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Abstract
BACKGROUND: Neighborhood landscapes and environments in�uence public health through multiple pathways, but few
studies have assessed their effects in high-density cities in subtropical monsoon regions, especially mediating pathways
of the physical environmental factors.

Purpose: Objectives of this study are to explore associations between neighborhood landscape elements and public
health in a subtropical high-density urban context, elucidate mediating effects of physical environmental factors, and
propose corresponding neighborhood renewal strategies.

METHODS: Nine sampling sites were selected in Guangzhou, China, and cross-sectional health data were collected from
438 participating residents using the SF-36 scale. Landscape elements of the neighborhoods, including greenness, blue
spaces, walking trail systems, hard open spaces, landscape architecture, and dedicated sports spaces were mapped by
unmanned aerial vehicle surveys. Six physical environmental factors were also measured in the surveys: the heat stress
index (HSI), relative humidity (RH), average wind speed (AWS), negative oxygen ions (NOI), <2.5 µM particulate matter
(PM2.5), illumination (I), and noise (N). Analysis of variance (ANOVA) and general linear models were used to explore
differences between neighborhoods in landscape elements. Relationships between public health and both landscape
elements and physical environmental factors, as well as the mediating pathways involved, were explored by correlation
analysis and Mediation analyses.

Results: I, RH, HSI, NOI, and PM2.5 were signi�cantly correlated with public health in the neighborhoods, as were
greenness, blue spaces, walking trail systems, and hard open spaces. No signi�cant correlations were found between
public health and either landscape architecture or dedicated sports spaces. Multiple mediation analysis showed that
greenness, blue spaces and hard open spaces signi�cantly affected public health, with mediation by I, HSI and NOI, while
walking trail systems had signi�cant effects on public health mediated by I, HSI and NOI, but the total mediation effect
was not signi�cant.

Conclusion: In subtropical high-density neighborhood, landscape elements have close associations with public health,
especially greenness, blue spaces, walking trail systems, and hard open spaces, mainly mediated by effects on light,
thermal, and atmospheric environments. Low-quality landscape architecture and space areas do not promote public
health. These closely related landscape elements and physical environments need careful attention in community renewal
efforts.

1. Introduction
The origins of modern urban living environment planning and design are closely related to public health. Early examples
include requirements of the British Public Health Act 1848 to improve the living environment, Haussmann's renovation of
Paris to bring healthy fresh air and sunlight to the city’s streets, and the ‘Burnham Plan’ to beautify Chicago [1] . Objectives
in all such cases included improvement in people's health. In China, following sharp increases in residential density the
neighborhood environment has become a determinant of certain diseases, in addition to general health [2, 3] . Hence the
relationships between environmental factors of neighborhoods and public health have received increasing scholarly
attention [4-6].

Many empirical studies have shown that the neighborhoods’ physical environments are strongly associated with their
residents’ health [7]. Road tra�c noise in the neighborhood signi�cantly affects the incidence of cardiovascular disease
among adults, and daytime road tra�c noise increases their risk of stroke hospitalization [8]. The perceived acoustic
environment also affects the health status of middle-aged and elderly people [9] and mental health of children [10], while
natural sounds (e.g., birds' chirping) are relaxing [11]. Regarding the light environment, light intensities can be signi�cantly
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associated with older adults’ physical activity levels, physical health and well-being [12], while sunlight can positively
affect stress and emotional self-regulation [13]. Light pollution in the neighborhood environment can damage the human
eye, skin, and nervous system [14], and acute excess outdoor ultraviolet (UV) exposure can cause adverse reactions such
as erythema and edema [15]. Both too high and too low temperatures also have adverse effects on the human body [16],
thus anticipated global warming is expected to exacerbate health risks [17]. The thermal environment can also affect the
body's water and salt metabolism, thus further affecting the body’s physiological functions and exercise capacity [18]. In
addition, atmospheric humidity in�uences human health by affecting transmission of certain viruses [19, 20], and may
cause some respiratory or allergic diseases, so reducing humidity in the environment can reduce health risks [21].
Moreover, levels of nitrogen dioxide (NO2) and polluting particulate matter in the atmospheric environment are strongly

associated with respiratory morbidity and mortality [22, 23], and �ne particulate matter concentrations are positively
associated with the incidence of both dementia in the elderly [24] and psychological disorders (e.g., anxiety and
depression) in children [25]. In contrast, negative oxygen ions in the air can purify the air and alleviate symptomatic
responses to other allergens such as dust and mold spores [26], thereby promoting human health. The wind environment
generally has indirect synergistic effects with the atmospheric and/or thermal environment on human health as changes
in wind direction and speed can change concentrations of air pollutants, etc. [27] , and in�uence local temperatures,
thereby mitigating or exacerbating adverse heat island effects [28]. Our team has also previously shown that the physical
neighborhood environment in a subtropical monsoonal high-density city signi�cantly affects public health [29].

Neighborhoods’ landscape elements are also important. Numerous empirical studies have particularly focused on effects
of green and blue spaces on public health in communities, mainly exploring their associations with several domains of
health (such as physical, mental, and general health), as well as the impact mechanisms [30, 31]. A recent review concluded
that green spaces impact public health by reducing exposure to harmful environmental factors (e.g., air pollution and
noise), restoring individual capabilities (e.g., attention and psychophysiological relaxation), and building capacities (e.g.,
promoting exercise and social cohesion), thereby affecting residents’ health and well-being [30]. Empirical studies have
also shown that green spaces in neighborhoods promote physical activity, social cohesion, and thus adolescents’ mental
health through their restorative qualities [32]. Other studies have found that blue spaces near neighborhoods affect
residents’ general mental status by promoting physical activity, especially walking [33], and increases in numbers of blue
spaces in a neighborhood may have direct positive impacts on mental health, rather than indirect effects through
neighborhood social cohesion, as in the case of green spaces [34]. In addition, effects of gray spaces in communities or
cities, especially pedestrian systems, have often been studied and compared to those of green spaces or elements.
Studies show that urban gray routes have less bene�cial effects than urban green routes on residents’ emotional health
due to factors including higher levels of noise, particulate pollutants, and physiological stress [35]. In addition to the
contrast with green spaces, correlations between walking activity in a neighborhood and both the number and spacing of
street intersections in the neighborhood's pedestrian system have been detected [36]. Further, an exploration of
associations between several landscape elements and the health of older adults in high-density urban Hong Kong showed
that landscape elements such as water features, touchable plants, �tness areas, and hard open spaces all had varying
perceived importance for older adults [37]. Height to width ratios of trails and pavement permeability also affect
environmental microclimates and thus human thermal comfort [38]. In summary, landscape elements have direct or
indirect effects on public health, via multiple multi-dimensional pathways. These mediating pathways are far from fully
understood and there are clear needs to elucidate their in�uence rigorously at �ne spatial scales [31], and thus improve
understanding of neighborhood landscape elements’ effects on public health.

Partly because it is a typical high-density city with a subtropical climate, there have been increasing numbers of studies
on neighborhood environments and public health-related factors in Guangzhou (China) recently, mainly focusing on
correlations between neighborhood greenness (assessed from satellite images) and residents’ health parameters [39-41].
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These studies have shown, inter alia, that neighborhood greenness in a high-density city such as Guangzhou can promote
residents' health through increases in social cohesion [5] and physical exercise [42], together with strong correlations
between the physical environment and residents' health [29]. However, it is still not known if (and if so how) other
neighborhood landscape elements affect public health through the neighborhood’s physical environment.

To help efforts to understand these effects, this study explores pathways mediating effects of various landscape
elements and physical environmental factors on public health, in a high-density urban context, using Guangzhou as an
example. The landscape elements considered include greenness, blue spaces, walking trail systems, hard open spaces,
garden architecture, and specialized sport spaces, which have received much attention in previous studies. The mediating
variables considered (to address the extent of direct and indirect effects of landscape elements on residents' health)
include the HSI, RH, AWS, NOI, PM2.5, I and N (Figure 1). We hypothesized that the landscape elements may in�uence
public health through mediating effects of the physical environmental factors. The �ndings may extend theoretical
foundations for neighborhood-scale landscape architecture initiatives to enhance public health, and recommendations
based on them are proposed for such initiatives, particularly in high-density cities of subtropical monsoon regions.

2. Materials And Methods
2.1 Study Site

Guangzhou (23°6′N, 113°15′E) is hot and humid year-round, with an average annual temperature of 22.8°C, and mean
temperatures in the hottest and coldest months (July and January) of 30.4°C and 15.1 °C, respectively, according to data
from the past 30 years [43, 44]. On average, the daily maximum temperature exceeds 30°C for 150 days per year. The
cumulative annual average relative humidity in the city is 73%, annual rainfall amounts to about 1910 mm, the longest
continuous precipitation is mostly in June, and the cumulative annual average wind speed is 1.5 m/s, which is typical for
a subtropical monsoon climate [43, 44]. With the rapid economic development and urban expansion in China, Guangzhou
has become one of a number of typical high-density cities [45].

Nine sampling sites were selected for the study, located in the Liwan and Yuexiu districts, typical old neighborhoods in the
historical city of Guangzhou (Figure 2) with environmental characteristics including high residential density, ageing
building stocks and relatively poorly developed infrastructure. However, there are substantial variations in the considered
landscape elements among the sites (Table 1).

2.2 Data Collection

2.2.1 Public health information collection

To assess respondents’ self-evaluated health we used a culturally modi�ed form of the 36-item Short Form Survey (SF-36
scale), derived from the Medical Outcomes Study, which has shown good reliability and validity for assessing Guangzhou
residents’ health [46, 47]. The SF-36 scale has nine dimensions [48]: four used to measure subjects' physical health
(expressed by a ‘Physical Component Summary’), four to measure their mental health (expressed by a ‘Mental Component
Summary’) and a Reported Health Transition (HT) dimension designed to indicate overall changes in health
status [49]. The four physical health dimensions are Physical Functioning (PF), General Health (GH), Bodily Pain (BP), and
Role-Physical (RP), while the mental health dimensions are Vitality (VT), Mental Health (MH), Social Functioning (SF), and
Role-Emotional (RE).

A random sampling method was used to recruit participants to assess the physical and mental health status of residents
in each of the nine sample sites using the SF-36 scale. 50 questionnaires were distributed to each sample site within one
month after the measurement of the environmental factors. Researchers went within each neighborhood and surveyed
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participants face-to-face. All the candidate participants gave informed consent to participate, with reassurance that their
participation would be anonymous, and the results would only be used for academic research.. Thus, 450 questionnaires
were distributed in the nine sampling sites, and 450 were returned. Twelve with incomplete entries were excluded, and the
remaining 438 were included in subsequent analysis. Ages of the respondents ranged from 13 to 88 years (mean 45.1
years, Table 1). Information on scores for each dimension of the SF-36 scale are shown in Table 1.

 

2.2.2 Predictors Measurement of Landscape Elements 

As already mentioned, the landscape elements considered in this study include greenness, blue spaces, walking trail
systems, hard open spaces, sport spaces and garden architecture. All of these have recognized importance in
environmental and public health, except garden architecture [30, 31, 35-37, 41, 50] , which is a major landscape element in the
Chinese tradition [51] and was thus also included.

A combination of indicators for the landscape elements were selected that have previously demonstrated effects (direct or
indirect) on public health and/or are widely applied Chinese measures of local landscape elements. Greenness was
measured in terms of the green space ratio (GSR: green space area/total area), green coverage ratio (GCR: green coverage
area/total area), and tree green cover ratio (TGCR: tree coverage area/total green coverage area). GSR and GCR are used
for assessing neighborhood greenness in urban construction projects in China  [52] , , and TGCR indicates the structure of
neighborhood greenness [53] in terms of relative areas of tree and shrub/ground cover.’ Note, there is no point using
abbreviations if the full terms are also provided at every use. Blue space was measured by the percentage of water area in
each neighborhood (PWA: water area/total area), re�ecting the amount of water space in the neighborhood. The walking
trail system in each neighborhood was measured in terms of trail density (TD: total trail length/total area) and average
trail height to width ratio (ATHWR: average of measurements at 50 m intervals along trails), and average intersection
spacing (AIS: average distance between intersections in the neighborhood). TD and AIS re�ect the density of walking trail
systems [36], and ATHWR re�ects the spatial width of the trails [38]. Hard open space was measured by the percentage of
hard open space (PHOS: area of hard open space/total area), which is distinguished from garden architecture and
dedicated sports spaces, and re�ects the amount of hard open space in the neighborhood (e.g. small squares). Garden
architecture was measured by the percentage of �oor area (PGA: garden architecture area/total area). Sports spaces
refers to places in the neighborhood dedicated to residents' sports (e.g. courts and �tness spaces), measured by the
percentage of �oor space (PSS: sports space area/total area), re�ecting the amount of dedicated sports space in the
neighborhood.

To measure the indicators listed above we used a DJI Mavic 2 pro drone (DJI Innovation Technology Co., Ltd., Shenzhen,
China) and Pix4Dcapture mission planning software (Version 4.12.1, Pix4D SA, Prilly, Switzerland) for aerial surveys of
the sampling areas, and imported the acquired data into pix4Dmapper (Version 4.5.6, Pix4D SA, Prilly, Switzerland) to
generate orthophotos (Figure 3). The orthophotos were then used in conjunction with laser range�nder data to determine
the variables of interest. These were all areal statistics and indices calculated with AutoCAD 2014 (version I.18.0.0,
Autodesk, USA) except for the road height to width ratio, which was based on measurements at 50 m intervals along main
roads in each neighborhood. Summary statistics for each neighborhood landscape element are shown in Table 1.

2.2.3 Mediators Measurement of Environmental Factors 

According to China's architectural design standards and relevant studies, the urban physical environment can be divided
into six (thermal, humidity, wind, atmospheric, light and acoustic) main components [54]. The Heat Stress Index (HSI),
Relative Humidity (RH), Average Wind Speed (AWS), illumination (I) and Noisiness (N) were used to characterize the
thermal, humidity, wind, light and acoustic environments, respectively, of the sample sites. Negative Oxygen Ions (NOI)
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and <2.5 µM particulate matter (PM2.5) levels were used to characterize their atmospheric environments in terms of air

cleanliness and pollution, respectively. Following previously described procedures [29] we used: a NK3000 handheld
weather station (Nielsen-Kellerman , Boothwyn, USA) to measure RH, AWS and HSI; a TES-136 (TES Electrical Electronic
Corp., Taipei, China) portable colorimeter to measure I; an TES-1357 noise meter (TES Electrical Electronic Corp., Taipei,
China) to measure N; a KEC-900II oxygen ion detector (Eco Flavone Co., Ltd., Yokohama, Japan) to measure NOI, and
KornoGT-1000 laser dust meter (Korno Electronics Co., Ltd., Shenzhen, China ) to measure PM2.5. These environmental
factors were measured at �ve points in each sampling location, with a centripetal distribution, in October 2020 at 2-hour
intervals from 8:00 am to 8:00 pm on two non-consecutive sunny days. Results of the environmental factor
measurements are shown in Table 1.

Table 1 Sample and variable description statistics table
Characteristics and Variables  Sample description
Sociodemographics  Total N=438
Male n % 232 52.97%
Age mean SD 45.08 18.55
Education n %  

Primary school or below
Secondary school
College or above

87 19.86
221 50.46
130 29.68

Public Health Information  
SF-36 mean SD  

SFTOTAL
BP
PF
RP
GH
VT
SF
RE
MH
HT

124.513 15.092
84.941 16.044
87.009 17.471
74.715 34.182
70.210 21.175
73.710 15.607
95.177 19.920
76.865 33.334
75.744 15.835
49.715 20.469

Predictors Landscape Elements  
Green space ratio, m2/m2 mean SD
Green coverage ratio, m2/m2 mean SD
Tree green cover ratio, m2/m2 mean SD
Percentage of water area, m2/m2 mean SD
Trail density, m/m mean SD
Average trail height to width ratio, m/m mean SD
Average intersection spacing, m mean SD
Percentage of hard open space, m2/m2 mean SD
Percentage of garden architecture area, m2/m2 mean SD
Percentage of sports space area, m2/m2 mean SD

0.026 0.026
0.132 0.057
0.834 0.034
0.014 0.021
0.048 0.014
3.178 1.053
65.460 21.899
0.030 0.020
0.002 0.0020
0.003 0.003

Mediators Physical Environment Factor  
N, db mean SD
I, lm mean SD
AWS, m/s mean SD
RH, % mean SD
HSI mean SD
NOI mean SD
PM2.5 μg/m mean SD

55.64 3.19
8285.87 9862.25
0.79 0.39
55.9 6.25
28.33 2.48
0.66 0.23
38.64 9.50

Abbreviations: SF-36, the 36-item health scale; BP, PF, RP, GH, VT, SF, RE, MH, HT—Body Pain, Physical Functioning, Role-Physical, General Health, Vitality, Social

Functioning, Role-Emotional, Mental Health, and Reported Health Transition dimensions, respectively; N, Noisiness; I, Illumination; AWS, Average Wind Speed; RH,

Relative Humidity; HSI, Heat Stress Index; NOI, Negative Oxygen Ions; PM2.5, Fine Particulate Matter.

 

2.3 Statistical Analysis

Before analyzing the results, we tested the reliability of the SF-36 scale in the focal context by applying split-half
(Spearman-Brown) reliability and Cronbach's α internal consistency tests, with acceptability thresholds for the obtained
coe�cients of > 0.7 and > 0.6, respectively [55, 56]. We also tested its content, construct validity by calculating Pearson
correlation coe�cients between dimensions and between the dimensions, and total scores, respectively. In addition, we
extracted common factors (by Principal Component Analysis, PCA) with characteristic roots greater than 1 for the eight
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dimensions, calculated loadings of these factors for each dimension by the maximum variance rotation method, and
evaluated their structural validity by matching them with theoretical models [46].

General linear models were applied to detect signi�cant differences between communities and potential associations
between environmental differences and health disparities. In the ANOVA, the total (SFTOTAL) scores obtained from the
SF-36 survey was the dependent variable, neighborhood a �xed variable, age and education covariates, and gender a
random variable.

To further clarify relationships between the landscape elements, physical environmental factors and public health,
correlations between their indicators were examined, then indicators of landscape elements and physical environmental
factors that were not signi�cantly correlated with public health were discarded..

IBM SPSS 24.0 (version 24.0, IBM, Armonk, NY , USA) was used for all the above analyses.

Numerous scholars have used a mediation effect model [57], as illustrated in Figure 4, to explore the mechanisms of
landscape elements’ and environmental factors’ health effects [32, 58, 59]. Such tests have been divided into three
categories: the causal steps approach (testing the regression coe�cients once), the difference in coe�cients approach
(testing the signi�cance of c - c'), and the products of coe�cients approach (testing the signi�cance of ab), where a, b, c,
and c' have meanings shown in Figure 4 [60, 61]. Non-normally distributed mediating variables can be handled in the
product of coe�cients method, leading to asymmetric con�dence intervals for models of multiple mediating effects,
using data obtained from small or medium-sized samples such as those in this study by bias-corrected percentile
bootstrapping [62]. Therefore, we applied a multiple mediation model of this type (Figure 5) [63], using the mentioned
landscape elements as independent variables, mentioned physical environment factors as mediating variables, and public
health parameters as dependent variables. The relevant indicators were standardized and processed using percentile
bootstrap bias correction with Model 4 in SPSS macro PROCESS v.2.16 [64]. A set of 5,000 Bootstrap samples was drawn
to estimate 95% con�dence intervals for mediation effects, which were regarded as signi�cant if they did not contain 0
[65]. Mediating effect ratios were calculated using the following equation [62, 66], regarding negative values of ai or bi as

indicative of masking effects, and calculating strengths of mediating effects using absolute values [57]:

3. Results
3.1 Reliability and validity of the SF-36 scale

3.1.1 Reliability of the scale

We obtained Spearman-Brown correction and overall Cronbach's α coe�cients of 0.834 and 0.840, respectively for the
scale, comfortably more than the thresholds for acceptable reliability of 0.7 and 0.6, respectively, strongly indicating that it
has su�cient internal consistency and reliable ability to detect between-area differences in health parameters.

3.1.2 Validity of the SF-36 Health Scale

Content validity: The correlations between scores for each dimension of the SF-36 Health Scale and total scores, and
correlations between the dimensions, were highly signi�cant (p<0.001; Table 2), strongly indicating that it has su�cient
content validity
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Table 2 Correlation coefficients between subscales and between subscales and total scores.

  BP PF RP GH VT SF RE MH HT

PF .570**         

RP .544** .490**        

GH .525** .496** .472**       

VT .415** .484** .474** .492**      

SF .559** .608** .522** .583** .573**     

RE .309** .222** .545** .321** .371** .468**    

MH .233** .195** .275** .336** .594** .427** .387**   

HT .351** .300** .327** .403** .208** .293** .222** .130**  

SFTOTAL .680** .722** .674** .788** .796** .794** .529** .652** .426**

Abbreviations: BP, PF, RP, GH, VT, SF, RE, MH, HT—Body Pain, Physical Functioning, Role-Physical, General Health, Vitality, Social Functioning, Role-Emotional, Mental

Health, and Reported Health Transition dimensions, respectively; **, P < 0.01 (indicating highly significant correlation).

Construct validity PCA was performed for each dimension of the scale except HT, and two common factors with root >1
were extracted, which jointly explained 65.2% of the variance. Rotation using the Kaiser normalized maximum variance
method to obtain loadings of each dimension on the two communal factors (Table 3) indicated that the PF, BP, GH, RP,
and SF dimensions were correlated with the communal factor F1, and the MH, RE, and VT dimensions were correlated
with the communal factor F2. The actual PF, BP, GH, MH, and VT models are completely consistent with the respective
theoretical models, the actual RE and SF models are partially consistent with the respective theoretical models, and the
actual RP model is not consistent with the theoretical model, but its loadings on the metric factors F1 and F2 are close to
those of the corresponding theoretical model. In summary, the measurements are highly consistent with the overall
conceptual model.

Table 3 Actual and theoretical factor loadings for models of dimensions of the SF-36 scale

Dimensions Actual model Theoretical model

F1 F2 Physiological factors Psychological factors

PF 0.841 0.084 ≥0.70 r≤0.30
BP 0.820 0.131 ≥0.70 r≤0.30

GH 0.694 0.468 0.30 r 0.70 0.30 r 0.70

RP 0.657 0.385 ≥0.70 r≤0.30

MH 0.052 0.881 r≤0.30 ≥0.70

RE 0.256 0.673 r≤0.30 ≥0.70

VT 0.442 0.685 0.30 r 0.70 0.30 r 0.70

SF 0.694 0.648 0.30 r 0.70 ≥0.70

Abbreviations: BP, PF, RP, GH, VT, SF, RE, MH, HT—Body Pain, Physical Functioning, Role-Physical, General Health, Vitality, Social Functioning, Role-Emotional, Mental

Health, and Reported Health Transition dimensions, respectively. Common factors were extracted by Principal Component Analysis and subjected to varimax rotation

with Kaiser normalization.

3.2 Analysis of variance

Results of the ANOVA using the general linear model are shown in Table 4. The ANOVA revealed a highly signi�cant
association between residents' age and health (total SF-36 score), and signi�cant associations between their health and
both education level and neighborhood. Thus, although other factors are important, it clearly indicated that the
mechanisms whereby neighborhood landscape and environmental factors in�uence public health warrant further
attention. 
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Table 4 General linear model of indicated factors’ effects on resident’s heath (SFTOTAL scores). 

  Sum Squares Degree of Freedom Mean Square F Value
 

p Value

Intercept Distance Assumptions 133905.20 1 133905.20 767.41 0.000
Error 71698.22 410.903 174.49a   

Age Assumptions 4089.53 1 4089.53 23.21 0.000

Error 73656.60 418 176.21b   

Education Assumptions 891.57 1 891.57 5.06 0.025

Error 73656.60 418 176.21b   

Neighborhood Assumptions 6898.19 8 862.27 3.47 0.049

Error 1999.26 8.039 248.70c   

Gender Assumptions 85.18 1 85.18 0.34 0.574

Error 1998.53 8.035 248.72d   

Neighborhood * Gender Assumptions 1991.59 8 248.95 1.41 0.189

Error 73656.60 418 176.21b   

Abbreviations: a, .019 MS(Gender) + .981 MS(Error); b,   MS(Error); c, .997 MS (Neighborhood * Gender) + .003 MS(Error); d, .997 MS(Neighborhood * Gender) + .003

MS(Error).

3.3 Correlation analysis

Overall physical health (HI1) and mental health (HI2) scores for the participants were calculated using data shown in
Table 3, then correlations between total health (SFTOTAL), HI1 and HI2 scores with environmental factors and landscape
elements were analyzed (Tables 5 and 6, respectively). Correlations between environmental factors and landscape
elements were also analyzed (Table 7).

Results of the correlation analysis show (Table 5) that �ve landscape elements (GSR, GCR, PWA, TD, and ATHWR) were
highly signi�cantly correlated, and two (PHOS and AIS) were signi�cantly correlated with total health scores. In addition,
�ve (GSA, GCR, PWA, TD, ATHWR, and PHOS) were highly signi�cantly correlated with physiological health scores, while
GCR and ATHWR were highly signi�cantly correlated (and both GSR and PWA signi�cantly correlated) with psychological
health scores. TGCR, PGA and PSS were not signi�cantly correlated with total, physiological or psychological health
scores, indicating that these three indicators were not signi�cantly correlated with public health. Thus, to simplify the
mediating pathways they were excluded from subsequent analysis.

The correlations between landscape elements and SFTOTAL decreased in the following order: ATHWR > GCR> GSR > TD >
PHOS > PWA > PSS > PGA > TGCR. Their correlations with physiological health scores decreased in the order GCR > GSR>
TD > ATHWR >PHOS > PWA > AIS > TGCR > PSS > PGA, and their correlations with psychological health scores decreased
in the order ATHWR >GCR > GSR > PWA > PHOS > AIS > TD > PSS > TGCR > PGA.

Table 5 Results of Pearson correlation analysis of landscape elements with total health, physical health, and mental health scores

Health Subscales GSR GCR TGCR PWA TD ATHWR AIS PHOS PGA PSS

SFTOTAL .227** .251** 0.006 .168** -.171** -.252** .123* .169** -0.008 -0.015

HI1 .180** .194** -0.060 .125** -.170** -.156** 0.066 .130** 0.023 0.027

HI2 .112* .136** 0.028 .110* -0.041 -.165** 0.061 0.085 -0.016 -0.035

Abbreviations: HI1, Physical Component Summary score; HI2, Mental Component Summary score; GSR, green space ratio; GCR, green coverage ratio; TGCR, tree green

cover ratio; PWA, percentage of water area; TD, trail density; ATHWR, average trail height to width ratio; AIS, average intersection spacing; PHOS, percentage of hard

open space; PGA, percentage of garden architecture area; PSS, percentage of sports space area; * significant ( P<0.05); ** highly significant (p<0.01).

SFTOTAL scores were also highly signi�cantly correlated with two environmental factors (I and RH) and signi�cantly
correlated with NOI, HSI and PM2.5 (Table 6). Two environmental factors (I and NOI) were highly signi�cantly correlated,
and another two (RH and PM2.5) signi�cantly correlated with physiological health scores. In addition NOI was highly
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signi�cantly correlated with psychological health scores. N and AWS were not signi�cantly correlated with total,
physiological or psychological health scores, and thus were excluded from subsequent analysis.

The correlations between environmental factors and SFTOTAL declined in the order NOI > I > RH > HSI > PM2.5 > N > AWS.
The correlations between environmental factors and physiological health scores declined in the order I> NOI > PM2.5 > RH
> HSI > N > AWS. The correlations between environmental factors and psychological health scores declined in the order
NOI > RH > AWS > I > HSI > PM2.5 > N.

Table 6 Results of Pearson correlation analysis of relationships between total health (SFTOTAL), physical health and mental health
scores and environmental factors

Health Subscales N I AWS RH HSI NOI PM2.5

SFTOTAL 0.061 -.172** 0.021 .132** -.116* .228** .104*

HI1 0.062 -.165** -0.023 .101* -0.088 .157** .104*

HI2 0.004 -0.043 0.061 0.064 -0.040 .139** 0.020

Abbreviations: HI1, Physical Component Summary score; HI2, Mental Component Summary score. N, Noisiness; I, Illumination; AWS, Average Wind Speed; RH, Relative

Humidity; HSi, Heat Stress Index; NOI, Negative Oxygen Ions: PM2.5, Fine Particulate Matter; * significant ( P<0.05); ** highly significant (p<0.01).

The analysis of correlations between landscape elements and environmental factors (Table 7) showed that TGCR was not
signi�cantly correlated with N and I, ATHWR was not signi�cantly correlated with N, PHOS was not signi�cantly correlated
with AWS and RH, PGA was not signi�cantly correlated with N, RH, HSI, or NOI, and PSS was not signi�cantly correlated
with N. The remaining landscape elements showed signi�cant correlations with environmental factors, indicating that
landscape elements are closely related in neighborhoods of high-density cities, and further mediation analysis is needed
to clarify the pathways affecting public health. 

Table 7 Results of Pearson correlation analysis between environmental factors and landscape elements
  GSR GCR TGCR PWA TD ATHWR AIS PHOS PGA PSS

N .097* .101* 0.025 -.353** -.418** 0.019 .374** .240** 0.005 0.067
I -.383** -.387** 0.045 -.283** .904** .543** -.477** -.133** .344** -.112*

AWS .275** .225** .114* .616** .551** -.231** -.224** 0.011 .343** -.662**

RH .274** .415** .280** .630** -.599** -.524** .116* 0.084 0.068 .121*

HSI -.631** -.447** -.284** -.322** .191** .536** -.378** -.288** 0.087 .505**

NOI .855** .844** .232** .507** -.253** -.810** .450** .670** 0.004 -.226**

PM2.5 .180** .314** .117* .190** -.836** -.341** .490** .210** -.300** .571**

Abbreviations: GSR, green space ratio; GCR, green coverage ratio; TGCR, tree green cover ratio; PWA, percentage of water area; TD, trail density; ATHWR, average

trail height to width ratio; AIS, average intersection spacing; PHOS, percentage of hard open space; PGA, percentage of garden architecture area; PSS, percentage of

sports space area; N, Noisiness; I, Illumination; AWS, Average Wind Speed; RH, Relative Humidity; HIS, Heat Stress Index; NOI, Negative Oxygen Ions:

PM2.5, Fine Particulate Matter. *, p<0.05; **, p<0.01.

 

Table 8 Multiple mediation models linking adjusted landscape elements to public health (Outcome: SFTOTAL)
Landscape Total Effect Total

Indirect
Effect

Direct effect Specific indirect effects (mediators tested one-at-a-time)
I RH HSI NOI PM2.5

GSR 0.22 0.15 0.29 * 0.18 0.01 0.35 * 0.04 -0.14 0.23 0.07 0.01 0.14 * 0.01 -0.02 0.04 -0.13 -0.23 -0.03 * 0.25 0.07 0.42 * -0.02 -0.05 0.01

GCR 0.25 0.16 0.32 * 0.2 -0.01 0.40 0.05 -0.17 0.26 0.07 0.01 0.14 * 0.01 -0.04 0.05 -0.09 -0.17 -0.01 * 0.23 0.01 0.46 * -0.03 -0.08 0.03

PWA 0.15 0.06 0.23 * 0.15 0.05 0.25 * -0.01 -0.14 0.12 0.05 0.01 0.10 * 0.02 -0.07 0.10 -0.07 -0.13 -0.01 * 0.17 0.09 0.26 * -0.02 -0.05 0.02

TD -0.15 -0.24 -0.06 * -0.23 -0.47 0.01 0.08 -0.17 0.33 -0.22 -0.42 -0.02 * -0.01 -0.08 0.05 0.04 0.01 0.09 * -0.09 -0.14 -0.04 * 0.04 -0.12 0.20

ATHWR -0.25 -0.33 -0.17 * -0.17 -0.39 0.02 -0.08 -0.29 0.15 -0.09 -0.19 0.01 0.01 -0.06 0.06 0.10 0.01 0.19 * -0.21 -0.41 -0.02 * 0.02 -0.03 0.08

AIS 0.15 0.08 0.22 * 0.05 -0.09 0.18 0.11 -0.06 0.27 0.11 0.02 0.19 * 0.01 -0.01 0.03 -0.11 -0.18 -0.03 * 0.14 0.07 0.21 * -0.10 -0.23 0.03

PHOS 0.18 0.10 0.26 * 0.14 0.03 0.26 * 0.04 -0.10 0.18 0.03 0.01 0.06 * 0.01 -0.01 0.01 -0.06 -0.11 -0.01 * 0.20 0.07 0.32 * -0.02 -0.06 0.02

Abbreviations: GSR, green space ratio; GCR, green coverage ratio; TGCR, tree green cover ratio; PWA, percentage of water area; TD, trail density; ATHWR, average

trail height to width ratio; AIS, average intersection spacing; PHOS, percentage of hard open space; I, Illumination; RH, Relative Humidity; HSI, Heat Stress Index; NOI,

Negative Oxygen Ions; PM2.5, Fine Particulate Matter. A separate mediation model was fitted for each greenspace measure and each potential mediator. Independent

indirect paths were tested. Standardized regression coefficients and 95% CIs are reported. a, adjusted for age and education. *, p<0.05. 
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3.4 Mediation analysis

3.4.1 Mediation effects of greenness on public health by physical environmental factors

Results of modeling with GSR and GCR as independent variables, I, RH, HSI, NOI, and PM2.5 as mediating variables, total
health score (SFTOTAL) as the dependent variable, and age and education as covariates, with bootstrapping tests
of mediation effects, are shown in Table 7, Table 8, and Figure 6.

Regression analysis showed that GSR had a positive effect on SFTOTAL (β=0.23, t=4.88, p<0.001; Table 8). Wen
environmental factors were added as mediating variables, the direct effect of GSR on SFTOTAL was not signi�cant
(β=0.04, t=0.44, p=0.6615). However, effects of GSR on SFTOTAL through I (β=-0.19, t=-2.24, p< 0.05), HSI (β=0.21, t=2.64,
p<0.05), and NOI (β=0.29, t=2.96, p<0.01) were signi�cant, and none of the corresponding 95% con�dence intervals
contained 0, indicating signi�cant mediating effects, with effect values of 0.07, -0.13, and 0.25, respectively. The
environmental factors’ mediation of GSR’s effects on SFTOTAL decrease in the order NOI>HSI>I>PM2.5>RH, indicating that
GSR’s effects on public health are mainly mediated through effects on the acoustic, thermal, and light environments.

GCR had a positive effect on SFTOTAL (β=0.25, t=5.77, p<0.001), but when environmental factors were added as
mediating variables the direct effect of GCR on SFTOTAL was not signi�cant (β=0.05, t=0.40, p=0.6886). Its overall
mediating effect though physical environmental factors was also insigni�cant. However, GCR had signi�cant effects
through I (β=-0.19, t=-2.26, p<0.05), HSI (β=0.19, t=2.19, p<0.05), and NOI (β=0.28, t=2.11, p<0.05), with effect values of
0.07, -0.09, and 0.23, respectively. This suggests that GCR mainly affects public health through I, HSI, and NOI, probably
with contributions from other mediators that require elucidation.

Taken together, although GCR did not play a signi�cant role in the total mediating effect of the considered environmental
factors, I, HSI, and NOI were signi�cant mediators of effects of both greenness indicators, indicating that greenness
affects public health mainly through its effects on the light, thermal, and atmospheric environments of the focal high-
density urban neighborhoods.

3.4.2 Mediation effects of blue space on public health by physical environmental factors 
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Results of modeling with PWA as the independent variable, I, RH, HSI, NOI, and PM2.5 as mediating variables, total health
score (SFTOTAL) as the dependent variable, and age and education as covariates, with bootstrapping tests of mediation
effects, are also shown in Table 7, Table 8, and Figure 6. They show that PWA had a positive effect on SFTOTAL (β=0.15,
t=3.38, p<0.001). When environmental factors were added as mediating variables, the direct effect of PWA on public
health was not signi�cant (β=-0.01, t=-0.11, p=0.915). However, it had signi�cant effects through I (β=-0.20, t=-2.33,
p<0.05), HSI (β=0.21, t=2.51, p<0.05), and NOI (β=0.33, t=4.54, p<0.001), with effect values of 0.05, -0.07, and 0.17,
respectively. The environmental factors’ mediation of PWA’s effects on SFTOTAL decrease in the order
NOI>HSI>I>RH>PM2.5, indicating that NOI, I and HSI are the main mediators of blue spaces’ effects on public health. These
�ndings indicate that in neighborhoods of high-density cities, blue spaces mainly affect public health through
atmospheric, light and thermal environments.

3.4.3 Mediation effects of walking trail systems on public health by physical environmental factors 

Results of modeling with TD, ATHWR, and AIS as independent variables, I, RH, HSI, NOI, and PM2.5 as mediating variables,
total health score (SFTOTAL) as the dependent variable, and age and education as covariates, with bootstrapping tests of
mediation effects, are also shown in Table 7, Table 8, and Figure 6. They show that TD had a negative effect on SFTOTAL
(β=-0.15, t=-3.42, p<0.001), but when environmental factors were added as mediating variables, the direct effect was not
signi�cant (β=0.08, t=0.66, p=0.5107). , while the direct effect on public health through I (β=-0.24, t=-2.20, p<0.05), HSI
(β=0.21, t=2.64, p<0.05), and NOI (β=0.34, t=5.11, p<0.001) had a signi�cant effect on public health.

The overall mediating effect of the considered physical environment factors was not signi�cant either. However, the
effects through I (β=-0.24, t=-2.20, p<0.05), HSI (β=0.21, t=2.64, p<0.05), and NOI (β=0.34, t=5.11, p<0.001) were
signi�cant, with effect values of -0.22, 0.04, and -0.09, respectively. In summary, TD affects public health through effects
on light, thermal and acoustic environments, but the environmental factors had no signi�cant overall mediating effect,
and other factors likely contribute.

ATHWR had a negative effect on SFTOTAL (β=-0.25, t=-5.94, p<0.001), but when environmental factors were added as
mediating variables, the direct effect was not signi�cant (β=-0.08, t=-0.7, p=0.4863). The overall mediating effect through
physical environment factors on public health was not signi�cant either. However, ATHWR had signi�cant effects through
HSI (β=0.18, t=2.14, p<0.05), NOI (β=0.26, t=2.24, p<0.05), suggesting that it affects public health through the thermal and
acoustic environments, probably with contributions from other mediating factors.

 AIS had a positive effect on SFTOTAL (β=0.15, t=3.48, p<0.001). Again, when environmental factors were added as
mediating variables the direct effect of AIS on public health was not signi�cant (β=0.11, t=1.33, p=0.1856), and the overall
mediating effect of physical environmental factors was not signi�cant either. However, ASI had signi�cant effects through
I (β=-0.22, t=-2.60, p<0.05), NOI (β=0.30, t=4.50, p<0.001), and HSI (β=0.27 , t=2.92, p<0.05), with effect values of 0.11,
-0.11, and 0.14, respectively. The results indicate that overall effects of AIS through the combined physical environment
factors are insigni�cant, but it has signi�cant effects mediated through light, acoustic and thermal environments,
probably with contributions from other mediating factors.

Taken together, none of the three indicators of the walking trail system had signi�cant effects on public health mediated
through the combined physical environment factors. However, effects mediated through I, HSI, and NOI were signi�cant.
These �ndings indicate that in neighborhood environments of high-density cities walking trail systems have effects on
public health mediated through the light, thermal, and atmospheric environments, probably in combination with other
mediating factors and in�uence pathways that warrant further exploration and con�rmation.

3.4.4 Mediation effects of hard open space on public health by physical environmental factors
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Results of modeling with PHOS as the independent variable, I, RH, HSI, NOI, and PM2.5 as mediating variables, SFTOTAL
as the dependent variable, and age and education as covariates, with mediation effects tested by bootstrapping are also
shown in Table 7, Table 8, and Figure 6. They show that PHOS had a positive effect on public health (β=0.18, t=4.16,
p<0.001), but again when environmental factors were added as mediating variables, the direct effect of PHOS on public
health was not signi�cant (β=0.04, t=0.52, p=0.6065). However, it had signi�cant effects through I (β=-0.21, t=-2.39 ,
p<0.05), HSI (β=0.20, t=2.58, p<0.05), and NOI (β=0.29, t=3.27, p<0.05), with effect values of 0.03, -0.06, and 0.20,
respectively. The mediating effects of PHOS on public health are, in descending order, NOI>HSI>I>PM2.5>RH. These
results indicate that effects of hard open spaces on public health are mainly mediated through the atmospheric, thermal
and light environments.

4. Discussion
4.1 The neighborhood landscape elements and physical environmental factors of high-density cities with subtropical
monsoon climate are closely related to public health

The presented results corroborate our previous �ndings [29] that the physical environmental factors of neighborhoods are
strongly associated with public health in high-density cities with subtropical monsoon climates (Table 6), and strengths of
the detected associations are largely consistent with previous studies, except for those of atmospheric and acoustic
environmental factors.

In contrast to the previous study, in which we found no signi�cant association between atmospheric environment and
public health, in this study we found a signi�cant positive association between negative oxygen ions in the atmosphere
and public health. This is consistent with previous �ndings by other scholars that negative oxygen ions in the air have
positive effects on health, including stress relief [67], and restoration of physiological responses after exercise [68]. Our
study also extends �ndings that they promote public health indoors [69] and in the vicinity of waterfalls in forest areas [70].
Reasons for the differences in results between this and our previous study may be related to differences in sampling sites,
as we collected data from more neighborhoods, with more signi�cant variations in landscape elements and physical
environmental factors, thereby increasing the scope for detecting signi�cant effects of environmental variables. However,
in contrast to previous conclusions that the acoustic environment is signi�cantly associated with public health [29], in this
study we detected no signi�cant association between acoustic environment and public health. This may be at least partly
because the maximum noise level recorded in any of the selected neighborhoods in this study was 62.2 db, which is
within Chinese environmental standards and well below the general threshold for damage to human health [71]. Moreover,
the sampling period was much shorter than in some previous studies and may have been too short to detect cumulative
longer-term associations with public health [72]. Thus, according to these hypotheses the �ndings suggest that the
acoustic environment may have long-term rather than short-term effects on human health.

The results of this study clearly support our main hypothesis, that indicators of some landscape elements of the
neighborhoods, including greenness (GSR and GCR), blue space (PWA), walking trail system (TD, ATHWR, and AIS), and
hard open space (PHOS) are signi�cantly correlated with public health in Guangzhou, and probably other high-density
cities with a subtropical monsoon climate (Table 5). However, garden architecture (PGA), sports spaces (PSS), and the
tree cover component of greenness (TGCR) were not signi�cantly correlated with total, physiological or psychological
health scores.

Of the landscape elements associated with public health, we found that GSR and GCR (re�ecting vegetation elements),
and water elements, are positively associated, in accordance with �ndings of many previous studies [73-75] that increases
in greenness and blue spaces in neighborhoods promote public health, both generally and in high-density cities. We also
found that GCR (the green coverage ratio) had a higher correlation coe�cient than the green space ratio (GSR) and may
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thus warrant higher prioritization in the planning and renewal of high-density urban neighborhoods with tight land
constraints. Two parameters of the walking trail system, the trail density (TD) and average trail height to width ratio
(ATHWR), were negatively associated and one (average intersection spacing, AIS) was positively associated with public
health. As high ATHWR values imply narrow trail spaces, these �ndings indicate that trails that are too narrow do not
promote health. It has been suggested that higher trail densities imply better accessibility and thus promote healthy
physical activity for residents [76], but our results suggest the opposite. Other studies by Chinese scholars have concluded
that in China increases in trail densities may sometimes be bene�cial, but excessively high densities reduce activity
distances to the detriment of health [77]. The positive association between average intersection spacing (AIS) and public
health suggests that in high-density cities increases in intersection spacing may increase residents’ activity distances and
thus promote health. This may also explain why trail density is negatively associated with public health and average
intersection spacing positively associated with public health in high-density cities. The reasons for this and the
mechanisms involved warrant more detailed attention. As already mentioned, these landscape elements are closely
related to public health and thus should be considered when renewing high-density urban neighborhoods.

For landscape elements that were not signi�cantly associated with public health, there were several possible
interpretations. One was the tree green cover ratio (TGCR). We found that several sampling neighborhoods had similar
greenness structure, with high TGCR, so relatively small variation in the ratio may partly explain its lack of association
with public health. Alternatively, the structure of neighborhood greenness may not be a major public health factor. A forest
with a rich canopy structure may provide more ecological services and aesthetic values than other forms of vegetation
[78]. However, due to light and space constraints it is di�cult to create such structures in high-density neighborhoods, in
which shrubs and groundcover can provide more greenery from a human perspective. Thus, we need more re�ned and
detailed empirical data regarding the association between this indicator and public health. Similarly, previous studies
have shown that good quality landscape architecture and sports spaces promote physical activity [79] and health [80], but
we found no signi�cant association between public health and the indicators of either of these landscape elements. We
hypothesize that this may be because the landscape architecture and sports spaces in the focal high-density
neighborhoods have conventional generic designs that do not match characteristics of the sites, have poor quality and
are not attractive. Thus, they may have low usage and functionality. If so, adopting generic designs in high-density
neighborhoods may be inappropriate, and the design of suitable landscape architecture and sports spaces for such
neighborhoods requires more attention.

4.2 Neighborhood landscape elements have public health effects mediated by the physical environmental factors

Results of this study also show that greenness (GSR), blue spaces, and hard open spaces—but not the green coverage
ratio (GCR) or walking trail system parameters—signi�cantly in�uence public health through the integrated effects
mediated by environmental factors, in partial accordance with our main hypothesis (Table 7, Table 8 and Figure 6).
However, detailed examination of the mediating effects of the physical environment, light environment, thermal
environment, and atmospheric environment (particularly NOI) provide further illumination of the mechanisms involved.

Despite the difference in environmental factors’ overall mediation on the effects of GSR and GCR, I, HSI, and NOI had
signi�cant mediating effects in both cases. These �ndings are consistent with those of previous authors and suggest that
greenness can in�uence health by mitigating heat exposure [81] and increasing negative ion concentrations [69]. They also
show that GSR and GCR can effectively reduce daytime illumination and provide welcome shade in high-density
subtropical cities like Guangzhou that are consistently hot, and thus positively correlate with public health. GCR may also
contribute to health-promoting processes and phenomena such as stress recovery and social cohesion [82], which require
more attention both generally and in high-density cities particularly.
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Blue spaces positively in�uence public health through a combination of physical environmental factors, mainly the light
environment (I), thermal environment (HSI), and atmospheric environment (NOI). The results con�rm �ndings in other
settings that blue spaces can increase negative oxygen ion concentrations [70] and mitigate thermal exposure [83] in
neighborhoods of high-density cities. We hypothesize that the health-promoting negative association between blue space
and illumination is due to the presence of greenery around water bodies in the focal neighborhoods, which highlights the
mediating interactions between PWA and I. As a side note, when blue spaces are installed in neighborhoods, the
con�guration of vegetation can improve public health bene�ts through its effects on the light environment. In addition,
blue space and greenness can jointly mitigate discomfort caused by high temperatures [84]. However, the lower impact
effect of the blue space element compared to the greenness suggests that it has lower public health bene�ts, and it has
also been shown that blue spaces are less effective and more expensive than greenness for mitigating heat island effects
and providing ecological value [85]. T Therefore, when blue spaces cannot be installed in high-density neighborhoods or
budgets are limited, installing greenness may be a good alternative..

Regarding the walking trail system, although the total mediated effect was not signi�cant, its indicators were signi�cantly
correlated with public health (SFTOTAL), and had consistently signi�cant effects mediated by I, HSI, and NOI (except for
an insigni�cant effect of ATHWR mediated by I). Both the trail density (TD) and average trail height to width ratio
(AWHWR) were positively associated with I and HSI in the neighborhoods, and negatively associated with the NOI
concentration, thus they had negative effects on public health. This is because in communities with high green space and
green coverage dense trails and narrow trail spaces can squeeze green spaces, resulting in inability to plant shade plants
and provide shade facilities, thereby reducing negative oxygen ion concentrations, and increasing both sunlight and
adverse thermal effects [86]. In contrast, the average intersection spacing (AIS) in a neighborhood has the opposite impact
on public health. In summary, dense walking trail systems and narrow trail spaces in high-density urban neighborhoods
are detrimental to health-promoting physical environmental factors, and although some scholars have concluded that trail
systems promote health through mediators such as physical activity [36, 87], this may not be applicable in high-density
cities in China [77] , and more research is needed to elucidate the relationships.

Hard open spaces are distinct spaces from landscape architecture and dedicated sports spaces that provide Chinese
residents with places for recreation and social activities [88]. In a subtropical high-density city, the mechanism mediating
its in�uence on public health through the physical environment is similar to that of greenness elements, suggesting that
to some extent the area of hard open space in a community positively in�uences public health through the physical
environment. However, the difference is that hard open spaces are only associated with physical health, probably because
their effect is not mediated solely through the physical environment, but also through another link (promotion of physical
activity) to the physical environment [79].

In summary, in high-density urban neighborhoods, effects of the abovementioned landscape elements on public health
are mainly mediated through the light, thermal, and atmospheric environments.

4.3 Two unexpected discoveries contrary to experience

Two results of the study were contrary to everyday experience. The �rst is that greenness elements did not affect public
health through PM2.5 and they were positively correlated with PM2.5 (Tables 5 and 8), in contrast to �ndings of most

studies that vegetation can adsorb and reduce levels of atmospheric pollutants [89, 90]. This may be because the
aerodynamic dilution of pollutants is more effective in the focal sites than the adsorption of air pollutants by vegetation,
while excessive vegetation reduces ventilation and thus promotes increases in aerial concentrations of the pollutants [91],
and it is the low vegetation close to the sources of air pollution that can most effectively adsorb pollutants [92]. Therefore,
in some cases, trees in a neighborhood may reduce rather than improve air quality [75]. This would explain why greenness
elements can be positively associated with PM2.5 in neighborhoods of high-density cities. Our results indicate that such a
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situation does not affect public health, so they do not refute the view that the overall effects of greenness elements
promote public health. If potential adverse effects require mitigation, vegetation designs with excessive enclosure should
be avoided in high-density communities and ventilation can be enhanced by regular pruning of trees.

The other result that con�icted with everyday experience is that in the hot and humid climate of Guangzhou relative
humidity had a weak positive association with health rather than a negative effect on residents [19] (Table 5). Probably
because the relative humidity in the neighborhoods was within the acceptable range for Guangzhou residents (less than
78%) during the sampling period [93]. In contrast, landscape elements did not affect public health through humidity,
indicating that despite a strong positive association of blue spaces with relative humidity, the humidity environment of the
community was mainly in�uenced by the overall environment of the urban area [94].

4.4 Insights into regeneration planning for high-density urban communities in subtropical monsoon climates

Synthesizing the above results and discussion, we propose the following recommendations for regeneration strategies for
high-density urban neighborhoods of cities with subtropical monsoon climates from the perspective of physical
environment and public health.

1 Maximizing green and blue spaces promotes public health, but green space is more effective and economical than
blue space, and the effectiveness of blue spaces is enhanced by vegetation elements, so green spaces should be
prioritized in high-density neighborhoods.

2 Use of trees in moderation, with more small shrubs and ground cover (to adsorb dust and pollutants from roads and
tra�c), is recommended. Selected trees should have good top cover and su�ciently high branches to provide shade and
thus reduce both illumination and heat stress. They should also be regularly pruned to provide good ventilation. Various
forms of vertical and rooftop greenery can also be used to increase the amount of green in neighborhoods.

3 Avoid dense trails by adopting wider intersection spacing and greater trail height to width ratios. In large-scale
renovations of neighborhoods appropriate reductions in both the trail density and trail height to width ratio, with increases
in the intersection spacing, may be bene�cial. In micro-renovations, installation of vertical greenery or removable shade
devices in the trails to weaken the negative impact of a dense trail system on the physical environment and public health
may also promote public health.

4 Utilize unused spaces by transforming them into open hard spaces, concentrated (as far as possible) in the
neighborhood. If high density prevents this, unused space or gray corner space can be converted into open hard spaces to
provide leisure and recreational places for residents, while reducing the density and height to width ratio of the
neighborhood trails.

5 Landscape architecture and dedicated sports spaces should be tailored to match characteristics and needs of the
local communities, with due consideration of demographic pro�les and preferences etc. For example, neighborhoods with
high numbers of children should adopt bright colors and child-oriented designs, while neighborhoods with more elderly
people should use more neutral colors and age-appropriate designs. In addition, customized (or at least carefully selected
appropriate designs) should be used instead of standard generic designs so that facilities are attractive for residents and
effectively provide public health services.

6 Neighborhood landscape renewal initiatives should include improvement of effects of landscape elements on the light,
thermal and atmospheric environments, all of which are important mediators of the elements’ effects on public health.
The acoustic environment, humidity and particulate air pollution can also be improved through appropriate neighborhood
operation and management, physical spraying and drying, and enhanced ventilation.
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7 As shown by data in Tables 7 and 8, landscape elements in neighborhoods should be prioritized in renewal initiatives
in the following order: greenness> hard open space > blue space > walking trail system > sports space > landscape
architecture.

4.5 Limitations and Future Research

Several limitations of this study should be acknowledged. First, our study was based on a cross-sectional survey and
mediation analysis to examine the associations between landscape elements, physical environmental factors, and public
health. This also provided indications of the mechanisms involved, but it is not su�cient for thorough elucidation of the
mechanisms of dynamic changes in effects of landscape elements and environmental factors on public health over time.
Therefore, longitudinal follow-up and/or experimental studies are also required. Second, the study relied on random
sampling and therefore afforded limited analysis of the correlations between landscape elements and public health.
Future studies would bene�t from systematic sampling and/or larger samples. Finally, we focused solely on mechanisms
mediating effects of landscape elements on public health that solely involve physical environmental factors, which
cannot fully explain the relations. Other factors (such as physical activity, stress recovery, and social cohesion) are known
to have mediating effects [5, 30, 32]. Thus, future studies should explore the in�uence of speci�c landscape elements on
public health through multiple parallel mediators or chains of mediators in more detail, with as full as possible
consideration of the dynamic interactions involved.

5. Conclusion
We have investigated associations between neighborhood landscape elements and public health in a high-density city in
a subtropical monsoon region (Guangzhou), and obtained indications of the mediating pathways through physical
environmental factors involved. Speci�cally, we found associations between public health and greenness, blue spaces,
walking trail systems, hard open spaces, landscape architecture, and sports spaces. We also detected multiple mediating
effects of thermal, humidity, wind, atmospheric, light, and acoustic environments.

The results showed that greenness, blue spaces, and hard open spaces were positively associated with public health, and
the average intersection spacing in the walking trail system was positively associated (while trail density and the average
trail height to width ratio were negatively associated) with public health. No association was found between landscape
architecture or sports spaces and public health. A multiple mediating effects test proved that greenness, blue spaces, and
hard open spaces affect public health through the physical environment, mainly through effects on light, thermal, and
atmospheric environments. The walking trail system exerts effects through a similar mechanism, but also likely has other
mediators. The results show that neighborhood landscape elements affect public health mainly through light, thermal,
and atmospheric environments, extending insights into the mechanisms involved and providing suggestions for
improving neighborhood renewal initiatives in subtropical high-density cities.
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abbreviations Full name

SF-36 the 36-item health scale

BP Body Pain

PF Physical Functioning

RP Role-Physical

GH General Health

VT Vitality

SF Social Functioning

RE Role-Emotional

MH Mental Health

HT Reported Health Transition

N Noisiness

I Illumination

AWS Average Wind Speed

RH Relative Humidity

HSI Heat Stress Index

NOI Negative Oxygen Ions

PM2.5 Fine Particulate Matter

HI1 Physical Component Summary score

HI2 Mental Component Summary score

GSR green space ratio

GCR green coverage ratio

TGCR tree green cover ratio

PWA percentage of water area

TD trail density

ATHWR average trail height to width ratio

AIS average intersection spacing

PHOS percentage of hard open space

PGA p percentage of garden architecture area

PSS percentage of sports space area
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Figures

Figure 1

Schematic diagram of the study’s theoretical framework
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Figure 2

Map showing locations of the nine sampling sites

Figure 3

Orthomosaic maps of the sampling sites
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Figure 4

Schematic diagram of a mediation model

Figure 5

Schematic diagram of a multiple mediation model
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Figure 6

Pathway diagram of adjusted landscape elements’ in�uences on public health mediated by physical environmental
factors Abbreviations: All models are adjusted for age and education as covariates. GSR, green space ratio; GCR, green
coverage ratio, TGCR, tree green cover ratio; PWA, percentage of water area; TD, trail density; ATHWR, average trail height
to width ratio; AIS, average intersection spacing; PHOS, percentage of hard open space; I, Illumination; RH, Relative
Humidity; HSI, Heat Stress Index; NOI- Negative Oxygen Ions, PM2.5, Fine Particulate Matter.


