.

1. Street greenery consistently and significantly impacts
walking duration.

2. The impact of street greenery differs across different
locations, with a notably greater effect abserved in suburban
areas

3. The performance of various green view indices displays a

high level of consistency.

1. The presence of street greenery on university campuses is
linked to 2 positive correlation with active travel among
university students.

2. Modes of transportation also played a role in influencing
active travel among university students, with those who
owned bicycles being more inclined to engage i active travel,
Conversely; those who relied on electric bikes were less likely

to parti

ipate in active travel.

‘The streetscape greenness exhibited a statistically significant
positive association with a higher odds of walking.

1. In general, the Green View Index hinders cycling activities.
2. The Green View Index exhibits a positive correlation with

running physical activity in specific regions (Dufu Thatched

Cottage and Wukuaishi)

1. Exposure fo street greenness has a substantial direct impact
on walking satisfaction, as well as a significant indirect
influence on walking satisfaction through subjective
environmental annoyances (such as noise and PM2.5-related

an

oyances), rather than being mediated by objective noise
and PM2.5 exposures.

2.1n addition to physical activity and social interaction, its
important to consider the indirect impact of street greenness
exposure on walking satisfaction through subjective
environmental pollution annoyance, which constitutes
approximately 17.39% of the total effect and should not

be overlooked,

Street-level greenery and the extent of greenway enclosure

displayed a positive correl

n with an increased frequency
of eycling on both weekdays and weekends. However, the
level of openness of the greemway seems to have contrasting
effects on cycling frequency depending on the day of the
week, as high levels of openness may promote cycling on

weekends but impede it on weekdays.

‘The Greenery View Index positively influences the usage of

bike-sharing.

During weekends, there was a statistically significant positive
association between street greenery and the duration of

walking.

1. The proximity to greenways exhibited a negative
correlation with both the frequency and intensity of greenway

use.

2. Having good greemvay proximity did not demonstrate a
statistically significant association with the amount of time

spent using greenways.
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Industry FE YES
R2_within 00029
N 12939

* #* and *** indicate significance at the 10, 5 and 1% levels, respectively.

03012+

(45145)

—3.4956%++
(-23.3261)
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0.2250

12939

0.4509%%+
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12846+
(36.5993)
NO

0.0006

12939

0.2933*
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—3.7877%%%
(-22.6710)
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02434
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Indus/Prov Year*Prov Balance panel  Sub samples
0.1847% 0.1468%% 0.1523+% 05100+ 0.2324%%%
R
(2:4440) 9711 (.0175) (3.1083) (3.0080)
017224
LCR
(2.0977)
—385200% —3.8578% —38109%* —35213% —3.8469%* —3.8390%%
cons
(-23.1385) (-23.1811) (-225111) (~102268) (=223097) (~19.7992)
Controls YES YES YES YES YES YES
Year FE YES YES YES YES YES YES
Industry FE YES YES YES YES YES YES
R2_within 02182 02435 02408 02316 02397 02485
N 12,939 12939 12,939 3,570 11,894 9,961

* #* and *** indicate significance at the 10, 5 and 1% levels, respectively.
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Panel A: Descriptive statistics of main variables

VarName Obs Mean SD Median

€3 12939 13784 14861 0.0000 0.0000 10986 23979 54723
CR 12939 04444 05785 0.0417 0.0924 0.1497 0.4696 23507
staff 12,939 77992 11091 54931 7.0166 77169 85080 10.7500
age 12,939 20352 07716 0.6931 13863 20794 27081 32581
tang 12,939 02290 0.1307 0.0214 0.1301 0.2054 03051 0.6030
lev 12,939 03816 01828 0.0534 0.2347 03728 05165 08036
grow 12,939 00648 00618 ~00436 0.0228 00509 00895 03301
ebit 12,939 01225 0.0904 0.0094 00572 0.1004 0.1619 0.4650
ocf 12,939 0,057 0.0625 ~0.1097 0.0166 00525 00931 02339
density 12939 19876 10645 04563 12822 17494 24158 66124
Q 12939 20676 12057 0.8847 12964 16778 23902 7.6868
top! 12,939 03475 01388 0.1004 0.2400 03309 04356 07313
board 12,939 21212 0.1838 1.6094 19459 21972 21972 25649
dual 12,939 0.3064 04610 0.0000 0.0000 0.0000 10000 10000
soe 12,939 00819 02743 0.0000 0.0000 0.0000 0.0000 10000

Panel Descriptive statistics grouped by carbon risk

Low CR High CR Mean diff P50 diff-
Variable [0} @) ® @ Test Ztest
@3)-(1) @-2)
Mean P50 Mean P50
GP 1139 10986 16173 16094 047775+ 185223 0.5108%% 163292

* #* and *** indicate significance at the 10, 5 and 1% levels, respectively.
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GP GP
03416+ 0.2083%%
R
(4.2408) (2.7592)
0.5651%4
staff
(40.0829)
0061555
age
(3.6691)
—13849%%
tang
(~14.6724)
0.4920%5%
lev
(6.4135)
14252%%%
grow
(5.8919)
~03840%
ebit
(-2.0189)
01712
ocf
(0.8326)
0.1222%4
density
(8.8311)
~00210%
Q
(~2.0080)
~0.1160
topl
(~1.4376)
0226254
board
(3.6063)
00022
dual
(0.0952)
0.1308%%
soe
(3.0664)
12266 ~38227%%
cons
(32.8868) (-22.8452)
Controls NO YES
Year FE YES YES
Industry FE YES YES
R2_within 0.0013 02437
N 12,939 12939

Table 3 reports the OLS regression results of the effect of carbon risk on the green transition.
The t-value adjusted (reported in parentheses) are based on aggregated robust standard
errors by firms. *, ** and *** indicate significance at the 10, 5 and 1% levels, respectively.
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2SLS IV Heckman two-step Placebo test

First stage Second stage First stage Second stage

m @ ) @ )

R Gp DCR Gp Gp

114974 021084+ ~00179
R
(20894) (27894) (~09871)
09810+
IVCR
(9.6500)
0.2095%%
YPCR
(2.1674)
~0.1841%%
IMR
(~2.1485)
04740+ ~3.6923* 0.6658%+ ~3.8404%+* ~37045%+
cons
(8.6800) (-9.4270) (29247) (-22.9363) (-226761)

Controls YES YES YES YES YES
Year FE YES YES YES YES YES
Industry FE YES YES YES YES YES
F/Wald 5678 3534358 261216 260.00 27615
R2_within/Pseudo 0.0359 00920 02794 02439 02433
N 12939 12,939 12939 12939 12939

* #* and *** indicate significance at the 10, 5 and 1% levels, respectively.
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Panel A: Average treatment effect of the treated group

Variable Sample Treated Controls Difference

Unmatched 14750 12796 01954 00261 7.50%%%
Gp

Matched 14755 14092 0.0663 00329 202%%

Panel B: Regression based on PSM

w @
G GP
03366+ 0209155+
R
(4.1566) (27550)
12298 —38363%+
cons
(32.7929) (-22.8332)
Controls NO YES
Year FE YES YES
Industry FE YES YES
R2_within 00012 02437
N 12,901 12,901

* %+ and *** indicate significance at the 10, 5 and 1% levels, respectively.
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Variable type
Dependent variable

Independent variable

Control variables

Variable na

Green patent
Carbon risk

Enterprise scale

Age of listing

Ratio of fixed assets
Asset-liability ratio
Sustainable growth rate
Profitability

Operating cash flow.
Capital intensity
Market value
Ownership concentration
Board size

Duality

State-owned enterprises

grow

ebit
ocf
density
Q

topl
board

dual

“The amount of green patent applications of enterprises plus I takes the logarithm
CO; emissions/operating costs of enterprises

“The number of employees takes the natural logarithm

“The time to lst of enterprises takes natural logarithm

Fixed assetsftotal book assets of firms

“Total liabilities/total book assets of enterprises

Sales growth rate without changing operating efficiency and financial policies
“Total earnings before interest and tax/operating income of enterprises

Net cash low/total book assets generated from business activities of enterprises
“Total fixed assets/number of employees

“Tobin Q, Enterprise Market Value/Total Book Assets

Shareholding rate of the largest shareholder of the enterpris

‘The number of directors at the end of the period takes natural logarithm
For dummy variable, the value of chairman and general manager is 1, otherwise, it is 0

Dummy variable, the value of state-owned enterprises s 1, otherwise the it is 0
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Economic

development

Income levels
Equity in educational opportunities

Social opportunity  Equity of opportunity in healtheare

equity.
Equity of opportunity in social security
Sustainable production

Sustainable

production and

consumption

Ecological Ecological resource endowment

environmental

protection
Ecological and environmental governance

Level 3
Per capita GDP

Secondary sector regional production index

Tertiary industry regional production index
Per capita net income of rural residents

Per capita disposable income of urban residents
Education expenditure

Health technicians per 1,000 population

Number of beds in medical and healthcare institutions per 1,000 population

Number of urban basic pension insurance participants

Number of urban basic medical insurance participants a the end of the year

Energy consumption per unit of output
‘Wastewater discharge per unit of output value
Carbon dioxide emissions per unit of output
Sulfur dioxide emissions per unit of output

Energy consumption per capita

‘Wastewater discharge per capita
Carbon dioxide emissions per capita
‘Water resources per capita
Greening coverage in built-up areas
Parkland area per capita

‘Wastewater discharge compliance rate

Integrated solid waste utilization rate

9.208

0.047

0707

7.697

7341

11892

6.642

0.386

2937

3323

1748

4619

412

1342

2216

6367

4588

13845

0421

7.721

2205

0.808





OPS/images/fpubh-12-1446248/fpubh-12-1446248-e008.jpg
V¢





OPS/images/fpubh-12-1415309/fpubh-12-1415309-t002.jpg
Variable

Inclusive and Green Growth

Green Innovation Level

Urban Industrial Pollution Level

Science and Technology Input
Fixed-Asset Investment
Population Density
Unemployment Level

Per Capita Water Resources

Human Capital

Per Capita Wastewater Discharge

Green Coverage Rate of Built-up Area

Per Capita Green Park Area

Data source

statistical year book and

stati

al year book on

environment

Chinese research data services
platform

China industrial enterprises database

China city statistcal yearbook
China city satistical yearbook
China city satistcal yearbook
China city statistcal yearbook

Water resources bulletin
China city statistcal yearbook

China statstical yearbook on

environment
China city satistical yearbook

China city statistical yearbook

Data website

https://cnki.ctbu.edu.cn/CSYD}
Yearbook/Single/N2021050059
cnki.nbsti.net/CSYDMirror/area/ Yearbook/Single/

N2021070128%2=D26

hutps://wwwlas.ac.cn/front/dataBase/detailzid=45
d510062586317c068eel 12cdeb7d3a

htps://www.ceicdata.com.cn/en/china/industrial-

enterprise

hutps://cnki.ctbu.edu.cn/CSYDMirror/area/
Yearbook/Single/N202105005972=D26

eg, huupsi/swj.sh.gov.cn/szy!
hitps://enki.ctbu.edu.cn/CSYDMirror/areal
Yearbook/Single/N202105005972=D26
http://cnki.nbsti.net/CSY DMirror/area/ Yearbook/
Single/N202107012822=D26

https://enki.ctbu.edu.cn/CSYDMirror/areal
Yearbook/Single/N202105005972=D26
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Economic output Secondary sector regional production index (previous year = 100)
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Per capita et income of rural residents (yuan/person)
Income levels
Per capita disposable income of urban residents (yuan/person)

Equity in educational opportunities | Education expenditure (million yuan)

Health technicians per 1,000 population (persons)
Equity of opportunity in healthcare

Social opportunity equity Number of beds in medical and healthcare institutions per 1,000 population (sheets)
Equity of opportunity in social Number of urban basic pension insurance participants (ten thousand)
security Number of urban basic medical insurance participants a the end of the year (ten thousand)

Energy consumption per unit of output (tonnes/million yuan) = total energy consumption/gdp

Wastewater discharge per unit of output value (tonnes/million yuan)

Sustainable production
Carbon dioxide emissions per unit of output
Sustainable production
Sulfur dioxide emissions per unit of output
and consumption
Energy consumption per capita (tonnes per person)
Consumption Wastewater discharge per capita (tonnes per person)
Carbon dioxide emissions per capita (tonnes per person)
‘Water resources per capita (cubic meter)
Ecological Ecological resource endowment Greening coverage in built-up areas (%)
environmental Parkland area per capita (meter)
protection Ecological and environmental ‘Wastewater discharge compliance rate (%)

governance Integrated solid waste tlization rate (%)
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Psychological indexes  Significance of the pairing difference value  Significance of the pairing difference value

Gender-male Gender-female Major-non-related  Major-related garden
garden plants plants
Nervousness 1.4 £0.07 (0.018*%) 027 +0.47 (0.356) 0.63+0.72 (0.093) 047 £0.22 (0.194)
Anger 147 +1.21 (0.047%) 008 +0.52 (0.832) 0.40:£0.23(0.327) 0750.29 (0.214)
Fatigue 079 £0.74 (0279) —0.03 +0.35 (0.930) ~0.07 +0.59 (0.863) 054+0.25 (0.340)
Depression 061 0.36 (0319) 023£0.12 (0.464) ~0.06 +0.43 (0.879) 0.88 +0.30 (0.064)
Energy 139 £0.62 (0.011%) 105+ 0.28 (0.016%) 101 +0.64 (0.008**) 1,54 +0.32 (0.026%)
Panic 100 +0.48 (0.074) 008 +0.31(0.779) 0.47:£0.06(0.117) 030£0.03 (0512)
Self-esteem 0.88 0.5 (0.027%) 106 0.25 (0.000**) 095+ 0.40 (0.000%*) 107 £0.24 (0.002**)

< 0.0

5 #5p < 001
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Category
1. Flower-White

2. Flower-Red

3. Flower-Pink

4. Flower -Variegated

5. Flower type-single

6. Flower type-semi-double
7. Flower type-fully double
8. Flower type-anemone

9. Flower type-peony double
10. Flower type-rose-double
11. Landscape-tree rows.

12. Landscape-shrub rows

13. Landscape-tree groups

14. Landscape-tree sol
15. Landscape-clusters

16. Landscape-potted plants
Color

Flower type

Landscape

" <0.0;

5 +4p < 0,01

Heart

285+ 1.97%%
2.67+207%%
181£1.78*
235+ 0.80%%
101£151
095 110
023131
~0.62+ 132
0264152
063+ 161
~0.26+ 1.61
~049+ 1.46
~0.14+ 165
~0304+2.11
~0.68+ 161
~0944 171
217+225%
0812288

~091+2.191

te

Systolic pressure

336+ 043+
662+271%%
6.62+073%%
7.59 + 2.44%%
819+ 1.02%%
888+ 1.10%%
856+ 0,58%%
9.60 + 0.86%*
1006 £ 145+
1022 £ 046+
1151231
1299 £ 24%%
1091+ 1357
1118+ 026"
1147 £052%
1212% 116%
3940237
887+ 14557+

128+ ~4.142%%

Diastolic pressure

279+ 0.16%%
44940227
6.01:£051%F
655+ 0,63
695+ 0,17+
8454020
6.09+29.24%
8.88:+ 0,20
66542958
1030 £ 0.16%%
10.85 £ 251%%
65743695
8.13+2231%%
7.78+3051%
113240965
10.86 £ 1.52%%
26+ 0582%%
7.324 ~0.436"

1084 % ~1.994%%

SpO,
026011
083 0,68
102+ 1.08%
~385463.77
0514019
086+ 416
039002
0324038
1054436
049012
062025
096+ 5.00
0314037
070411
0204037
0224024
~001£0051
0422 0252

02340053
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Characteristic

Variable classificatit

Major (garden plants)

Affliate institutions

Like_color

*Median [IQR}; 1 (%)

Female
Male
Non-related
Related

Chongging Landscape and
Gardening Research Institute

Chongging Jiaotong University

Chongging University of Arts
and Sciences

Pink
White
Red
Green
Pink
White
Red

Green

17-54[20,21]
116 (73.42%)
42(26.58%)
75 (47.47%)
83 (52.53%)

50 (31.65%)

68 (43.03%)
40/(25.32%)

36 (22.78%)
55 (34.81%)
19 (12.03%)
48 (30.38%)
40 (25.32%)
19.(12.03%)
61(38.61%)
38 (24.05%)
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Evaluation Survey Extremely Satisfied/ Moderate/ Dissatisfied/ Extremely Satisfaction

object total/ satisfied/ unit unit unit dissatisfied/ rate
unit unit unit

Qianfoshan Park 285 214 32 2 3 4 86320

Quancheng Park 267 176 31 2 2 7 77.53%

Daming Lake Park 273 164 47 38 19 5 77.30%

Baotu Spring Park 263 142 36 53 2 4 67.69%

Total 1,088 696 146 141 85 20 77.39%
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Level 1 Level 2 indicators

indicators

C, Number of A-rated scenic spots
€, Number of scenic spots above level 4A.
C; Number of national key scenic spots
C Number of national cultural heritages
. C; Number of star hotels
Co Number of travel agencies
C; Number of tourism distribution centers
C, Number of national model and pilot pedestrian streets
Cs Gross tourism receipts
Cuo Gross tourism receipts as a share of GDP
B2 Cy, Total number of tourist arrivals
Cuz Average annual growth rate of tourists n the last 5 years
Cuy Per capita tourist spending in the last 5 years
Cuy Annual passenger traffic for saciety as a whole
Gus Air passenger throughput
Cas Number of urban bus routes

Cy7 Total length of urban metro runs

B3 Cis Total telecommunications services

i 5G base stations per 10,000 people

Cao Parkland per capita

Cy Number of days with good or better air quality
Can sewage treatment rate

Cas Total annual urban GDP

Cay annual GDP per capita

B4

Cas Share of tertiary sector
Cas Retail sales of social consumer goods

icators for the Level 1 indicators are as described below: B Tourism Resources. B2
Tourism performance. B3 Tourism environment.
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* %, #+% represent significance at the 10, 5, and 1% levels, respectively. Robust standard errors clustered at the individual level are reported, and subsequent tables follow the same format.
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Variable Observations Mean Standard Sth 25th Median 75th 95th

deviation Quartile Quartile Quartile Quartile
Health 89,833 301 095 200 200 3.00 3.00 5.00
Isdisease 88,599 054 050 0.00 0.00 1.00 1.00 1.00
Treat 89,833 0.68 047 0.00 0.00 1.00 1.00 1.00
Time. 89,833 023 042 0.00 0.00 0.00 0.00 1.00
Married 89,833 087 034 0.00 1.00 100 100 100
Male 89,833 047 050 0.00 0.00 0.00 1.00 1.00
Age 89,833 60.15 10.16 46.00 5200 59.00 67.00 78.00
Educated 89,833 342 192 100 200 4.00 5.00 6.00
clngdp 89,833 757 096 6.03 699 748 811 939
cgedp 89,833 734 4.60 0.09 391 7.80 10.70 14,50
cratio2 89,833 4059 15.76. 041 36.28 44.28 5036 59.67

cratio3 89,833 3855 1534 039 333 40.64 48.38 58.69
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Variable 60 and above Less than 60

Isdisease  Health Isdisease  Health

(1) ) (3) (4)
= ~0.0300%%  0.0395°* ~0.0201% 00232
©0112) 0.0167) ©0118) (0.0166)
~00213 0.0402 ~0.0047 00339
Married
©0171) 00277) (0.0293) (0.0412)
0.0000 ~0.0680 00045 01710
Male
(0.0787) (0.1412) (0.0737) (0.1409)
N ~0.0009 0.0006 00045 ~00039
e
. (0.0013) (0.0025) (0.0033) (0.0044)
00019 ~0.0065 0.0574%%% 00041
Educated
(0.0061) (0.0081) (0.0047) (0.0069)
~0.0664++* 00342 ~00435 00210
clngdp
(0.0206) (0.0366) (0.0235) (0.0366)
~0.0007 0.0025 0.0008 00012
cggdp
(0.0013) (0.0020) (00013) (0.0018)
0.0038% ~0.0041 0.0048%% ~00031
cratio2
(0.0021) (0.0033) (0.0023) (0.0034)
00012 ~0.0048 0.0051%% ~00049
cratio3
(0.0022) (0.0033) (0.0023) (0.0035)
Individual
Control Control Control Control
fixed effects
Year fixed
Control Control Control Control
effects
Sample size 44,683 44,683 44458 45,150

R-square 0.0001 00040 0.0000 00015
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Scoring

range
Urumgi City

Strong. [1,05]
1l Kazak Autonomous Prefecture
Hami City

Changji Hui Autonomous

Prefecture
Relatively strong 05,025
Karamay City

Bayingoleng Mongolian

Autonomous Prefecture
“Turpan City

Kizilsu Kirgiz Autonomous

Prefecture
Hotan area
‘Tacheng area
Weaker 025,0] Altai Prefecture
Kashgar prefecture
Kizilsu Kirgiz Autonomous
Prefecture
Bortala Mongolian Autonomous

Prefecture
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Variable Urban Rural

Isdisease  Health Isdisease = Health

(1) (2) (3) (4)
= ~00176 00618%%%  ~0.0303%+* 00135
(0.0128) (0.0173) (0.0101) (00149)
0.0188 0.0883%* 00022 00297
Married
(0.0223) (0.0350) (0.0186) ©0291)
~00107 02431% 00298 ~00156
Male
(0.0939) (0.1391) (0.0604) (0.1183)
N 0.0023 0.0085 ~0.0008 00009
e
® (0.0015) (0.0031) (0.0009) (0.0015)
005747+ 00013 0018255 00052
Educated
(0.0052) (0.0070) (0.0050) (©0071)
~0.0728%+* 00437 ~0.0674%%% 00112
clngdp
(0.0267) (0.0390) (0.0182) (00327)
~0.0010 00042+ 00017 ~00006
cggdp
(0.0015) (0.0022) (0.0011) (©0016)
0.0049% 00048 000475 ~0.0052%
cratio2
(0.0026) (0.0036) (0.0018) (0.0029)
0.0000 ~0.0021 00022 ~0.0082%+*
cratio3
(0.0025) (0.0036) (0.0019) (0.0030)
Individual
Control Control Control Control
fixed effects
Year fixed
Control Control Control Control
effects
Sample size 35,166 35748 53433 54,085

R-square 0.0095 0.0081 0.0055 00043
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ct  Operational Item Reference
definition

1 feel calm. Wang Y. et al.
feel secure. (2023)
Ifeel
comfortable.
Ifeel content.
i , 1 feel self-
confident.
1 feel relaxed.
1 feel steady.
1 feel satisfied.
Ifeel at ease.
1 feel pleasant
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—0.008%+*
csld
(-4.27)

jmsj

7,379.788%+
Constant

(6.62)

Observations 510
Number of id 30
Control Variable Yes
1D FE Yes
YEARFE Yes

0.010%%%

(8.95)

—1,941.205%%
(=3.02)
510

30

Yes

tstatistics in parentheses, *+*p<0.01, *#p <0.05, p<0.1

~0006%+*
(-287)
~0231%%
(-287)
69317747+
(6.20)
510

30
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\ELELIES

esld

Constant

Observations
R2_within
Control Variable
IDFE

YEAR FE

(-statistics in parentheses, ***p<0.01,

~0.008%++
(-4.27)
7,379.788%%%
(6.62)
510

0.943

#4005, *p<0.1.

~24.877%++
(~4.58)
~4664018.809
(-1.51)
510

0545

Yes

Yes
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Indicators (1) Test Test Mean difference SE 95%Cl

group group ((B%))

(post-pre) (post-pre) Lower Upper

NM Té Tl —1313% 0744 0.000 -2.96
T2 —1953¢ 0744 0.000 -8.20 -3.50
T3 ~2393% 0744 0.000 -8.31 -3.61
T4 —1.280% 0.744 0.000 -7.19 -249
TS —2.480% 0744 0.000 -8.73 -403
7 -1320 0744 1.000 -257 213
T8 0220 0744 1.000 -135 335
7 Tl ~1007% 0744 0.000 —7.44 —274
T2 —1633% 0744 0.000 -328
T3 ~1073% 0744 0.000 -8.09 -339
T4 ~1.040% 0744 0.000 -6.97 -227
TS ~1160% 0.744 0.000 -851 -381
Té 1320 0744 1.000 -213 257
T8 1.100 0.744 1.000 -L13 357
T8 Tl ~1.093% 0744 0.000 -8.66 ~3.96
T2 -1733% 0744 0.000 -9.20 ~450
T3 -2173% 0744 0.000 ~9.30 ~4.60
T4 ~1.060% 0744 0.000 -8.19 ~349
TS ~2.260% 0744 0.000 ~9.72 -5.02
Té ~0220 0.744 1.000 -3.35 135
7 ~1.100 0744 1.000 -3.57 113
M Té T 1683+ 1.064 0.001 104 7.76
T2 1917+ 1.064 0.003 087 7.60
T3 3,967+ 1.064 0.000 292 9.65
T4 3.050* 1.064 0.000 237 9.10
TS 2.350¢ 1.064 0.000 164 836
7 1.600* 1.064 0.002 099 771
T8 1.000 1.064 1.000 -381 291
T8 T 0.683* 1.064 0.000 149 821
T2 0917% 1.064 0.000 132 805
T3 2.967* 1.064 0.000 337 10.10
T4 2050% 1064 0.000 282 955
TS 1.350% 1064 0.000 209 881
Té ~1.000 1064 1000 -291 381
17 0.600% 1064 0.000 144 816
TMD T6 T ~9.933% 4000 0.000 -3231 -7.02
T2 ~13.600% 4000 0.000 -31.88 -6.59
T3 ~19.900% 4000 0.000 -37.04 -1176
T4 ~12.500% 4000 0.000 -3381 -8.52
TS ~17.100% 4000 0.000 -3378 -8.49
17 -9.800 4000 1.000 -17.61 7.68
T8 3100 4000 1000 ~1691 838
T7 T -0.133% 4.000 0.008 -27.34 -2.06
T2 ~3.800% 4.000 0.012 ~2691 -162
T3 ~10.100* 4000 0.000 -32.08 -679
T4 ~2.700% 4.000 0.002 —28.84 -3.56
T5 ~7.300% 4.000 0.002 -28.81 -352
Té 9.800 4,000 1.000 .68 1761
T8 6700 4.000 0.612 -3.41 2188
TS T ~6.833% 4.000 0.000 ~36.58 -1129
T2 ~10500% 4.000 0.000 ~36.14 -1086
T3 ~16.800* 4.000 0.000 —4131 -16.02
T4 ~9.400% 4.000 0.000 -38.08 -1279
Ts ~14.000* 4.000 0.000 -38.04 -1276
Té -3.100 4000 1.000 -8.38 1691
7 —6.700 4,000 0612 -21.88 341

“The mean difference s significant at the 0.5 level. N=240, n=30. PM, positive mood; NM, negative mood: TMD, total mood disturbance. There was no significant difference between the
other groups.
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\ELELIES

Constant

Observations
R2_within
Control Variable
ID FE

YEAR FE

~0.009%++ ~0.007%++
(-4.66) (-3.42)
5,240.649%%% 3,848,532
(5.60) (4.58)
420 360
0945 0946
Yes Yes
Yes Yes
Yes Yes

(statistics in parentheses, ***p<0.01, *p <003, *p<0.1.
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Indicators

NM Between groups
Within groups
Total

PM Between groups
Within groups
Total

™™D Between groups

Within groups
Total

“The mean difference i significant at the 0.05 level. N=240,

of squares
2043533
1924801
3968.334
1338216
3942.108
5280324
26313462
55685.833

81999.296

df
7
232
239
7
232
239
7
232
239

Mean square P
291933 35187 0.000%
8.297
191174 11251 0.000%
16992
3759.066 15661 0.000%
240025

=30, PM, positive mood; NM, negative mood; TMD, total mood disturbance.
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Variables (1)

South
~0.006+* ~0012%+% ~0.006%+
asld
(-245) (-3.76) (-335)
4,519.475%% 37174435
Constant
(236) (3.80)
Observations 255 255 292
Number of id 0959 0947 0961
Control Variable Yes Yes Yes
IDFE Yes Yes Yes
YEAR FE Yes Yes Yes

tstatistics in parentheses, +*p<0.01, *#p <0.05, *p<0.1.

~0.008*
(-1.82)

8,117.125%%%

(3.58)
218
0930
Yes
Yes

Yes
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Testgroup  Indicators Difference 95%C

(post-pre) [ s

Tl T-A —4.87 459 0.84 —6.58 =315 =581 0.000%*
AH =323 499 091 =510 -137 -3.55 0.001**

P ~1.80 361 0.66 =315 —045 =274 0.011%

D =217 348 0.63 —346 —0.87 -342 0.002%*

v 463 697 127 2.03 724 3.64 0.001**

4 —4.00 476 0.87 =578 -222 —461 0.000%*

N 1.93 348 0.64 063 323 3.04 0.005**

TMD -2263 2815 5.14 =33.15 -12.12 —440 0.000%*

T2 T-A -3.30 3.66 0.67 —4.67 -1.93 —494 0.000%*
A-H -2.63 4.08 0.75 —4.16 =L11 -3.53 0.001**

~L10 4.07 0.74 -262 042 —148 0.150

D =223 340 0.62 =350 —0.96 —3.60 0.001%*

v 477 646 118 236 7.18 4.04 0.000%%

C —3.60 329 0.60 —483 -237 —6.00 0.000%*

133 3.03 0.55 020 247 241 0.023*

TMD -18.97 21.26 3.88 =2691 -11.03 —4.89 0.000%%

RE T-A -3.87 3.88 071 =531 -242 =547 0.000%*
A-H =237 3.18 0.58 =355 -L18 —4.08 0.000%*

¥ 063 375 0.8 -077 203 093 0362

D ~1.87 325 0.59 -3.08 —0.66 =315 0.004%*

v 1.90 634 L16 —047 427 1.64 0112

c -3.20 3.50 0.64 —4.51 —1.89 =5.01 0.000%*

0.10 264 048 —0.89 1.09 021 0.837

TMD -1267 2145 392 —20.68 —4.66 -324 0.003%%

T4 T-A —4.10 434 0.79 =572 —248 =517 0.000%*
A-H =397 577 1.05 —6.12 —-1.81 =377 0.001%%

P =240 391 071 -3.86 —0.94 -336 0.002%*

D =220 397 0.73 -3.68 -0.72 =3.04 0.005%*

v 2.83 6.77 124 0.30 5.36 229 0.029%

c -3.57 3.64 0.66 -492 =221 -5.37 0.000%*

S 1.00 475 0.87 =077 277 LIS 0.258

TMD =20.07 27.64 5.05 -30.39 -9.74 -3.98 0.000%*

Ts T-A =323 435 0.79 —4.86 -161 —4.08 0.000%*
AH =223 5.46 1.00 -427 =0.19 224 0.033%

F 0.00 5.09 0.93 -1.90 1.90 0.00 1.000

D -133 3.06 0.56 —247 =018 -239 0.024*

v 4.20 676 123 1.68 6.72 340 0.002%*

c =343 3.80 0.69 —4.85 =201 =485 0.000%*

s 103 373 068 -036 243 152 0140

TMD —1547 26.86 4.90 -25.50 -544 =315 0.004%*

T6 T-A =5.60 522 0.95 =755 =365 =5.87 0.000%*
AH =543 5.89 1.08 ~7.63 -3 =5.05 0.000%*

F -2.83 453 0.83 -452 -L14 -343 0.002%*

D =340 439 0.80 —5.04 -1.76 -424 0.000%*

v 743 556 1.02 536 951 7.32 0.000%*

c =537 425 0.78 —6.95 -3.78 —6.92 0.000%*

s 250 355 0.65 117 3.83 3.86 0.001%*

TMD -32.57 2838 5.18 —43.16 -2197 -6.29 0.000%*

7 T-A —4.67 4.02 073 —6.17 -317 —6.36 0.000%*
AH -3.20 526 0.96 =517 -1.24 =333 0.002%*

F =210 298 0.54 =321 -0.99 —3.87 0.001%*

D -1.80 3.03 0.55 -293 —0.67 =325 0.003%*

v 473 6.03 L10 248 6.99 430 0.000%*

[+ -4.27 3.84 0.70 =570 -2.83 —6.08 0.000%*

N 2.00 324 059 079 321 338 0.002%*

TMD =22.77 23.80 435 —31.65 —13.88 -5.24 0.000%*

S T-A -5.70 418 0.76 =726 —4.14 ~747 0.000%*
AH —4.67 579 1.06 —6.83 =250 —441 0.000%*

F =293 395 072 —441 —1.46 —4.07 0.000%*

D =3.67 470 0.86 =542 =191 —427 0.000%*

v 553 613 112 325 7.82 4.95 0.000%*

(4 -4.57 325 0.59 =578 =336 =RF 0.000%*

N 240 3.76 0.69 1.00 3.80 3.50 0.002%*

T™MD -2947 2543 161 -38.96 -1997 635 0.000%

*N=240,

0. T-A, tension-anxiety: A-H, anger- hostilty: . fatigue; D, depressions V, vigors C, confusion; S, self-esteem; TMD, total mood disturbance. *p<0.05, *#p<0.01.






OPS/images/fpubh-12-1435291/math_2.gif





OPS/images/fpsyg-15-1502240/fpsyg-15-1502240-g001.jpg
Emotional state

Nature
components

water

Hardscape
components

perceptual
restoration






OPS/images/fpubh-12-1425338/fpubh-12-1425338-t004.jpg
\ELELIES

esld

Constant

Observations
Re_within
Control Variable
ID FE

YEAR FE

rstatistics in parentheses, **¥p<0.01,

—0.008%%*
(-4.27)
737978855
(6.62)
510

0944

#p <005, *p<0.1.





OPS/images/fpsyg-15-1382143/fpsyg-15-1382143-t003.jpg
Indicators (1) Test Test Mean difference SE 95%Cl

group group ((Bv)

(post-pre) (post-pre) lener gtz
DBP/mmHg TS I —1L133* 1120 0012 -754 ~0.46
T2 ~1100* 1120 0.004 -7.87 -079
) ~1267% 1120 0.008 -7.67 -059
T4 ~1.700% 1120 0.000 -9.64 -256
6 ~1.700% 1120 0.000 -259
7 ~1.600* 1120 0001 -8.34 -1.26
T8 1533 1120 1.000 —244 464
T8 I ~1.667% 1120 0.000 -8.64 -156
T2 —1433 1120 0.000 -897 -1.89
) ~1267% 1120 0.000 -8.77 -169
T4 -3233* 1120 0.000 -10.74 -3.66
TS -1533 1120 1000 -164 244
6 -3233 1120 0.000 -10.77 -369
7 ~1933% 1120 0.000 ~9.44 -236
SBP/mmHg T6 I 4.167% 1143 0012 093 7.40
T2 4367 1143 0.008 113 7.60
T3 4.700% 1143 0.005 146 7.94
T4 3633 1143 0.028 0.40 687
TS 3.667% 1143 0.027 043 690
7 3.800% 1143 0.022 0.56 7.04
T8 3.800% 1143 0.022 0.56 7.04
7 I ~1367* 1143 0.002 -8.24 -1.02
T2 ~1567* 1143 0.000 -8.64 -142
T3 ~1.900 1143 0.000 -9.28 -206
T4 ~L167* 1143 0.001 -854 -132
TS —1L133* 1143 0.001 -122
T6 ~3.800* 1143 0.000 -1201 -479
T8 0.000 1143 1.000 -361 361
T8 I ~1367* 1143 0.002 -824 -102
T2 ~1567* 1143 0.000 -8.64 -142
T3 ~1.900* 1143 0.000 .28 ~206
T4 ~L167* 1143 0.001 -854 -132
TS —1L133* 1143 0.001 -844 -122
T6 ~3.800* 1143 0,000 -1201 -479
7 0,000 1143 1.000 -361 361

“The mean difference s significant at the 0.5 level. N=240, n=30. DBP, diastolic blood pressure; SBP,systolic blood pressure; . pulse. There was no significant difference between the other
groups.
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Variables

~0004%+

ldmj

(-357)
jegldmj

7.930.922%%*

Constant

(7.20)
Observations 508
R_within 0944
Control Variable Yes
IDEE Yes
YEARFE Yes

I-statistics in parentheses, ***p<0.01, *#p <005, *p<0.1.

—0010%+
(~4.80)
7400.134%+%
(671)
508

0945
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Indicators Sum of squar df Mean Squal i P
DBP Between groups, 1503.600 7 214800 1412 0.000%
Within groups 4366733 232 18.822
Total 5870.333 29
SBP Between groups. 1706.729 7 243818 12.450 0.000%
Within groups 4543.567 32 19.584
Total 6250296 29
P Between groups, 534429 7 76347 1534 0.157
Within groups 11549.033 232 49780
Total 12083.463 29

*The mean difference s significant at the 0.05 level. N=240, n =

0. DB, diastolic blood pressure; SB, systolic blood pressure; P, pulse.
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Variable

AQl

Including control variables ~59.64% -37.25%+ 9073+ ~18.60%% ~27.31%% ~0.730%*
(29.0452) (13.2026) (43.2939) (6.4465) (6.8763) (02912) (4.0542)
Excluding control variables —6439* ~36.89%* —87.06+* ~2695%++ —28.24%4% —1.079%*
(32.8685) (12.8019) (43.1807) (9.5106) (8.6893) (0.3698) (4.8588)
N 908 908 908 908 908 908

Standard errors in parentheses; ***, %, or * indicates significance at 1, 5, and 10% levels, respectively.
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Test group  Indicators Difference 95%Cl

pesipi) Lower Upper
ki DBP/mmHg -357 558 102 565 -149 -350 0.002%%
SBP/mmHg -727 577 105 -9.42 -511 -690 0.000%%
Plbpm -140 607 111 -367 087 -126 0216
T DBP/mmHg -380 491 090 -563 -197 —124 0.000%
SBP/mmHg -747 7.2 130 -1013 -481 -575 0,000
Plbpm -193 1238 226 -9.56 ~031 -218 0037+
T DBP/mmHg -397 508 093 586 -207 -128 0.000%
SBP/mmHg -780 531 097 ~978 -582 -805 0.000%
Plbpm -003 747 136 -282 276 -002 0.981
T4 DBP/mmHg -200 530 097 -398 -002 -207 0.048%
SBP/mmHg -673 517 094 866 ~480 ~714 0.000%*
Plbpm -170 551 101 -376 036 -169 0.102
TS DBP/mmHg -130 464 0385 ~6.03 -257 -508 0.000°*
SBP/mmHg -677 504 092 865 —188 -735 0.000°*
Plbpm -073 605 111 -299 153 -066 0512
T6 DBP/mmHg -200 598 109 -423 023 -183 0077
SBP/mmHg -310 754 138 -592 -029 -225 0032+
Plbpm -067 531 097 -265 132 ~069 0497
7 DBP/mmHg -370 391 072 -5.16 -224 -5.18 0.000°
SBP/mmHg -690 798 146 ~9.88 -392 -474 0.000°
Plbpm -070 557 102 -278 138 -069 0497
T8 DBP/mmHg -523 426 078 ~683 -364 -672 0.000°
SBP/mmHg -690 626 114 -924 -156 -604 0.000°
Plbpm -293 510 093 —484 -103 -315 0,004
“N=240, 5= 30. DB, Diastolic blood pressure; SBP, Systolic blood pressure; P, Pulse. *p<0.05, *#p< 0.01.
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Controlling variables (4)

Holiday
Mean value ~3.050 2314 ~0.286 0246
Standard deviation (1.9049) (1.4798) (0.2608) (0.3266)
N 908 908 908 908

The polynomial of al the controlling variables selcts the 7th-degree term.
Standard errors in parentheses; ***, **, or * indicates significance at 1, 5, and 10% levels, respectively.

024155
(0.0863)
908
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Variables AQl

Optimal band 254874
Bandwidth ~20 ~62.65%
(31.2352)
234.874
Bandwidth —40 —62.57*
(33.6768)
214.874
Bandwidth +20 =55.40%*
(27.1427)
274874
Bandwidth +40 —48.58*
(25.2648)
294.874
Controlling variables Yes
N 908

Standard errors in parentheses; ***, *, or * indicates significance at 1, 5, and 10% levels, respectively.

PM,
219762
—37.02%%
(13.9579)
199762
~33.074
(14.6379)
179762
~35.08%5
(12.5516)
239762
34310
(11.9653)
259762
Yes

908

PMyo
244033
—90.03%

(46.7024)
224033
~85.83%
(505254)
204,033
~87.76%
(40.4291)
264033
-80.76%*
(37.6266)
284,033
Yes

908

SO;
216475
—21.36+4%
(6.8427)
196.475
—23.60%4%
(73329)
176.475
~15.09%
(6.1099)
236475
—1293%
(5.8244)
256475
Yes

908

NO.
197514
~30.00%*
(73732)
177514
25,904+
(7.9210)
157514
25,0955
(6.5421)
27514
235000
(6:2472)
237514
Yes

908

co
216022
—0.864%4%
(0.3071)
196,022
—1.038%4%
(0.3293)
176,022
~0640%
(0.2792)
236.022
~0.642%*
(0.2683)
256,022
Yes

908

199.422
29,044+
(4.2692)
179.422
23.58%4%
(44384)
159.422
218055
(3.9254)
219422
23.79%%
(3.8603)
29422
Yes

908
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Variable

~59.64%% ~37.25%8 ~90.73% ~18.60%+% ~27.31%%% ~0730%* 2554%%
(29.0452) (13.2026) (43.2939) (6.4465) (6.8763) (0.2912) (4.0542)
Controlling variables Yes Yes Yes Yes Yes Yes Yes
N 908 908 908 908 908 908 908

The polynomial of all the controlling variables selects the 7th-degree term; Standard errors in parentheses; **2, **, or * indicates significance at 1, 5, and 10% levels, respectively.
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Variable Descriptio Obs Me: Std. Dev. Min LENS
AQU Air quality index 908 89.684 36637 2 382
PM,5 Fine particulate matter 908 51.552 25.886 12 292
PM,, Inhalable particulate matter 908 117.263 67 22 977
S0, Sulfur dioxide 908 21187 12667 3 7
No, Nitrogen dioxide 908 44394 1641 11 114
Co Carbon monoxide 908 134 0.649 0.46 425
[o} Ozone 908 47.209 18975 7 140
h_temp Daily maximum temperature 908 17.664 101 38
Ltemp Daily minimum temperature 908 5567 9.109 -7 2
Wind ‘Wind force 908 3.064 0.245 3 4
Rain Precipitation 908 0219 0414 0 ]
Holiday Statutory holidays including weekends 908 0319 0.446 0 1

The above satistics are based on daily data. Precipitation and statutory holidays are dummy variables. Wind force values range between 3 and 4 according 1o the wind strength reported on that
day.
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Hypotheses Result

Hla  Green Space Justice positively affects psychological | Supported

responses

Green Space Justice positively affects physical
Hib i ARy Supported
activity

Hic  Green Space Ju

¢ positively affects mental health | Supported

Psychological responses positively affect physical

H2a Supported
activity
Psychological responses positively affect mental

H2b P e Supported
health

H3  Physical activity positively affects mental health Supported

Psychological responses mediate the relationship
Hia Supported
between Green Space Justice and mental health

Physical activity mediates the relationship between
Hab Supported
Green Space Justice and mental health

Green Space Ju

affects mental health through a
H5  chain mediation involving psychological responses | Supported

and physical activity

Blue Space Justice positively moderates the

Héa  relationship between Green Space Justice and Supported
psychological responses
Blue Space Justice positively moderates the

Heb  relationship between Green Space Justice and Supported
physical activity

Blue Space Justice positively moderates the
Héc  relationship between Green Space Justice and Not Supported

mental health
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Variable Mental Health Physical Activity ~ Psychological Response = Mental Health (Y)

(Y) (M1) (M2)
3.409**+ 32714+ 3.260%#* 3.409**+
(Intercept)
—0.023 —0.015 —0.016 —0.018
0.766%* 0.744%%% 0.827%%% 0.229**+
Green Space Justice (X)
—0.03 —0.02 —0.02 —0.045
0.160%#* 0.161%%% 0.164*%%
Blue Space Justice (W)
—0.019 —0.02 —0.025
Green Space Justice (X): Blue Space Justice 0.336%+* 0.341%%% 0.011
w) —0.025 —0.026 —0.035
Phy l A (M1) 0.319%#%
ical Activit
v 4 —0.068
Psychological R (M2) per
sychological Response
Y ¥ a —0.066
I3 0491 0707 0734 0679
Adj. R2 0.490 0.706 0733 0.677

Unstandardized regression coefficients are displayed, with standard errors in parentheses. *p<0.05, **p<0.01, ***p<0.001.
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Variable Effect Lower  Upper P

value

Mediation 1 0139 0,098 0191 <001
Mediation 2 0137 o1 0191 <001

0028 0013 0044 <001
Direct Effect 0314 0226 0392 <001
Total Effect 0619 0533 0704 <001
Mediation Proportion 1 0225 0.163 0308 <001
Mediation Proportion 2 0222 0.158 031 <001
Chain Mediation

0045 002 0074 <001

Proportion 3

Mediation Path 1: Green Space Justice — Physical Activity — Mental Health; Mediation
Path 2: Green Space Justice — Psychological Responses — Mental Healths; Chain Mediation
Path 3: Green Space Justice — Psychological Responses — Physical Activity — Mental
Health
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Unstandardized

coefficient
Green Space Justice — Psychological Response 0534
Green Space Justice — Physical Activity 0.42
Psychological Response — Physical Activity 0.161
Physical Activity - Mental Health 0327
Psychological Response — Mental Health 026
Green Space Justice — Mental Health 0314

#* indicates significance at the 0.001 level; ** indicates significance at the 0.01 level.

Standardized
coefficient

0.483
0.387
0.164
0.328
0.266
029

0.054

0.058

0.051

0.044

0.044

0,051

9.808

7.195

3024

742

5.969

6194
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Std  Min 25% 50% 75% Max

GSAF | 4398 6091 1 1 2 4 30
GSAT | 2122 1305 01 1 2 3 10
GSAD | 2030 152 002 1 15 3 6
GSE. 4266 | 0652 1 4 4 5 5
GSR 4263 | 063%6 2 4 4 5 5
€ 4271 0665 1 4 4 5 5
SE 2429 1027 1 2 2 3 5
SHL 3542 0888 1 3 3 4 5
SHS 1577 | 0965 1 1 1 2 5

PIDD 1619 0980 1 1 1 2 5
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Variable Junior high school High school
education or below  education or above

Isdisease  Health  Isdisease  Health

(1 (2) (3) (4)
bID —0.0257*+** 0.0338+%% —0.0119 0.0187
(0.0085) (0.0123) (0.0245) (0.0304)
0.0063 0.0457% —0.0004 0.1282%%
Married
(0.0151) (0.0241) (0.0483) (0.0616)
00125 00652 00168 01546
Male
(0.0586) (0.1083) (0.0839) (0.1170)
A =0.0001 0.0005 0.0050 0.0073
e
h (0.0008) (0.0014) (0.0044) (0.0090)
0.0220%** 0.0032 0.0225 —0.0303
Educated
(0.0045) (0.0062) (0.0228) (00276)
—0.0776*** 0.0412 —0.0046 —0.0828
cingdp
©00162) 0.0276) (0.0469) 00677)
0.0006 0.0006 —0.0015 0.0045
cggdp
(0.0010) (0.0014) (0.0025) (0.0033)
0.0037** —0.0065%** 0.0085* 0.0021
cratio2
(0.0016) (0.0025) (0.0043) (0.0063)
0.0017 —0.0074*** 0.0064 0.0009
cratio3
(0.0017) (0.0025) (0.0044) (0.0066)
Individual
Control Control Control Control
fixed effects
Year fixed
Control Control Control Control
effects
Sample size 77,774 78,817 10,825 11,016

R-square 00130 0.0009 0.0043 00039
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dex
GEI

AGFI

RMR
RMSEA
NF

IF1

CFI

Reasonable range
Goodness-of-Fit Index >08, reasonable; >0.9, good
Adjusted Goodness-of-Fit Index >0, reasonable; >0.9, good
Root Mean Square Residual <008, reasonable; <0.05, good

Root Mean Square Error of Approximation <0.08, reasonable; <0.05, good

Normed Fit Index >0, reasonable; >0.9, good

Incremental Fit Index >08, reasonable; >0.9, good

Comparative Fit Index 0.8, reasonable; >0.9, good

Result
0977
0966
0022
0029
0976
0991

0991

Good

Good
Good
Good
Good
Good
Good
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Variable type

Independent

variable

Moderating Variable

Mediating Variables

Dependent Variable

Latent variable

Green Space Justice

Blue Space Justice

Physical Activity

Psychological

Responses

Mental Health

Observed variable

Green space diversity (GSD)

Green space availability
(GSA)

Green space equity (GSE)

Green space accessibilty
(GSC)

Blue space diversity (BSD)

Blue space availability (BSA)

Blue space equity (BSE)

Blue space accessibility
(BSC)

Green space activity distance

(GSAD)

Green space ac

ity
frequency (GSAF)

Green space activty times
(GSAT)

Green space satisfaction
(GSS)

Green space enjoyment
(GSE)

Green space relaxation
(GSR)

Self-esteem (SE)
Self-harm severity (SHS)

Self-happiness level (SHL)

Psychological illness

diagnostic degree (PIDD)

Question item

Number of different green spaces accessible within
the buffer

Green space coverage area within the buffer

Ratio of green space coverage area to community area

within the buffer

Distance from each community centroid to the
nearest green space

Number of different water bodies accessible within
the buffer

Blue space coverage area within the buffer

Ratio of blue space coverage area to community area
within the buffer

Distance from each community centroid to the
nearest water body

How far is the distance from your home to the urban

green space you often visit?

How many times do you

month?

How many hours do you usually spend in nearby
green spaces each visit?

How satisfied are you with the green space

environment?

How does the green space environment affect your

emotions?

How does the green space environment affect your

stress levels?
Have you recently felta lack of self-worth?

Have you recently had suicidal thoughts or engaged

in self-harm behavior?
Have you recently elt quite happy?

Have you recently been diagnosed with psychological

disorders such as anxiety, depression, or OCD?

nearby green spaces per

 Very

(Very dissatisfied =
satisfied=5)

(Very unhappy=1, Very
happy=5)

(Very stressed=1, Very
relaxed=5)

(Strongly disagree=1, Strongly

agree=5)
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The connotation of city

tourism

The specific content of city
tourism

Four-fold meaning

Sightseeing tours, leisure and
entertainment, business meetings, and
special events

Quadruple area

Historical and cultural districts,
fashionable entertainment districts,
characteristic business districts, and
natural game districts

Quadruple Gravity

Business attraction, landscape
attraction, event attraction, and idea
attraction

Quadruple Environment

Service environment, information
environment, traffic environment, and
‘management environment

Four important elements

Natural background, history and
culture, modern architecture, and social
economy

Quadruple Industry

The culture and sports industry,
catering and entertainment industry,
and commerce transportation industry

Quadruple Market

Citizens, regional markets, domestic
markets, and international markets

Quadruple Scale

Community, city, suburb, and area
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Full-text articles excluded
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Fulltext articles assessed for Reasons:
eligibility + No focus on mental health
= (=37
(n=419) + Excluded publication type
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+ Additional intervention
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New generation Old generation

P-value Coefficient Star.|‘davd
error error

Variable
Coefficient SEmEER

P-value

Demographics characteristics
Gender (reference group: female)

Male =0.158 0.175 0367 —0.054 0.172 0.752
Education level (reference group: primary school and below)

Junior high school, senior high school,technical
0.043 0313 0.890 0.089 0.168 0.596
secondary school

Bachelor degree or above 1.008* 0.400 0012 2033% 0.946 0032
Father's household registration type (reference group: agricultural registered permanent residence)

Non-agricultural registered permanent residence ~0627 0419 0134 0397 0414 0338
Political outlook (reference group: non-party members)

Membership of the Communist Party of China ~0045 0376 0.905 0.236 0.644 0714

Marital status (reference group: unmarried/divorced/widowed)

Married ~0067 0202 0741 0.274 0501 0.584
Number of family members 01224 0.044 0.005 o+ 0.048 0.022
Self-rated health ~0.146 0120 0.225 ~0.125 0.09 0.163
Annual household income 0.000% 0.000 0.008 0,000 0.000 0.060
Mobility

Number of migrations ~0066 0.060 0.269 ~0.156% 0.059 0.009

Parents' mobility experience (reference group: none)

Yes =0.067 0.181 0713 —0.432% 0.256 0.092
Reasons for mobility (reference group: work-study mobility)

Matrimonial migration 0.176 0.295 0550 0711% 0.300 0.018
Demolition and moving flow 0.164 0.591 0.781 —0.449 0523 0.391
Urban environment (built environment and social environment)

Social environment

Number of friends 0.026% 0010 0,008 0.007 0.008 0328
Community trust degree 0.002 0.109 0.984 0.095 0.087 0.273
Participation in community organization o030 06 st oo oate 01
activities

Community security ~0032 0020 0114 0.146 0020 0.468
Built environment

Urbanization rate ~3505 4120 0395 ~9.860* 5.047 0.051
Population density 0,000 0.001 0932 0.001 0.001 0.132
POI number per 10,000 people 0.001 0.001 0.184 0.001 0.001 0335
Land use situation -2423 5539 0.662 -10.078* 5.445 0.064
Per capita GDP. 0,000 0.000 0753 0.000% 0.000 0.047
Green coverage rate. ~1143 10225 0911 19.682* 9.599 0.040
Annual average concentration of PM2.5 ~0.065 0.062 0.295 0.094 0.066 0.154
Number of hospitals and health clinics 0.005% 0.003 0,094 ~0.004 0.003 0.121
Constant 7.231 4376 0,098 -3.947 3.665 0.282

€55 <001, *#p<0.05, *p <0.1.
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Coefficient

Demographics characteristics
Gender (reference groups: female)
Male —0.100

Education level (reference group: primary school and below)

Junior high school,senior high school,
0097

and technical secondary school

Bachelor degree or above 12995+

Father's household registration type (reference group: agricultural registered permanent residence)

Non-agricultural registered permanent

residence oo
Political outlook (reference group: non-party members)

Party member 0029
Marital status (reference group: unmarried/divorced/widowed)

Married =0.077
Number of family members 0.126%**
Self-rated health status 0092
Annual household income 0.000%
Mobility

Number of migrations —0.118%*
Parents’ mobility experience (reference group: none)

Yes 0195
Reasons for mobiliy (reference group: work-study flow)

Matrimonial migration 0.587%%
Demolition and moving flow -0.223

Urban environment (urban built environment and social environment)

Social environment

Number of friends 0013*
Community trust degree 0050
Pam.u‘palinn in community organization o
activities

Community security ~0.006
built environment

Urbanization rate ~8.004*
Population density 0.001%
POI number per 10,000 people 0.001
Land use situation -9.307%
Per capita GDP. 0,000
Green coverage rate 14,933
Annual average concentration of PM2.5 0053
Number of hospitals and health clinics 0,000
Constant -1332

#5p <001, *¥p <0.05, *p <0.1

Total sample

Standard error

0121

0.140

0287

0295

0337

0184
0,032
0,070

0.000

0.043

0.146

0.209

0.401

0.006

0.069

0.058

0.014

3188
0.000
0.001
3711
0.000
6.680
0.045
0.002

2684

0411

0.489

0.000

0715

0931

0674

0000

0.189

0004

0006

0.182

0005

0578

0040

0471

0661

0792

0011

0037

0113

0012

0203

0025

0238

0.803

0620
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Demographics characteristics

Generational type

Hukou status

Political affliation

Marital status

Parental migrant experience

Settlement intention

#5p <001, *¥p <0.05,*p <0.1

Old generation (before 1980)
New generation (after 1950)
agriculture

non-agricultural

Member of the communist party
Non-communist party member
Unmarried

Married

No

Yes

235

268

235

280

256

234

230

262

237

Settlement intention

T-value

-2.727

~0.996

~1.203

1381

—2013

0.007*

0320

0.230

0171

0.045*
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Urbanization rate
(%)

Population
density (persons/
km?)

Number of POI
(10,000 persons/
unit)

Land use
intensity (%)
GDP per capita
(yuan)

Green space
coverage (%)
Annual average
Concentration of
PM2.5 (ug/m’)
Number of

hospitals

86.06

1897.77

817.59

1680

141933

4180

36.1

273

Foshan

94.95

12404

813.52

418

115891

40.96

385

115

Zhaoqing

46.08

27430

365.08

0.80

51178

3651

375

Shenzh

5689.45

1041.16

4622

167411

4511

271

136

89.14

3358.29

117515

40.08

82682

47.67

353

89

69.05

42100

645.12

231

71605

42.94

269

Zhuhai

88.80

917.76

93995

814

134548

47.74

26

53

Zhong
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88.20

176138

123842
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Periodic market travel modes

Variables Categorizations . Non-motorized Motorized
Walking 7 §
vehicle vehicle

Female 24(6.2%) 99 (25.6%) 54(14.0%) 50 (129%) 227 (58.7%)
Genders

Male 8(2.1%) 58 (15.0%) 74(19.1%) 20(5.2%) 160 (41.3%)

Below 40 4(1.0%) 40(10.3%) 38 (9.8%) 1(03%) 83 (21.4%)
Age 40-59 112.8%) 70 (18.1%) 56 (14.5%) 16 (4.1%) 153 (39.5%)

60and above 17 (4.4%) 47(12.1%) 34 (3.8%) 53(137%) 151(39.0%)

Spouse-less 17 (4.4%) 44 (11.4%) 23 (59%) 39(10.1%) 123 (31.8%)
Marital status

Spousal 15 (3.9%) 113 (29.2%) 105 (27.1%) 31(8.0%) 264 (68.2%)

Uneducated 9(23%) 10(2.6%) 5(1.3%) 18 (4.7%) 42(109%)

Primary school 14(3.6%) 66(17.1%) 32(83%) 37(9.6%) 149 (38.5%)
Educational level Middle school 7(1.8%) 59(15.2%) 35 (9.0%) 11 (2:8%) 112 (289%)

Senior high school 2(05%) 17 (4.4%) 48 (124%) 3(0.8%) 70 (18.1%)

University and higher 0(0.0%) 5(1.3%) 8(2.1%) 1(03%) 14(3.6%)

Unemployed 14.(3.6%) 44 (11.4%) 16 (4.1%) 42 (10.9%) 116 (30.0%)
Employment status

Employed 18 (4.7%) 113 (29.2%) 112 (28.9%) 28(7.2%) 271 (70.0%)

RMB 2,000 and below 9(23%) 14(3.6%) 5(1.3%) 22(5.7%) 50 (129%)
Monthly household
. RMB 2,000-5,000 13 (3.4%) 53(13.7%) 29(7.5%) 20(5.2%) 115 (29.7%)
income

Over RMB 5,000 10 (2.6%) 90(23.3%) 94(24.3%) 28(7.2%) 222(57.4%)

10min o less 2(05%) 26 (6.7%) 42(109%) 3(0.8%) 73(18.9%)
Time from hometo | 10-20 7(1.8%) 115 (29.7%) 82(212%) 29(7.5%) 233 (60.2%)
periodic market 20-30 7(1.8%) 14(3.6%) 4(1.0%) 24(6.2%) 49 (127%)

Over 30min 16 (4.1%) 2(0.5%) 0(0.0%) 14 (3.6%) 32(8.3%)

Non-shopping 103%) 10(2:6%) 4(1.0%) 9(23%) 24(6.2%)
Purpose of the fair

Shopping 31(08%) 147 (38.0%) 124 (32.0%) 61(15.8%) 363 (93.8%)

Total 32 (83%) 157 (40.5%) 128 (33.1%) 70 (18.1%) 387
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Explanation of variables

Likelihood of experiencing
unemployment in the next five years
Likelihood of experiencing crime in the
next five years

Likelihood of experiencing a terrorist

attack i the next five years
Community safety
Likelihood of consuming fake medicines

or shoddy food in the next five years

Likelihood of being exposed to an
infectious disease in the next five years.

Likelihood of experiencing environmental

pollution problems in the next five years

the

Frequency of participatio
activities of neighborhood committees
Erequency of participation in activities of
social work organizations
Erequency of participation in activities of
owners' committees
Frequency of participating in activities of
leisure/entertainment/sports clubs/
salons, etc.

_— Erequency of participation in activities of

Community participation

learning/training organizations

Participation in activities of hometown

associations

Participation in activities of clansmen

organizations
Participation in activities of public
welfare/social organizations/volunteer
groups

Frequency of participating in activiies of

religious organizations
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Parking area
*Establishment
of parking area
*Regulation
management

Bus service
*Increase in frequencies
*Direct to market

*Speclﬂl bus *Strategic

Distance

site planning

Functional zoning
High traffic volume

*Dedicated non-motorized
Lane

*Dedicated Sidewalks.
Low traffic volume

*Integration of sidewalks and
non-motorized lane

*One-side sidewalks and non-
motorized lane.
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Effect uLcl
relationship

“Total effect 0597 0458 0.737
Direct effect 0349 0232 0.466

Indirect effect 0248 0138 0375

Efficiency

ratio

58.49%
4151%
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oud

New
generation

Characteristics Total generation
Number of samples 483 270

Age mean/SEE. (years) | 38.48/10.61 146.41/6.34
Gender (%)

Male 4431 48.89
Female 5569 sl

Education (%)

Primary school and 2629

4037
below
Middle and hi 68.12

58.89
school
College and above 559 0.74
Hukou status (%)
Local 476 460
Nonlocal 95.24 95.40
Political affliation (%)
Member of the 31

148
communist party
Non-communist par 96.89

pary 9852

member
Marital status (%)
Married 8675 97.41
Unmarried/divorced/ 1325

259
widowed
Self-assessed health status (%)
Very unhealthy 041 074
Quite unhealthy 600 9.26
Normal 2981 3370
Healthy 4410 3815
Very healthy 1967 18.15
Family annual income (%)
0-25,000 RMB, 1263 1741
25,000-50,000 RMB 3188 2852
50,000-100,000 RMB 3747 3778
100,000-200,000 RMB 1532 13.70
200,000 RMB and 269

259

above

213

28.54/5.04

38.50

6150

845

79.81

1174

498

95.02

516

1.88
2488
5164

2160

657
36.15
37.09

1737

282
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Models

Variables
Indicators
Perceived landscape type
Pro-social behavior

R

Resq

F

#4p <0.001.

Model 1 Model 2
Perception restorative Pro-social behavior
] t /] t
0.597 8.436%** 0318 A5
0.462 0333
0.214 0.111
FLITL™ 32.661%**

B
0.349

0780

Model 3

Perception restorative

i
5,876+
12520%%%
0713
0.509

1352517
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andscape type

perception

Perception
restorative

Pro-social
behavior

Landscape type
perception
Perception restorative
Pro-social behavior

#4p <0.001.

31

4638

3523
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7.481

5531
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1
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Pro-social
behavior

Perception

restorative

Perception
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+4p<0.001.

Pathway Estimate

relationships

- Landscape 0382
type
perception

- Landscape 0241
type
perception
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0.08

0088

0.146

4751

4.039
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Parameters Before During ttest

inhalation inhalation

HR (beats/min)  7425+1081 721581423 1292 0.204
SBP (mm Hg) 103981211 | 1025741268 1663 0.103
DBP (mm Hg) 6819935 65954829 | 2497 | 0016%
Pulse (bpm) 766341202 72024991 4265 | 0000%%
$p0; (%) 97342090 97484103 -1000 0322

Heart rate (HR); Systolic blood pressure (SBP); Diastolic blood pressure (DBP); Blood
oxygen saturation (SpO;). Values represent the mean:+ SEM. *Significant difference

(+p<0.05, *+#p<0.001).
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Dimensionality Peacefulness =~ Naturalness  Spatiality Social Remoteness Extensibility Charming Compatibility Social Reciprocity  Public labor  Social

virtual
Peacefulness 1
Naturalness 07140 !
Spatialty 0707+% 0660°* 1
Soci 0601+ 0588+ 07020+ !
Remoteness 041300 03700 03970% 03s10% 1
Extensibility 03327+ 0289 0368 04130 0670 1
Charming 0327+ 03150+ 0360°* 02580 06430 06450 1
Compatibilty 0327+ 0291+ 0364+ 02780+ 0635+ 0626 07115 1
Social reciprocity 02220 01780 02580 0309°% 04750 05540% 0515%% 04740 1
Public labor 01520 0.149% 0236 0284+ 0406 05020+ 0410%% 04720 0598+ !
Social moralty 02950+ 02150 02740 0220 04760 0450 04490 03620 0.406%* 039200 1

#*At the 001 level (two-tailed), the correlation is significant; *Significant at the 0.05 level (two-tailed).
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Landscape 95% C.

ype LL

Green space 156 | 3963 | 0585 0047 3870
Blue space 71 379 0555 0066 | 3658
Gray space 19 3.632 0.878 0.201 3.208
Movement space 18 3.556 0.729 0.172 3.193

Total 264 3865 0623 0038 3789

uL
4055
3921
4055
3918

3.940
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quantitative
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qualitative
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Indice  Site Before During  ttest P

inhalation inhalation value
(pv3/Hz) (pv3/Hz)

AB p7 1051£0.549  0313:0194 2381 0022*

Fpl | 057740292 | 044830344 2206 0.033*
Fp2 | 046240326 | 0316%0.183 2402 0021%
B 050140562 0.311£0.176 21 0.042%
F4 047340470 0298+0179 2305 0.027%
3 0566£0.672 | 0312£0175 2392 0022%

C4 046140326  0305:0178 2911 0006**

P3 05010341  0363£0259 2065  0046%
P4 047940321 0330£0226 26 0.013*
AG
P7 0544%0437 031620197 313 0003
P8 048340337 034620248 2393 002*
Fz 040080283 | 0289+0063 2313 0.026*
Cz | 042040288 029720173 2503 0017
Pz 048980327 | 032740208 275 0009**
AFz 037840274 0271%0164 | 2228 0032*
CPz | 042680291 | 0294%0074 2601 0.013*
POz 062740533 0399+0359 2236 0031
Fpl | 07710447 | 059920291 | 2237 0031
Fp2 079480430 0.600£0260 2508 0016*
F3 0870+0.59  0668+0296 | 2274 0.029*
F4 087550529 | 0673:0317 | 2206 0033
C3 | L0090731  0728%0346 2321 0026%
C4 092580469 | 073420350 2267 | 0029%
P3 0998:0512  0802:0384 | 2065 0046
AHB F7 0771%0567 | 05640315 | 2145 0.038*
T7 170882017 | 1212#1401 1244 0221
P7 08910595 060580303 257 004*
P8 08570495  0.674+0424 2098 0042%
Fz 087610446 | 071040325 | 2132 0039
Cz | 093210466  0756+0368 2111 0041%
AFz 076640416 06180297 | 2065 0.046%
POz | 1084£0.625 082320446 225 0.03%
Fpl 077180447 | 211520917  —901 | 0000%%*
Fp2 07930430 | 216720931  -8.672  0.000%**
F3 0890£0.594 | 2317£0875 8733 00004
F4 087550528 | 2327+0893 9106  0.000°%*
RT C3 L009£0.730 | 2081£0827  -6049  0.000°%*
C4 092420468 | 2058+0836 7595 0.000°%*
P3 09970511 16590747  —4863  0.000%%*
P4 09850511 16580716  -5415  0.000%%*
O 191251594  0.942£0518 3731 | 0.001%%
02 2065:0842 0990564 6175 00007
Fo 149550577 | 252905 ~5268  0.000%%*
Cz | 08170398 23730871 9621 0.000%**
Pz 0811:0448 | 1818£0793 | —6287  0.000°%*
AFz 177940761 | 239240924 | -2781 | 0008**
RG C3 029580202 021920047 2049 | 0047%

C4 028840181  0213:0.144 2208 0.033%

AB, high beta; AG, absolute gamma; AHB, absolute high beta; RT, relaive theta; RG, relative
samma. Values represent the mean +SEM. *Significant difference (*p<0.05, **p<0.01,
*¥2p20.001).
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5! Component  Retention Formula Peak

number time (min) area

(%)
1 a-Pinene 853 CioHie 13.74
2 p-Pinene 9.98 CioHys 11.89
3 @ Terpinene 143 CuaHus 379
4 p-Cymene 172 Cuo 13.63
5 1,8-Cineole 11.96 CiHi 0 531
6 y-Terpinene 1297 CioHie 929
7 “Terpinolene 14.03 CioHie 231
8 Camphor 1607 CoHi® | 3228

9 Terpinen-4-ol 1725 Ciol0 264
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Indices

AT
AA
AB
AG
ASA
AFA
ALB
AMB
AHB
RT
RA
RB
RG
RSA
REA
RLB

RAHB
SEF50
SEF90

ASEF.

EEG power spectrum indicators

Absolute theta power spectrum
Absolute alpha power spectrum
‘Absolute beta power spectrum
Absolute gamma power spectrum
Absolute slow alpha power spectrum
Absolute fast alpha power spectrum
Absolute low beta power spectrum
‘Absolute mid beta power spectrum
‘Absolute high beta power spectrum
Relative theta power spectrum
Relative alpha power spectrum
Relative beta power spectrum
Relative gamma power spectrum
Relative slow alpha power spectrum
Relative fast alpha power spectrum
Relative low beta power spectrum
Relative mid beta power spectrum
Relative high beta power spectrum
Ratio of SMR to theta

Ratio of mid beta to theta

Ratio of (SMR ~ mid beta) to theta
Ratio of alpha to high beta

Spectral edge frequency 50%

Spectral edge frequency 90%

Spectral edge frequency 50% of alpha spectrum band

EEG power spectrum
indicators (Hz)

48
8~13
13~30
30~50
$~11
n~13
12~15
15~20
20~30
(4~8)/(4~50)
(8~13)/(4~50)
(13~30)/(4~50)
(30~50)/(4~50)
(8~11)/(4~50)
(11~ 13)/(4~50)
(12~15)/(4~50)
(15~20)/(4~50)
(20~30)/(4~50)
(12~15)/(4~8)
(15~20)/(4~8)
(12~20)/(4~8)
(8~13)/(20~30)
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Reliability statistics
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Dimension

ality interpretatiol

Green space
perception
Scale

Perceived

restorative scale

Pro-social
behavi

Peacefulness

Naturalness

Spatiality

Social

Remoteness

Extensibiity

Charming

Compatibility

Social reciprocity

Public labor

Social morality

Peaceful, undisturbed, clean and cozy.

A wild, nature-like environment where flora and fauna grow naturally and where

there is a rich diversity of plants, animals and insects.

Includes both openness and seclusion, with open and coherent spaces where you can

move around freely, and closed spaces with a certain degree of seclusion.

People can gather here for chats, societies, sports or other recreational activitis.

Feeling able to escape from a state of fatigue or stress.

“The space has enough content for people to el that they are escaping from stress.

‘The environment is perceived as interesting and captures peoples attention.

Surroundings are consistent with people’s preferences and activities.

Giving benefits to the other party while also receiving benefits from the other party.

Participation in public service, unpaid labor.

A code of behavior agreed upon by people living in a society for the benefit of the

group.

1 1tis quiet and cozy.
2.Itis not disturbed by too many people.
1. There is a sense of being in the midst of nature.

2. There is a rich diversity of plants, animals and insects.

1. There are spaces made up of plants where people can move around,
2.Itis relatively safe, private, and enclosed, so you can watch others play or move around on your own.
1.1tisa place for socializing, such as eating, chatting, playing sports and having fun.

2. There is a strong campus culture here.

1. Being here can bring me a fecling of being away from the hustle and bustl.

2.The environment here can help me relax my tight mood.

3.1do not fecl constrained in my study and daily life here.

1. The environment here is in harmony with the surroundings.
2. The environment here can make me extend memories or associations.

3. The scenery is well designed.

1. The environment here has attractive qualities.
2. There is much to explore and discover here.

3.1 would want to spend more time doing activities here.
1.1 can do the things I like to do here.

2.1 can get a sense of belonging here.

3.1 can adapt to the environment here very quickly.

1.1 prefer to confide in each other's emotions with friends in a natural setting.
2.1 would be willing to co-operate with others in a natural environment o complete an activity.

3.1 would be more willing to help people in need in a natural environment.

1.Twould be willing to take an active part in the waste separation campaign organized by the school.
2.1.am willing to complete public welfare practical labor (e.g, planting trees, spreading knowledge,etc.)
in the natural environment.

3.1.am more willing to join school clubs and organizations that carry out activities in the natural
environment.

1.1 will not litter in the natural environment.

2.1 will consciously maintain the public facilities on campus.

3. Twill consciously follow the school’s environmental guidelines.
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Gender

Age

Education

Occupation

Frequency of visits

to the park

Time spent on site

<Bachelor
>Bachelor
‘Manual labor
Mental work

<2times

>3times

Grass—P| Sky—PRS
0.148+% ~0.126
0.176%%% ~0300%
0173 -024
0141+ ~0.185
0217455 ~0226
o) ~0.234
0.195%% ~0298
0122 ~0425%
0127+ ~011
0,196+ ~0.429%
[ ~0115
0187455 ~0289%

Water—PRS

0.130%

0.061

01125

0.091%

0136+

0038

0.103

0.06

0.079%

0.089%
0.108%

0.069*

Tree—PRS

0310¢

0.067

0.163

0201

0.267%

0082

003

0114

0.256*

0.035
0316
0.097

Shrub—PR

0.036
0.067
0112
003

0.008
0,097
0013

0.075

0.092

~0.007
0.083

0.033

Ground—P|

0.008
0055
0.04

0019
0012
0045
0,089

0.003

0.003

0.065
006

0011

Bui
~0.310%%+
~0.311%%F
0,296+
—0.323%%%
-0.279
-0.339
—0.422%%%

—0415%%*

—0.343%%%

—0.274%5
—0.204%5%

~0.319%%*
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Variables  Options Frequency  Percentage

Under 18years 7 270%
old
Age 18-25 years old 236 89.40%
26-35 years old 21 8.00%
Male 73 27.70%
Sex
Female 191 7230%
Science and 87 3300
Engineering
Liberal Arts 121 45.80%

Specialty Art 56 21.20%
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Gender

Age

Education

Occupation

Frequency of visits o the park

Time spent on site

<Bachelor
>Bachelor
‘Manual labor
Mental work
<2 times
>3times

<60 min

261 min

Grass—
0.276*
0171445
0.280%+%
0.162¢
0305%+%
0.150¢
0248
0129
0209
0263
02915

0.187%%

Sky—E:
0244
0.016
0.168
0.088
0.024
0257

-0.016
05330
0.083
0129
0.106

0151

Water—ES

0.476%%%

0,386+
0325+

0.456%%+
0.497%%%
03817+
0.497%%%

015

0.437%%%
0.452%%%
044175

0438+

Tree—ES
0680%+%
0.458%
0691%+%
0441+
04847
0671755
046
0.660%+*
0.427%
0.626%*
0.553*

0.573%%%

hrub.
~0308%
~0.098
~0322%%%
~0.063
~0.177+%
~0221%%%
~0.247+%
~0.279%*
~0076
~0309%5
~0192%

~0.200%+*

Ground—
0.101
0112

0.175%%
0.082
0,168+
0.08
0118
0.104
0.098
0.191%

0.156

Buildings—ES
0023
~0.057
0.120
~0.088
0,025+
~0.043%5
~0.004
0.109
~0.123%

0.091

0017
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Typology Sample photos Characterization

Over 75% green coverage, dominated

by large lawns and tall trees.

Green space

‘The landscape is mainly open water,
accompanied by some plantings and
waterfront facilities, and is relatively

Blue space
quiet.

Predominantly hard-paved sidewalks
with more resting seating and a small

amount of plantings.
Gray space

‘The sports facilities are varied and are
Movement space
mainly lawn with a few trees.
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Dependent

Sound source type x Landscape characteristics — ES
Sky x Building — Es

Sky x Pavement— Es

‘Tree x Building — Es

Tree x Pavement— Es

Grass x Building — Es
Grass x Pavement — Es

Water x Building — Es

Water x Pavement — Es

Shrub x Building — Es

Shrub x Pavement — Es

‘Sound source type x Landscape characteristic — PRS
Sky x Building — PRS

Sky x Pavement — PRS

Tree x Building — PRS

Tree x Pavement — PRS

Grass x Pavement — PRS.
Water x Building — PRS.
Water x Pavement — PRS
Shrub x Building — PRS

Shrub x Pavement — PRS

V;

0739
0733
0.699
0839

~0.038

~0.103
0242

~0.298
0075

-0.123

0154
-0622
016
~0.603
0249
~0.144
0041
0076
0145

~0.087

Bolded values indicate statistically significant results at the p < 0.05 level.

se

0.269

0245

0262

0244

0119

0.043

0.074

0.083

0.082

0.057

0.193

0.166

0.188

0.162

0.084

0.032

0.043

0.035

0.073

0.049

2753

2995

2,665

3438

0315

2404

3291

3589

0922

2149

0.796

3743

0.855

3733

297

4535

0.965

2198

199

1767

0.006

0.003

0.008

0.001

0753

0.016

0.001

0.000

0357

0,032

0426

0.000

0393

0.000

0.003

0.000

0335

0.028

0.046

0077
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Introduction and

Physiological measurements
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POMS test

Physiological measurements
POMS test

/ Preparation Pre-test Post-test Wrap up
EEG recording
AdIDme Install devices Exposure to Exposure to Remove devices
environment
normal air C.camphora
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Path of mediati

Building — Es — PRS
Pavement — Es — PRS

Sky = Es = PRS.

Sky - Building — Es

Sky - Building — PRS

Sky — Pavement — Es

Sky — Pavement — PRS

Sky - Building — Es — PRS
Sky — Pavement - Es — PRS
Tree — Es — PRS

Tree — Building — Es

Tree — Building — PRS

Tree — Pavement — Es

Tree — Pavement — PRS

Tree — Building — Es — PRS
Tree — Pavement — Es — PRS
Grass — Es — PRS

Grass — Building — Es

Grass — Building — PRS
Grass — Pavement — Es

Grass — Pavement — PRS
Grass — Building — Es — PRS
Grass — Pavement — Es — PRS
Water - Es — PRS

Water - Building — Es

Water - Building — PRS
Water — Pavement - Es
Water — Pavement — PRS
Water - Building — Es — PRS
Water — Pavement - Es — PRS
Shrub — Es — PRS

Shrub — Building — Es

Shrub — Building — PRS
Shrub — Pavement - Es
Shrub — Pavement — PRS
Shrub — Building — Es — PRS

Shrub — Pavement — Es — PRS.

B
~0.046
0023
0092
~0.231
0208
0.002
~0.003
~0.048
0.000
0171
-031
0279
0017
~0.024
~0.064
0.003
0.044
~0.032
0029
~0.062

0.087

~0013

0037

-0.022

0.02

~0.059

0.082

~0.005

~0012

-0023

-004

0.036

~0.009

0013

~0.008

~0.002

Bolded values indicate statistically significant results at the p < 0.05 level.

se

0031

0015

0044

0.06

0036

0.01

0012

0015

0002

0047

0077

0073

0013

0014

0019

0.003

0018

0011

001

0.04

0034

0.003

0009

0021

0014

0012

0037

0029

0.003

0.008

0013

0011

0011

0.007

0.006

0.003

0002

3509

1473

2085

3867

3705

0224

0242

3221

0219

3658

4011

3822

1315

167

3332

1249

2415

2843

2778

1571

2595

2582

1474

1767

1625

1632

1572

2831

1505

1464

1707

3619

3397

1317

2142

3.089

1238

0.000

0141

0.037

0.000

0.000

0823

0.809

0.001

0826

0.000

0.000

0.000

0.189

0.095

0.001

0212

0016

0.004

0.005

0.116

0.009

0.01

0141

0.077

0.104

0.103

0.116

0.005

0132

0.143

0.088

0.000

0.001

0188

0.032

0.002

0216
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Dependent Direct effect Total indirect effect

3 P t P

Building -0.224 0.052 3.402 <0.001 [-0.273,0.33]
Pavement 0111 0.07 1575 0.115 [~0.029,0.246]
Sky 0.447 0.195 2284 0.022 [0.076,0.832] =0273 0.141 1.943 0.052 [~0.553,0.000)
Tree 0.832 0.187 4462 <0.001 [0.487,1.214] —0519 0.184 2815 0.005 [-0.894, -0.171]
Grass 0215 0.087 2466 0.014 [0.045,0.382] —0.119 0.047 2529 0.011 [-0.21, -0.027]
Water 0.181 0.092 1975 0.048 [0.000,0.361] —0.081 0.04 2013 0.044 [~0.16, -0.003]
Shrub =0.11 0.065 1.693 0.091 [0.238,0.018] 0.119 0.031 3.852 <0.001 [0.06,0.182]
PRS ES 0206 0031 | 6515 <0001 [0.44,0268]
(R'adj=0.643) | puilding ~0202 0052 3892 <0001  [-03060.101]  -0.046 = 0031 3509  <0.001  [-0.067,0.032]
Pavement 0155 0054 2867 0004 | [-0267-0053] 0023 0015 1473 0141 [-0.0060055]
Sky 0084 | 0124 0676 0499 [<03170172]  -0261 | 0104 | 2514 0012 [~0.47, ~0.062]
Tree 0.297 0.13 2288 0.022 [0.052,0.557] 0212 012 1771 0.077 [-0.031,0.437]
Grass —0.169 0.055 3.055 0.002 [~0.281,-0.06] 0.044 0.039 1121 0.263 [~0.03,0.126]
Water 0.274 0.048 5.694 <0.001 [0.186,0.374] 0.123 0.038 3.268 0.001 10.054,0.203]
Shrub 0.055 0.044 1238 0216 [~0.031,0.144] 0.269 0.029 9.405 <0.001 10.213,0.325]

Bolded values indicate statistically significant results at the p < 0.05 level.
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PRS BA
PRS Comp
PRS Ext
PRS Fa

0723
0437
0415
0363

0.387

PRS_BA

0944
0946
0827

0954

PRS_Comp

0.854

0.878

0.847

PRS_Ext

0849
0715

0857

PRS_Fa

083

0761

ES]

0.808
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The The

Garden of

axi voids exile
Interested 225 236 399 4.06
Distressed 375 246 3.12 1.61
Excited 2.08 262 2.82 3.66
Upset 3.44 272 3.86 1.70
Strong 2.26 2.18 2.80 3.49
Guilty 1.97 1.70 1.93 1.38
Scared 371 2.89 3.07 1.68
Hostile 2.99 2.54 271 1.61
Enthusiastic 1.83 2.07 2.07 371
Proud 1.80 2.26 1.73 3.17
Irritable 2.75 231 249 1.56
Alert 4.13 2.99 372 2.44
Ashamed 1.57 1.54 1.43 145
Inspired 1.99 247 233 3.59
Nervous 3.94 325 329 191
Determined 2.63 293 3.09 3.95
Attentive 2.98 2.73 3.95 3.96
Jittery 3.68 2.53 3.36 1.71
Active 2.12 2.64 2.67 4.02
Afraid 3.80 2.10 333 1.56

Scores are based on a scale where 1 indicates “very slightly or not at all” 3 signifies

“moderately” or “somewhat.” and 5 denotes “extremely”.
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{1 Anhui University(AHU),Qingyuan Campus

Distribution of the study area

|2 university of Science and Technology of China(USTC), East Campus

|3 HeFei University of Technology (HFUT)

tunxi Road Campus.

[0 Greenspace
[0 Blve space
[0 Gray space
[] Movement Space
[0 building
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Hefei City Administrative Map
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Reflective Components /
Constructs and Items

Convergence validity

Factor loading

505

StepI: The first-order reflective components and nidimensional constructs were assessed..

Perceived restorativeness (PRS)
PRS_Fascination (PRS_Fa)
PRS_Fal

PRS_Fa2

PRS_Fa3

PRS _Fad

PRS_Fa5

PRS_Fa6

PRS_Fa7

PRS _Being-Away (PRS_BA)
PRS_BAI

PRS_BA2

PRS_BA3

PRS_BA4

PRS_BAS
PRS_Compatibility (PRS_comp)
PRS_Compl

PRS_Comp2

PRS_Comp3

PRS_Compd

PRS_Comp5

PRS _Extent (PRS_Ext)
PRS_Extl

PRS_Ext2

PRS_Ext3

2. Emotional state (ES)
ES_A

ES B

ES.C

ES_D

ESE

ESF

ES.G

ES_H

ES1

ESJ

Step IT: The second-order reflective components.
Perceived restorativeness (PRS)
PRS_Fa

PRS_BA

PRS_Comp.

PRS_Ext

0789

0745

0781

0774

078

0777

0752

0.785

0.804

0821

0801

0816

0.788

0841

0.806

0.789

0788

0613

0.682

0752

0.736

0763

0791

0744

0744

0745

0649

0.679

0.694

0677

0944

0941

0942

0856

505

0653

0729

072

0.689

0523

0849

Consistency reliability
Cronbach'’s a

506

0921

0907

0903

0775

0.898

094

rho_A

506

0912

0907

0903

0782

0901

0949

<5

222

2292

2245

2436

2164

2356

2221

2257

2424

255

2731

2896

2575

3164

2461

2585

219

1748

1666

1554

2076

2072

2238

1954

2031

1856

1652

1762

1724

1692

4985

4254

4489

2531
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Being-Away

Fascination

Compatibility

Coherence
(Extent)

Item

QI: Being here is an escape experience.

Q2: Spending time here gives me a break from my day-to-day routine.

Q3:Itisa place to get away from itall

Qi Being here helps me to relax my focus on getting things done.

Q5: Coming here helps me to get relief from unwanted demands on my attention.
Q6: This place has fascinating qualities.

Q7: My attention is drawn to many interesting things.

Q8:Twant to get to know this place better.

Q9 There is much to explore and discover here.

Q10: 1 want to spend more time lookingat the surroundings.
QU1 This place is boring, (Reversed item)

Q12: The setting is fascinating.

Q13: Being here is consistent with my personal desires.

Qé: T can do things T like here.

Qu5: Thave a sense that I belong here.

QU6: T can find ways to enjoy myself here.

Q17: 1 have a sense of oneness with this setting.

QI8: This s a place where everythi

hasits place.

Q19: There's so much to explore and discover in this place (enough to explore in all dircctions)

Q20: This place is very spacious, with no barriers to abstruct my movement.

Reference

Hartig et al. (1997)

Zhao etal. (2023)
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(Math.) factor Fargate street

Local Traveler
Importance Satisfaction Importance Satisfaction
Mean Ranking Mean Ranking Mean Ranking Mean Ranking
Al 7.58 3 6.02 2 7.7 3 5.62 8
A2 7.42 4 5.45 9 7.22 4 551 11
A3 6.7 8 544 10 6.64 9 553 10
A4 6.62 10 5.79 5 6.72 8 5.82 5
A5 4.82 15 5.8 4 4.89 15 5.64 6
B1 6.66 9 4.64 15 655 10 4.97 15
B2 6.87 7 4.98 14 6.95 7 539 13
B3 6.92 6 547 8 7.09 6 539 14
B4 7.06 5 543 1 7.14 5 5.64 7
BS 8.06 1 526 13 8.11 1 551 12
B6 7.98 2 5.37 12 7.97 2 5.56 9
B7 5.01 14 6.43 1 4.95 14 622 1
B8 5.49 13 5.63 7 5.86 13 593 4
c1 626 11 5.97 3 635 12 6.01 3
c2 59 12 5.68 6 643 1 6.15 2






OPS/images/fpubh-12-1380723/fpubh-12-1380723-t003.jpg
Gender and Quorum Percent

participants

Fargate Street Male 164 47.8
Women 176 513
Non-binary/third 2 0.6
gender
Prefer not to say 1 0.3
Traveler 200 58.3
Local 143 41.7

The moor street | Male 170 50
Women 165 485
Non-binary/third 3 0.9
gender
Prefer not to say 2 0.6
Traveler 189 55.6
Local 151 44.4

West street Male 159 46.5
Women 177 51.8
Non-binary/third 4 1.2
gender
Prefer not to say 2 0.6
Traveler 186 54.4
Local 156 45.6
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Improvement Satisfaction

priority ranking
1 Basic element 11-15
2 Important element 11-15
3 Attractive element 11-15
4 Basic element 6-10
5 Important element 6-10
6 Attractive element 6-10
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References Evaluation Classification
indicators of indicators
Painter (15) Public lighting Safety
Navarrete- Public Lighting,
Hernandez et al. Surveillance
(16)
Mashary Alnaim Night lighting, floor
etal. (17) tiles
Lorenzo etal. (18) Security monitoring,
lighting, non-slip floor
tiles
Sadeghi etal. (19) Lighting, guide signs,
surveillance
Au-Yong etal. (20) Lighting, signage
guidelines
Subramanian etal. | Lighting, Security,
@1 Maps & Signage,
Handrails, Ramps
Ode Sang et al. (22) Green plant richness Comfortableness
Sadeghi etal. (19) Benches, street
cleanliness, street
aspect ratios,
‘maintenance tables
and chairs
Mashary Alnaim Seats, water elements,
etal. (17) green areas
Madureira et al. Cleanliness, Richness
(23) of plant species
Benches
Rose etal. (31) Toilet maintenance
Au-Yong etal. (20) Maintaining the bins
and cleaning, Netflix
hit the ground running
Mohamad Muslim Maintenance of
etal. (24) greenery
Anuar etal. (25) Maintenance of
benches and tables
Intason et al. (32) Regular cultural and Cheerfulness
business events
Zhou etal. (33) Network
Recommended

Locations
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Variable Std. err P> |t|

Stress —2.814 0015 —193.391 0.000

Relaxation 4.800 0015 330942 0.000 4772 4829
Safety 1384 0.030 46242 0.000 1325 1443
Familiarity 2262 0.024 93.430 0.000 2214 2.309
Crowding —0.672 0.024 —27.832 0.000 —0.719 —0.625
Stayability 4951 0.025 200.805 0.000 4902 4999

Mean coef. represents Mean Coeflicient, Std. Err represents Standard Error, and 95% conf. Interval represents 95% Confidence Interval.
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XGBoost

Variance RMSE Variance
Stress 0.416 0.486 0.164 0529 0.437 0212
Relaxation 0675 0.481 0.484 0722 0.445 0523
Safety 0.042 0.986 0.038 0.148 0931 0.170
Familiarity 0.145 0.805 0.106 0.203 0777 0.165
Crowding 0.017 0.791 0.009 0.036 0783 0.042
Stayability 0.431 0.822 0.512 0.484 0.783 0.594

R represents goodness of fit, while RMSE represents the root mean square error. N = 62,694.
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(1) (3) (4)

Variables Female Not in marriage In marriage

0,609+ 0.639%+ 05094 0.651%+ 0.6284% 0.638%+*
NDVI

(0.0842) (0.0854) (0.124) (0.0685) (0.0689) (0.112)
Provincial fixed effects Controlled Controlled Controlled Controlled Controlled Controlled
Time fixed effects Controlled Controlled Controlled Controlled Controlled Controlled
Observations 21,084 19,630 8,958 31756 24,641 16073
R 0253 0234 0.259 0241 0.157 0122

The parentheses are standard errors, ***, *%, and * indicate significance at 1, 5, and 10% levels, respectively:
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Effect type

Carbon emissions

Coefficient

Social interaction

Lower limit

Upper limit

Total effect
Direct effect
Indirect effect
Indirect effect

contribution rate

Coefficient Lower limit Upper limit
0617%5% 0500 0734
0.474%%% 0354 0593
0.143%5% 0119 0.167

219%

The parentheses are standard errors, ***, *%, and * indicate significance at 1, 5, and 10% levels, respectively:

06175+
0.524%%%
0.092¢%+

0.500
0411
0062

15.04%

0.734
0.638
0123
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Questionnaire  Qualitative  Cognitive ~ Neurological ~ Physiological ~ Behavior or

measurement  testing indicator marker face
recognition
Real 49 4 10 13 26 - 102
Virtual 50 1 1 11 26 4 103
Real and
virtual 3 - = & 1 - 4
“Total 102 5 21 24 53 4 209

Some studies utilizing predefined exposures (n=67) applied more than one mental health assessment method, which is why the total number of methods diverts from the number of included
publications within this category.
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Variables

NDVI

Social interaction

Control variables
Provincial fixed effects
Time fixed effects
Observations

R

(1) (2) (€)] (4)

Physical activity Carbon Physical activity Social
participation emissions participation interaction
061744% —0883%% 0.474%%% 0.272%4%
(0.0600) (0.0223) (0.0610) (0.0456)
~0.162¢%%
©0133)
Yes Yes Yes Yes
Yes Yes Yes Yes
Yes Yes Yes Yes
40714 40714 40,714 40714
0244 0198 0.246 0035

The parentheses are standard errors, ***, *%, and * indicate significance at 1, 5, and 10% levels, respectively:

(5)

Physical activity
participation

05250
(0.0580)

03417
(0.00630)
Yes
Yes
Yes
40,714

0295
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Stress facto Questions

Relaxation o Here you can temporarily forget the troubles in
your work and life.

Here you can temporarily forget the stress
caused by other people’s requirements and
expectations.

Here can adjust your mood and make you

feel happy.

The environment here makes you feel safety.
Crime may not occur here.

Safety

The environment here is similar to your living
environment.

You can integrate well into the

environment here.

Familiarity

Crowding o The environmental elements here make you feel
crowding.
o The flow of people and vehicles here makes you
feel crowding.
Stayability © You want to spend a long time here.

You are immersed in your surroundings.
You would like to visit here often.
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Mental health method Number of counts in

included studies

Questionnaire 255
Physiological marker 62
Cognitive testing 39
Neurological indicator £
Epidemiological measurement 27
Qualitative measurement 2
Behavior or facial expression 8

Some studies (=82) applied more than one mental health assessment method, which is why
the total number of methods diverts from the number of included publications.
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Variables First phase Second phase Replacement of Change the

empirical model independent variable
40.149%4
Average annual
(0.459)
1743%%% 07905 0.07634*
NDVI
18 (0.093) (0.00936)
Control variables Yes Yes Yes Yes
Provincial fixed effects Yes Yes Yes Yes
Time fixed effects Yes Yes Yes Yes
DWH test 113,957+
F-Statistical value 7642.59
R 0352 0.100 0242
Observations 40714 40714 40714 40714

The parentheses are standard errors, ***, *%, and * indicate significance at 1, 5, and 109% levels, respectively.
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Variables

Gender (%)

Male 46.87
Female 53.13
Age 34.66 (13.78)
Education (%)

High school or below 25.00
College 46.87
Master degree or above 2813
Race (%)

Chinese Han 87.50
Others 12.50
Residence (%)

Local resident 50.00

Non-local resident

50.00
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Mental health outcome Number of counts in

included studies

Affect & mood 148
Stress 9%
Mental disorder %0
Restoration 58
Mental health 57
Cognitive outcomes 43
Brain activity & structure 33
Mental well-being 32
Vitality 12
Miscellaneous 23

Some studies (n=153) investigated more than one mental health outcome, which is why the
total number of outcomes differs from the number of included publications.
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Master Master 2012 2013 2015 2017 2018 21

sample sample
Variables Model (1)  Model (2) Model(3) Model(4) Model(5) Model(6) Model(7) Model(8)
0549 0617%+% 10725+ 0.687+4% 0.960++% 0359% 0774%% 0.458%4%
NDVI
(0.0661) (0.0600) (0.143) 0.142) ©.192) (0.185) ©121) (0.116)
~0.0311% ~00383 ~00435% 00122 00422 00124 ~00374
Gender
(0.0128) (0.0281) (0.0236) (00339) (0.0320) (0.0321) (0.0397)
000548+ 0.000526 000143 0.00855%+ 0.00596%+* 000315+ 0005415+
Age
(0.000487) (0.00109) (0.000909) (0.00127) (0.00123) (0.00121) (0.00152)
0.136%+% 0218%4% 00737% 0.102¢ 01240+ 0251+ ~00356
Ethnic
(0.0232) (0.0477) (0.0389) (0.0609) (0.0571) (0.0572) (0.0948)
0134555 ~0.467%+% ~0365%+% 0.366+%% 04015+ 0364%+ 0.252%4%
Party
(0.0189) (0.0486) (0.0423) (0.0506) (0.0493) (0.0496) (0.0531)
~0.0335% —0.143%5% —0.134%5% 00978+ 000317 00218 00506
Marital status
(0.015%) (0.0348) ©00293) (0.0416) (0.0379) (0.0378) (0.0447)
Household 0,656+ 06134+ 05320+ 05604+ 0729+ 0711%8 0572%%%
register (0.0151) (0.0333) (0.0282) (0.0402) (0.0385) (0.0383) (0.0452)
0286%+* 0.256++% 0.286%+% 0.215%%% 02320+ 0268+ 0242%%%
Educational level
(0.00724) (©0.0174) (0.0143) (0.0194) 0.0185) (0.0184) (0.0221)
0.105%+% 0074455 0.0360%% 0.0870++ 0.142%%% 0.105%+ 0.161%4%
Health level
(0.00645) (0.0140) (0.0115) 00169) 0.0162) 0.0162) (0.0200)
Total personal 003364+ 0.00903 0.0516%+* 0.10745% 0024435 0.0488+5 ~000172
income (0.00316) (0.00575) (0.00489) (0.0160) (0.00833) (0.00840) (0.00909)
Provincial fixed
Yes Yes Yes Yes Yes Yes Yes Yes
effects
‘Time fixed effects Yes Yes Yes Yes Yes Yes Yes Yes
Observations 40714 40714 6415 7,297 7,081 7.481 6,882 5,558
R 0077 0244 0.245 0273 0174 0.208 0235 0.140

The parentheses are standard errors, ***, *%, and * indicate significance at 1, 5, and 10% levels, respectively:
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Greenspace assessment Number of counts in

method included studies
Geoinformation systems 145
Predefined through intervention 120
Self-reported quantitative 56
Expertassessment 2
Self-reported qualitative 18

Street view 8

Ecological momentary assessment 7

Some studies (n=40) applied more than one greenspace assessment method, which is why
the total number of methods differs from the number of included publications.
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Categories

2012

2013

2015

2017

2018

2021

Master sample

Physical activity

participation

NDVI

Gender

Age

Ethnic

Party

Marital status

Household register

Educational level

Health level

“Total personal

income

Carbon emissions

Social interactions

Several times a

year or less

Several times a

month

Several times a
week
Everyday
Continuous
variable
Female

Male
Continuous

variable

Other ethnic

‘minorities

Han Chinese

Others

Party member

Not in marriage

In marriage

Rural

Urban

Elementary

school and Below

Middle school

High school

College

Bachelor’s degree

and above

Very unhealthy

Rather unhealthy

Average

Rather healthy

Very healthy

Continuous

variable

Continuous
variable
Never
Rarely
Sometimes

Often

Very often

40714
(100%)
20222

(49.67%)

5874
(14.43%)
4407
(10.82%)
5272
(12.95%)
4,959
(12.13%)

21,084
(51.79%)

19,630
(48.21%)

3,406
(8.37%)
37,308
(91.63%)
24,095
(59.18%)
16,619
(40.82%)
8,958
(22%)
31,756
(78%)
24641
(60.52%)
16,073
(39.48%)
15,476
(38.01%)
11,855
(29.12%)
8,065
(19.81%)
2,687
(6:6%)
2631
(6.46%)
1,502
(3.69%)
5994
(14.72%)
9,298
(22.84%)
15414
(37.86%)
8,506
(20.89%)

3869
(9.5%)
13,684
(33.61%)
1371
(33.68%)
8,137
(19.99%)
1313
(3.22%)

6415
(15.76%)
3,984
(62.1%)
935
(14.58%)
597
(931%)
81
(7.5%)
418
(6.52%)

3,856
(54.03%)
2949
(45.97%)

597
(9:31%)
5818
(90.69%)
664
(10.35%)
5751
(89.65%)
1241
(19.35%)
5174
(80.65%)
3,965
(61.81%)
2450
(38.19%)
2613
(40.73%)
1908
(29.74%)
1275
(19.88%)
397
(6.19%)
m
(3.46%)
29
(3.73%)
1,089
(15.73%)
1519
(23.68%)
2382
(37.13%)
1,266
(19.73%)

851
(13.27%)
2,104
(32.8%)
2522
(39.31%)
809
(12.61%)
129
(2.01%)

7,297
(17.92%)
4407
(60.39%)
1337
(1832%)
761
(10.43%)
439
(6.02%)
353
(4.84%)

3,865
(52.97%)
3432
(47.03%)

739
(10.13%)
6,558
(89.87%)
702
(9.62%)
6,595
(90.38%)
1437
(19.69%)
5860
(80.31%)
4,668
(63.97%)
2629
(36.03%)
2,956
(40.51%)
2230
(30.56%)
1385
(18.98%)
409
(5.61%)
317
(4.34%)
26
(3.23%)
1,037
(14.21%)
1430
(19.6%)
2675
(36.66%)
1919
(263%)

438
(6%)
2298
(31.49%)
2,580
(35.36%)
1702
(23.32%)
279
(3.82%)

7081
(17.39%)
3154
(44.54%)
1101
(15.55%)
897
(12.67%)
886
(12.51%)
1043
(14.73%)

3,667
(51.79%)

3414
(48.21%)

575
(8.12%)
6,506
(91.88%)
6,066
(85.67%)
1015
(14.33%)
1385
(19.56%)
569
(80.44%)
4224
(59.65%)
2857
(40.35%)
2761
(38.99%)
2144
(30.28%)
1346
(19.01%)
a2
(5.99%)
406
(5.73%)
184
(26%)
988
(1395%)
1510
(21.32%)
2823
(39.87%)
1576
(22.26%)

618
(8.73%)
2230
(31.49%)
2,180
(30.79%)
1,680
(23.98%)
355
(5.01%)

7,481
(18.37%)
3,662
(48.95%)
923
(12.34%)
644
(8.61%)
1245
(16.64%)

1,007
(13.46%)

3,820
(51.06%)
3,661
(48.94%)

641
(8.57%)
6,840
(91.43%)
6406
(85.63%)
1075
(14.37%)
1705
(22.79%)
5776
(77.21%)
4,562
(60.98%)
2919
(39.02%)
2,825
(37.76%)
2171
(29.02%)
1415
(18.91%)
533
(7.12%)
537
(7.18%)
346
(4.63%)
1199
(16.03%)
1868
(24.97%)
2,708
(36.2%)
1,360
(18.18%)

624
(8.34%)
2620
(35.02%)
2517
(33.65%)
1524
(20.37%)
19
(2.62%)

6882
(16.9%)
3,262
(47.4%)
880
(12.79%)
681
(9.9%)
1249
(18.15%)

810
(11.77%)

3,538
(51.41%)
3344
(48.59%)

599
(8.7%)
6,283
(91.3%)
5889
(85.57%)
993
(14.43%)
1,584
(23.02%)
5298
(76.98%)
4336
(63%)
2546
(37%)
2776
(40.34%)
1859
(27.01%)
1313
(19.08%)
157
(6:64%)
477
(693%)
241
(3.5%)
L4
(16.19%)
1,409
(20.47%)
2783
(40.44%)
1335
(19.4%)

502
(7.88%)
2459
(35.73%)
2335
(33.93%)
1,403
(20.39%)
13
(2.08%)

5,558
(13.65%)
1753
(31.54%)
698
(12.56%)
827
(14.88%)
972
(17.49%)
1,308
(2353%)

2728
(49.08%)
2830
(50.92%)

255
(4.59%)
5303
(95.41%)
4368
(78.59%)
1,190
(21.41%)
1,606
(28.9%)
3952
(71.1%)
2886
(51.93%)
2672
(48.07%)
1,545
(27.8%)
1543
(27.76%)
1331
(23.95%)
467
(8.4%)
672
(12.9%)
256
(4.61%)
647
(11.64%)
1562
(28.1%)
2043
(36.76%)
1,050
(18.89%)

796
(14.32%)
1973
(35.5%)
1577
(28.37%)
1,001
(18.01%)
an
(3.8%)
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Spatial scales ~ Greenspace types Number of

counts in
included studies

Natural elements and species groups 20 (in total)
Trees 10
Indoor plants 6
Grasses 3
Ornamental plants 3
Greening of buildings 2
Shrubs 1
Land-use types and ecosystems 197 (in total)
Public parks 92
Forest, woodland 66
Gardens 32
Tree cover 26
Grassland, meadow 19
Roadside Greenery 1
Shrubland 9
Arable land 7
Courtyard 2
Informal greenspace 1
Cemetery 1
Landscapes, including patches and non-specific 184 (in total)
greenspace
Urban Green 162
Rural Greenspace 40

Some studies (1= 104) investigated more than one greenspace type, which is why the total
number of types differs from the number of included publications.
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Categories Variables Coding values Mean

Dependent variable Physical activity participation Never=1, several times a year or 2235 147
less =2, several times a month =3,
several times a week =4, Everyday =5
Independent variable NDVI Continuous variable 0743 0113
Mediating variables Carbon emissions Continuous variable 10,583 0531
Social interaction (such as visiting  Never=1, rarely =2, sometimes=3, 2738 0988
friends, relaxation, and educational  often=4, very often=5
pursuits)
Control variables Gender Female=0, Male =1 0.482 0500
Age Age 55.293 16341
Ethnic Other ethnic minorities =0, Han 0916 0277
Chinese=1
Party Others =0, Party member=1 0.408 0.492
Marital status Not in marriage =0, in marriage 0780 0414
Household register Rural =0, 1 urban=1 0395 0.489
Educational level Elementary school and below=1, 2144 1185
middle school =2, high school
(vocational high school, junior
college, technical school) =3,
college=4, bachelors degree and
above=5
Health level Very unhealthy = 1, rather 3575 1.085
unhealthy=2, average =3, rather
healthy=4, very healthy =5
“Total personal income Logarithmic personal income 10,176 2178

Instrumental variable Average annual rainfall Continuous variable 0.003 0.001
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Type of population Number of counts in

included studies

General (adult) population 23
Young adults/students 65
Older adults (over 60) 2
Adolescents 2
Patients (with medical condition) 12
Administrative units 7

Some studies (n=3) investigated more than one type of population, which is why the total
number of study populations differs from the number of included publications.
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Inclusion criteria Exclusion criteria

ary exposure measurement of

Studies which exclusively analyzed
urban and rural green exposure,

different exposures, e, air pollution
directly o indirectly

‘Additional therapeutic intervention,

ary measurement of at least one
e.g. psychological counseling in
‘mental health indicator
greenspace
Effects of greenspace on animals or
Studies including human subjects
plants

Mainly adolescents above the age of 12 Studies mainly regarding children
and adults under the age of 12

Publication between 2017 and 2022 Published before 2017
Publication in cither English or German

Study Design: Empirical studies and

experimental studies, original paper
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Improvement Fargate street The Moor street West street
priority

Local Traveler Local Traveler Local Traveler
Priority 1
Priority 2
Priority 3
Priority 4 Bl A2 A4 A4 Al
B2 A4 B2 Ad
B3 B4
B4
Priority 5
Priority 6 B8
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Attributes of Fargate Street The Moor Street West Street
element

Local Traveler Local Traveler Local Traveler
Basic element Bl Al Al A4 Al
B2 A2 A2 B3 A4
B3 A4 A4 BS B4
B3 B2
B4
Important element Cl clL C2
c2
Unimportant element A5 A5 A5
B8
Attractive element A5 B8 B8 B8 B8
B8 C1 Cl Cl C1
Cc2 c2 (07} Cc2
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(Math Fargate Street The Moor Street West Street
factor

Local Traveler Local Traveler Local Traveler
Score Ranking Score RET I le] Score Ranking Score Ranking Score Ranking Score Ranking
Al 0.136 10 0.287 4 0.142 5 0.187 5 0.048 11 0.178 10
A2 0.01 15 0.144 9 0.097 9 0.208 4 0.133 7 0.086 13
A3 0.121 11 0.024 13 0.117 7 0.154 7 0.1 9 0013 15
A4 0.162 8 0.215 7 0.06 10 0.179 6 0.174 6 0.189 8
AS 0.384 3 0.24 5 0.313 3 011 9 0.026 13 0123 11
Bl 0.219 6 0.028 12 0.139 6 0.051 12 0.072 10 0.119 12
B2 0215 7 0.011 15 0.043 12 0.145 8 0.007 15 0.98 1
B3 0.275 5 0.146 8 0.006 14 0.026 15 0.231 1 0.42 5
B4 0.031 13 0.227 6 0.056 11 0.102 10 0.032 12 0.187 9
B5 0.022 14 0.124 10 0.105 8 0.05 13 0.194 5 05 3
B6 0.141 9 0.077 11 0.04 13 0.033 14 0.025 14 027 7
B7 0.041 12 0012 14 0.001 15 0.059 11 0.112 8 0.046 14
BS 0.369 4 0.463 2 0.274 4 0.533 2 0.356 3 0.376 6
c1 0.387 2 0.454 3 0.335 2 053 3 0.407 2 0.494 4
c2 0.458 1 059 1 0.346 1 0.607 1 0.47 1 0.542 2

The purpose of the bold is to reflect the similar rankings between elements that are the same on the three streets, to help in the analysis of the IPA-Kano model later.
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(Math.) factor West street

Local Traveler
Importance Satisfaction Importance Satisfaction
Mean Ranking Mean Ranking Mean Ranking Mean Ranking
Al 7.96 2 6.17 2 7.7 3 5.79 5
A2 7.72 4 551 8 7.43 4 5.63 8
A3 692 5 571 6 6.68 7 5.62 9
A4 6.79 6 5.99 4 6.77 5 573 6
A5 53 13 5.62 7 4.9 14 5.69 7
B1 643 9 49 15 641 10 4.89 15
B2 6.53 7 531 10 6.66 8 5.16 14
B3 627 11 524 11 6.44 9 537 13
B4 6.49 s 521 12 6.74 6 551 10
BS 8.06 1 5.03 14 7.9 1 5.42 12
B6 7.84 3 5.06 13 7.85 2 5.44 11
B7 5.04 14 6.13 3 4.85 15 6.08 2
B8 4.96 15 5.46 9 524 13 5.82 4
c1 6 12 5.87 5 625 12 6.04 3
c2 6.43 10 624 1 6.35 11 6.38 1
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(Math.) factor The Moor street

Local Traveler
Importance Satisfaction Importance Satisfaction
Mean Ranking Mean Ranking Mean Ranking Mean Ranking
A2 73 4 5.58 10 7.1 5 57 11
A3 6.62 9 563 8 681 8 5.78 8
A4 65 10 595 3 6.67 10 5.83 6
A5 513 14 56 9 5.05 14 544 15
Bl 7.15 7 5.04 15 68 9 5.47 14
B2 7.01 8 5.55 12 7.02 6 571 10
B3 7.23 5 5.49 14 694 7 5.56 12
B4 7.23 6 55 13 7.22 4 5.74 9
B5 832 1 558 11 8.02 1 5.81 7
B6 817 2 5.88 5 7.83 2 5.54 13
B7 5.02 15 641 1 48 15 5.95 4
B8 5.67 13 572 7 563 13 5.88 5
c1 6.49 11 6.13 2 623 11 6.01 1
c2 6.32 12 5.83 6 6.07 12 5.98 3
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MO value 0.906

Myopic chi-square 2594335
Bartlett test Degree of freedom 25

Significance 0
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Number of items Cronbach’s « coefficient

16 0752
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Category Willing to adopt innovative ecosystem Unwilling to adopt innovative ecosystem

Option Selected Ratio  Option Selected Ratio

A. Promoting resource sharing and
18 90.0% A Heavy financial burden 16 80.0%
improve social welfare structure
B. Promoting economy growth 2 1000% | B. High resource consumption 15 75.0%
C. Lack of mature technical
C. Improving social innovation 19 95.0% 12 60.0%
system
Government
D. Promoting social transformation 16 800%  D.Gloomy market outlook i 40.0%
E. Promoting social sustainable
16 800% . Undermine social equity 10 50.0%
development
E Lack of mature regulation
E. Promoting social stability 15 75.0% 10 50.0%
system
A Enhance community competitiveness 7 793% A, Low policy operability 53 67.4%
B. Enhance the connection ability of B. Insufficient resource
70 76.1% 76 826%
community condition of community
. Promoting the innovation ability of
88 957%  C.Lowacceptance of residents 59 64.1%
community
Community D. Promoting the happiness and D, Lack of technology and
84 91.3% 61 66.3%
satisfaction of residents technicians
E. Unacceptable for the social
E. Promoting public safety of community 86 93.5% 3 16.7%
culture
E Lack of reliable allocation
E. Promoting the welfare of community 7 85.9% 58 63.0%
model of interest
A Improving life quality 684 83.0% A Highcost 614 745%
B. Beneficial to personal health 785 953% | B. Not convenient 523 635%
C. Beneficial to living security 74 903% | C.Too complex 436 529%
Residents
D. Increase employment opportunity 662 803%  E. High energy consumption 512 65.8%
E. Enrich leisure life 543 659% | E Time waste 571 69.3%
E. Raise house value si1 620%  G.Donothelp much 488 59.2%

It should be divided into 6 sections and different sections correspond to different game strategies. The left vertical three sections correspond to game strategy 1, and the right uppermost section
corresponds to game 5, and the right nethermost two sections correspond to game strategy 8.
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Content Variable Frequency Percentage

Male 450 503
Gender
Female 445 497
18 years old and below 2 25
19-35years old, 362 404
Age 36-60years old 385 30
61-65years old 76 85
65 years old and above 50 56
Primary school and below 2 36
Junior high school 128 143
Education level Senior high school and secondary
specialties . i
College or undergraduate 448 501
Postgraduate and above 7 79
Disease 9 10
Chronic disease 8 54
Physical health condition Sub-health 172 192
Health 321 359

Good health 345 385
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Beijing
Hangzhou
Shanghai

Guangzhou

Governor

Category

Community staff Residents
2 190
16 192
28 205
2 208

Does the community you govern or
belong to use innovative ecosystem

Use

Have but Do not
seldom use LEIS
e 95
38 142
61 103
46 128
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Variables  Meanings

UGUCUR | U

of the government, community, and residents

Utilty functions of the government, community, and

£GECER
residents

G Government

c Community

R Residents

RIR2,R3 Government benefits, community benefits, resident benefits

cLe Government expenditures, community expenditures

. Loss of social responsibilty, reputation, and residents due to
community neglect of the policy

F2 Financial expenditure for community resi

E3 Additional expenses for residents

G Loss for residents due to the absence of community pol

o | Vo forthe government, commanity due 0 vaious

factors
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L Game strategy (G, C, R)

Actively make policy, actively respond,

accept

Actively make policy, activly respond,

refuse

N Actively make policy; passively respond,
accept

. Actively make policy, passively respond,
refuse

s Do not make policy, actively respond,
accept

. Do not make policy, actively respond,
refuse

S Do not make policy, passively respond,
accept

. Do not make policy, passively respond,

refuse

RI-C1, R2-C2, R3-E3

-C1,-C2,0

-C1,-D2, R3-E3

-C1,-D2,0

0,R2-F2,R3

0,-C2,0

0,0,-G

0,0,0
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hor Year Descripti

Constructed a centipede game model in order to analyze the cooperative behaviors among multiple subjects of emergency

Georgalos (32) 2020

‘management under an unexpected disaster.
Kongetal. (33) 2022 Proposed a non-cooperative game model based on complete information.

Proposed an emergency resource scheduling model based on non-cooperative game, and used an improved ant colony
Majumder et al. (34) 2023

optimization algorithm to find the solution.

Used an evolutionary game to study the choices of the government and enterprises regarding the strategy of stockpiling the
Livetal. (35) 2021 production capacity of emergency supplies, and proposed countermeasures to realize the cooperation between the two

parties.

Constructed a dynamic and finite sequential game by analyzing the relationship between decision makers and emergencies,
Chen etal. (36) 2023

and proposed the optimal rescue plan based on the emergency response information
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thor Basis of

odel construction Primary evaluation indicators

Koliou etal. (14) “Technical, organizational, social, and economic
Community relationships,risk and vulnerability levels, emergency Procedures, and community
Maetal.(16) Connotation of community resilience
resource availability
Lianxiao et al. (17) Static community resources and dynamic community capabilities
Wickes etal. (15) Economic capital and social capital
Paarlberg etal. (19) Community capital Social capital, economic capital, material capital, and human captal
Koliou etal. (20) Human capital, infrastructure capital, natural capital, social capital, and economic capital
Camachoetal. (1) infrastructure, ecosystems, insttutions, economy; society; and community capital
Allen etal. (22) Constituent elements of the community Infrastructure, communication, cognition, and social elements
Kammouh et al. (23) People, ccosystems, organizations, policy,livelihood, economy; and socioculural capital
Wangetal. (24) Volunteer participation, policy execution, autonomy, and consensus permeability
Drighede etal. (25) Capacity, attributes, structure, and processes

Major public health events
Suspected infection, confirmed number, solation of relevant personnel, enclosure and closure,
Wang et al. (26)
and the establishment of unified entrances and exits, etc.
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(1) (2)

Workplace pollution control

robot 00154+ 0012445
(0.004) (0.004)
_cons 23748 22184+
(0.024) (0.037)
Control N Y
Observations 25425 25,378
Resquared 0.001 0,006

(1) Standard errors are clustered at the individual level. (2) *** Significant at the 1% level
«+ Significant at the 5% level. * Significant at the 10% level.

(3) (4)
Occupational safety
0,018+ 0.019%%%
(0.003) (0.004)
2474%%% 2283%%%
(0.023) (0.036)
N Y
25378 25331
0.001 0.008
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Industrial wastewater

robot ~0.007% ~0.009%+* ~0.019% —0.016%
(0.003) (0.003) (0.008) (0.009)
_cons 370745 6472%% 8.460%% 6828+
(©0.011) (0.642) (0.033) (2487)
Control N Y N Y
City fixed effect ¥ Y Y ¥
Year fixed effect Y Y Y Y
Observations 3739 3346 3658 3337
Resquared 0.944 0942 0891 0.894

(1) Standard errors are clustered at the city level. (2) *** Significant at the 1% level.
*#* Significant at the 5% level. * Significant at the 10% level.
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First-stage Second-stage

robot Self-rated health Illness status Depression
012155 0,035+ ~0.077%4%
robot
(0.026) (0.009) 0.012)
017
robor”S
(0.006)
5,632 304555 075944+ L7574%
_cons
0037) (0.166) (0.056) (0.075)
Control N ¥ Y Y
Fstatistics 711785
Observations 26394 26323 26319 26323

(1) Standard errors are clustered at the individual level. (2) *** Significant at the 1% level
*#* Significant at the 5% level. * Significant at the 10% level.
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(1) (2) (3) (4) (5) (6)

Self-rated health Iliness status Depression

robot) 0052445 0.048++% 0003+ 0.004%5% —0.023%4% ~0027%+

(0.004) (0.004) (0.001) (0.001) (0.002) (0.002)

229044 347200% 0.873%%% 0.946%* 1.507%%% Ladgrer
_cons

(0.025) (0.032) (0.007) (0.01) (0.011) (0.015)
Control N Y N ¥ N ¥
Observations 30,787 30748 30779 30743 30,830 30748
Resquared 0.006 ons 0.001 0.009 0.006 0019

(1) Standard errors are clustered at the individual level. (2) *** Significant at the 1% level. ** Significant at the 5% level. * Significant at the 10% level





OPS/images/fpubh-12-1396134/fpubh-12-1396134-e030.jpg





OPS/images/fpubh-12-1445746/fpubh-12-1445746-t003.jpg
Medical care Hospitalization

~0.001 0.001 0,008 0,008+
robot

(0.003) (0.006) (0.001) (0.001)

03845+ 04215+ 0,857+ 0,987+

_cons

(0.036) (0.053) (0.007) (0.010)
Control N Y N Y
Observations 3476 3476 31105 31067
Resquared 0.001 0.010 0.002 0020

(1) Standard errors are clustered at the individual level. (2) *** Significant at the 1% level
«+ Significant at the 5% level. * Significant at the 10% level.





OPS/images/fpubh-12-1445746/fpubh-12-1445746-t002.jpg
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Self-rated health

(5)

Depression

(6)

robot

_cons

Control

Observations

Resquared

0054755 00485
(0.004) (0.004)
2260%4% 345208
(0.026) (0.033)
N Y
31,072 30748
0117 0118

(3) (4)
Iliness status
0.002 0.003%*
(0.001) (0.001)
0.876%+* 0.948+++
(0.008) (0.011)
N Y
31,067 30,743
0.009 0.009

—0.023#5%
(0.002)
1512%%%

(0.012)

N

31,072

0.018

(1) Standard errors are clustered at the individual level. (2) *** Significant at the 1% level ** Significant at the 5% level. * Significant at the 10% level.

~0.026%++

(0.002)
LasaExr
(0.016)
¥
30748
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Variable (1)
Population Humancap Patent
Amenity 0.038*** 0.014*** 0.051%* 0.610* 0.001%*
(7.808) (2.803) (4.146) (7.277) (2.663)
Control variables Yes Yes Yes Yes Yes
Individual fixed effect Yes Yes Yes Yes Yes
Time fixed effect Yes Yes Yes Yes Yes
Observations 1,670 1,670 1,670 1,670 1,670
R 0.999 0.929 0.987 0.900 0.952

**% %% and * indicate 1, 5, and 10% significance levels, respectively, with t-values in parentheses.
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Variable (2) (©)) 4 (5) (©)
Midwest Strong Weak High-urbanized Low-urbanized
environmental environmental cities cities
regulation regulation
Resilience Resilience Resilience Resilience Resilience Resilience

Amenity 0.257*"* —0.024 0.042* 0.026 0.130%* 0.028

(5.943) (~0.785) (2.505) (0.466) (3.197) (0.691)
Control Yes Yes Yes Yes Yes Yes
variables
Individual Yes Yes Yes Yes Yes Yes
fixed effect
Time fixed Yes Yes Yes Yes Yes Yes
effect
Observations 726 942 820 848 836 834
R 0.640 0.603 0227 0.794 0.634 0.686

% %% and * indicate 1, 5, and 10% significance levels, respectively, with t-values in parentheses.
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Variable (1) (2) (©)) (4)

Amenity Resilience Amenity Resilience
Slope*Wind 0.083%* 0.087%*
(4.786) (4.970)
Amenity 0.416* 0386
(1.859) (1.816)
Control variables No No Yes Yes
Individual fixed effect Yes Yes Yes Yes
Time fixed effect Yes Yes Yes Yes
Observations 1,670 1,670 1,670 1,670
Stage I F-value 22,903 24.697

#% %% and * indicate 1, 5, and 10% significance levels, respectively, with t-values in parentheses.
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Variable by (2) (4) (©)] (6)
Amenity 0716 3.007* 0.119%** 0.050* 0.094*

(3.550) (1.695) (3.979) (2.372) (2.798)
Climate 0.029*

(1.687)

Individual fixed Yes Yes Yes Yes Yes Yes
effect
Time fixed effect Yes Yes Yes Yes Yes Yes
Observations 1,670 1,337 1,670 1,520 1,621 1,169
R 0.637 0.163 0.619 0.618 0.603 0.684

#+ %+ and * indicate 1, 5, and 10% significance levels, respectively, with t-values in parentheses.
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Variable (1) (2)
Resilience Resilience Resilience Resilience Resilience

Amenity 0152 0032 0.050* 0.037°% 00917

(5.448) (2:254) (1.757) (2832) (3472)
Control variables No Yes Yes Yes Yes
Individual fixed effect Yes No Yes No Yes
Time fixed effect Yes No No Yes Yes
Observations 1,670 1,670 1,670 1,670 1,670
R 0.584 0.097 0.537 0256 0.622

**% %% and * indicate 1, 5, and 10% significance levels, respectively, with t-values in parentheses.
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Variable N Mean Standard deviation Min

Resilience 1,670 1.198 0312 —0.307 2036
Amenity 1,670 2295 0962 0.769 7.152
Climate 1,670 1.071 0353 1 3
GDP 1,670 16.696 0739 14771 18.905
Finance 1,670 1294 0.460 0588 3.068
Investment 1,670 0.498 0227 0.160 1511
Structure 1,670 48.283 8.483 2148 7145
Expenditure 1,670 14912 0581 13.361 17.178
Freght 1,670 9.139 0713 6914 10.876
Population 1,670 5863 0831 2351 8207
Labor 1,670 0117 0077 0035 0640
Humancap 1,670 13.361 0.664 11.348 14.797
Patent 1,670 0.656 1.140 0.008 9.027
R&D 1,670 0.035 0013 0015 0.079
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Level THI WCl Descrip of feelings in healthy people
1 Cold <14.0 <—400 Feeling very cold and uncomfortable

2 Cool 14.0-16.9 —400—300 Colder and less comfortable

3 Comfortable 17.0-254 —299-100 Feel comfortable

4 Hot 25.5-27.5 —99—-10 Feeling hot, relatively uncomfortable

5 Sweltering >27.5 >—10 Hot, uncomfortable, uncomfortable
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Amenity

Atrtificial amenity

Indicator

Culture

Description

Number of Public Library Books per 10,000 People

+

Percentage of Employees in the Cultural, Sports, and Entertainment Industry

Education

Number of full-time teachers in elementary school

Number of full-time teachers in general secondary schools

Number of full-time teachers in general higher education

Per capita expenditure on education

Healthcare

Number of hospital beds per capita

Number of doctors per capita

Transportation

Urban road area per capita

Number of public buses and trams in operation per capita

Environment

Green space per capita

Centralized treatment rate of sewage treatment plants

Harmless treatment rate of domestic garbage

Total environmental protection investment per capita
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