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A B S T R A C T

Background: Multiple mechanisms have been proposed to explain how greenery in the vicinity of people's homes
enhances their mental health and wellbeing. Mediation studies, however, focus on a limited number of me-
chanisms and rely on remotely sensed greenery measures, which do not accurately capture how neighborhood
greenery is perceived on the ground.
Objective: To examine: 1) how streetscape and remote sensing-based greenery affect people's mental wellbeing;
2) whether and, if so, to what extent the associations are mediated by physical activity, stress, air quality and
noise, and social cohesion; and 3) whether differences in the mediation across the streetscape greenery and NDVI
exposure metrics occurred.
Methods: We used a population sample of 1029 adult residents of the metropolis of Guangzhou, China, from
2016. Mental wellbeing was quantified by the World Health Organization Well-Being Index (WHO-5). Two
objective greenery measures were extracted at the neighborhood level: 1) streetscape greenery from street view
data via a convolutional neural network, and 2) the normalized difference vegetation index (NDVI) from Landsat
8 remote sensing images. Single and multiple mediation analyses with multilevel regressions were conducted.
Results: Streetscape and NDVI greenery were weakly and positively, but not significantly, correlated. Our re-
gression results revealed that streetscape greenery and NDVI were, individually and jointly, positively associated
with mental wellbeing. Significant partial mediators for the streetscape greenery were physical activity, stress,
air quality and noise, and social cohesion; together, they explained 62% of the association. For NDVI, only
physical activity and social cohesion were significant partial mediators, accounting for 22% of the association.
Conclusions: Mental health and wellbeing and both streetscape and satellite-derived greenery seem to be both
directly correlated and indirectly mediated. Our findings signify that both greenery measures capture different
aspects of natural environments and may contribute to people's wellbeing by means of different mechanisms.

1. Introduction

The support of people's mental health and wellbeing2 through nat-
ural environments is receiving increasing attention (Houlden et al.,
2018; Silva et al., 2018). As a multi-dimensional construct, mental
wellbeing constitutes positive states of psychological, life satisfaction,
as well as emotional health (Dodge et al., 2012). Accumulated findings

suggest that exposure to outdoor greenery in the vicinity of people's
homes is intertwined with and plays a vital role in their mental health
and wellbeing (van den Bosch and Meyer-Lindenberg, 2019). Various
cross-sectional and a few longitudinal studies have reported that ex-
posure to pronounced quantities of greenery contributes to mental
health and wellbeing (Alcock et al., 2014; Banay et al., 2019; Helbich
et al., 2018; Hystad et al., 2019; Panno et al., 2017; Wood et al., 2017),
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although this has not always been consistently confirmed (Boers et al.,
2018; Houlden et al., 2017; Nutsford et al., 2016; Taylor et al., 2018).

However, in what ways exposure to greenery affects mental health
and wellbeing remains an open question grounded in a limited em-
pirical evidence base (Hartig et al., 2014; Markevych et al., 2017).
Without reaching an ultimate consensus, the following biopsychosocial
pathways were suggested to underlie the health benefits of greenery:
Exposure to greenery supports restoration from stress and mental fa-
tigue (Dzhambov et al., 2018; Triguero-Mas et al., 2017), encourages
people to be physically active (Hadavi, 2017; Maas et al., 2008; van den
Berg et al., 2019), filters health-threatening pollutants such as parti-
culate matter and noise (Gozalo et al., 2018; Klingberg et al., 2017;
Koprowska et al., 2018), and enhances neighborhood social cohesion
among residents (de Vries et al., 2013; Maas et al., 2009). However,
while theoretically sound, empirical studies examining one or more of
these pathways are significantly underrepresented and often produce
contradictory findings (de Vries et al., 2013; Sugiyama et al., 2008;
Triguero-Mas et al., 2015; van den Berg et al., 2019).

This lack of consensus on the pathways underlying the green-
ery–mental health relation may also be due to, for example, the way the
exposure to greenery is assessed. Greenery is typically represented
through remote sensing data (Markevych et al., 2017; Mitchell et al.,
2011), such as the normalized difference vegetation index (NDVI)
which quantifies the amount of vegetation canopy (Helbich, 2019;
Huete et al., 2010). It is, however, questionable whether such overhead-
view measures from a bird's eye view accurately capture how people on
the ground perceive vegetation (Helbich et al., 2019; Li et al., 2018;
Middel et al., 2019; Villeneuve et al., 2018). Executing manual in situ
greenery audits, or doing them online through street view services, is a
resource-intensive alternative (Rzotkiewicz et al., 2018; Van Dillen
et al., 2012). Street view services (e.g., Tencent Online Map, Google
Street View) display streetscape images along streets through the web.
Recent progress in deep learning (LeCun et al., 2015; Long et al., 2015),
however, enables the automatic extraction of streetscape greenery, such
as trees and green walls, from street view images obtained from online
street view services. A preliminary study carried out in Beijing, China,
showed that streetscape greenery derived from street view data was
inversely correlated with depressive symptoms among elderly people,
while this was not the case for NDVI (Helbich et al., 2019). This sug-
gests that streetscape greenery is particularly vital in dense Chinese
inner cities, where larger areas of greenery are often absent. Vegetation
reduces the levels of air pollutants and noise from urban traffic (Hartig
et al., 2014) and seems to support people's mental restoration. There-
fore, we speculated that streetscape and remotely sensed greenery ex-
posure metrics indeed capture diverse aspects of greenery and differ in
their underlying pathways (i.e., the number and magnitude of media-
tors).

In light of these research gaps, we set out to investigate, using a
population sample in Guangzhou, China: 1) How streetscape greenery
and NDVI are correlated with mental wellbeing; 2) in response to a
recent call (Hartig et al., 2014), whether and, if so, to what extent the
associations are mediated by physical activity, stress, air quality and
noise, and social cohesion; and 3) whether differences in the mediation
across the streetscape greenery and NDVI exposure metrics occurred,
which if verified, would point toward diverse underlying mechanisms.

2. Materials and methods

2.1. Study population

This was an observational study based on secondary data conducted
in Guangzhou, a city on the Pearl River in mainland China. It is part of
one of the world's most urbanized metropolitan areas and has a popu-
lation of more than 11 million (National Bureau of Statistics of China,
2017). Examining this metropolis balances the excess of study sites
located in the Western world (Markevych et al., 2017).

Initial data were collected by means of a cross-sectional survey
based on face-to-face interviews at people's homes in June–August
2016. To be involved in the survey, respondents had to be aged between
20 and 76 years and have been registered as inhabitants of Guangzhou
for at least 12 months. 1050 respondents were addressed. Respondents
were selected through a strict sampling procedure. In brief, a multi-
stage stratified probability proportionate to population size sampling
design was implemented. This resulted in 35 randomly sampled
neighborhoods with a mean area of 1.91 km2 (SD ± 574.691m2),
comprising, on average, 4155 people (SD ± 606). The neighborhood
level is the most detailed administrative level available in China. The
total sample size was 1029 respondents. The response rate was 98%.

We assessed greenery at the neighborhood level where people live
in order to comply with privacy regulations. Using the exact residential
address was not possible because it would facilitate to re-identify a
respondent. The study received approval from the Sun Yat-sen
University Research Ethics Committee and consent was obtained from
all subjects.

2.2. Datasets

2.2.1. Mental wellbeing
The outcome measure was respondents' mental wellbeing. To

quantify a multi-dimensional construct like subjective psychological
wellbeing, we applied the World Health Organization Well-Being Index
(WHO-5) (Topp et al., 2015), which had previously been implemented
in greenery studies (Panno et al., 2017; Taylor et al., 2018). The
questionnaire comprises five items (for the questions see Table A1 in
the supplementary materials) evaluating respondents' mental health-
related feelings over the previous two weeks. Each positively phrased
item was scored on a Likert scale with six categories ranging from “at
no time” to “all of the time.” A Cronbach's alpha of 0.815 referred to an
excellent internal consistency for the five items. The individual items
were used to receive a single WHO-5 index score ranging from 0 (=
worst wellbeing) to 25 (= best wellbeing). Evaluation studies have
certified the good validity and reliability of the WHO-5 for general
populations (Krieger et al., 2015; Topp et al., 2015). A Cronbach's alpha
of 0.815 shows that our sample had an excellent internal consistency.

2.2.2. Greenery data
Neighborhood-based outdoor greenery was determined in two

ways. First, to assess streetscape greenery, we used a series of street
view images from Tencent Online Map, which is the most compre-
hensive street view image database in China (Long and Liu, 2017).
Image locations, each 100m apart, were regularly sampled along the
road network. Road data for 2016 were obtained from OpenStreetMap
(Arsanjani, 2015). For each sampling location, we downloaded street
view images with a dimension of 480× 320 pixels from four headings
(i.e., 0, 90, 180, and 270°) (Lu et al., 2018). This resulted in 31,414
sampling points and 125,656 street view images. On average, we con-
sidered 2106 images per neighborhood (SD=768.016).

To extract streetscape greenery objects (e.g., plants and trees), a
supervised machine learning approach based on semantic image seg-
mentation techniques was implemented (Helbich et al., 2019). More
precisely, we used a fully convolutional neural network for semantic
image segmentation (FCN-8s) (Long et al., 2015) together with the
online ADE20K dataset of annotated images for training purposes (Zhou
et al., 2017). Based on the pixel-by/to-pixel comparison with a manu-
ally conduced segmentation (Verbyla and Hammond, 1995), the accu-
racy of the FCN-8s was reasonably high, namely 0.814 for the training
data and 0.800 for the test data. Streetscape greenery per sampling
point was determined as the ratio of the number of greenery pixels per
image summed over the four cardinal directions to the total number of
pixels per image summed over the four cardinal directions. To receive a
neighborhood-based streetscape greenery measure, we averaged the
image-specific greenery scores per area.
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Second, we used a typical greenery exposure measure from remote
sensing data. The normalized difference vegetation index (NDVI) was
derived from the Landsat 8 Operational Land Imager and the Thermal
Infrared Sensor at a spatial resolution of 30m. Data were obtained for
the year 2016 from the USGS EarthExplorer (https://earthexplorer.
usgs.gov/). To avoid distortions in the NDVI, cloud-free images in the
greenest season (i.e., June–August) were used. Based on the land sur-
face reflectance of the visible red channel (RED) and the near-infrared
channel (NIR), the NDVI is calculated as follows: (NIR-RED)/
(NIR + RED) (Huete et al., 2010; Tucker, 1979). The index ranges from
−1 to 1; more positive values refer to greener vegetation, and negative
values refer to non-biomass (e.g., water). In order to avoid distortions
due to negative values when averaging NDVI values per neighborhood,
negative values were disregarded (Helbich, 2019; Markevych et al.,
2017).

2.2.3. Potential mediators
Four potential mediators were obtained from the questionnaire as

suggested in the literature (Hartig et al., 2014). First, respondents'
physical activity was quantified by their weekly physical exercise time
in hours (van den Berg et al., 2019). Second, self-reported stress (de
Vries et al., 2013) was measured by one question. The variable was
coded into five categories. Third, the perceived air quality and noise
(Dzhambov et al., 2018; Signoretta et al., 2019) in the neighborhood
were assessed on the basis of two 5-level Likert items. For the final
index, both items were averaged; higher values indicate more en-
vironmental satisfaction. Fourth, social cohesion (de Vries et al., 2013;
Sugiyama et al., 2008) was measured by six 5-level items. Cronbach's
alpha for the items was 0.82. We determined the respondents' mean
scores on these items. Each question is given in Table A1 in the sup-
plementary materials.

2.2.4. Covariates
Widely employed covariates referring to people's demographic and

socioeconomic circumstances as well as their lifestyles were included a
priori. Our controls were gender (male; female), age (in years), edu-
cation attainment (primary school or below; high school; college or
above), marital status (married; single, divorced, or widowed), hukou
(i.e., the household registration system in China) status (yes; no),
household wealth expressed through four income categories (< 10,000
Chinese yuan (CNY), 10,000 -< 20,000 CNY, 20,000 -< 40,000 CNY,
≥40,000 CNY), household size (number of people), length of occu-
pancy (in years), functional ability (restricted; not restricted), medical
insurance status (yes; no), smoker (yes; no), and drinker (yes; no).

2.3. Statistical analyses

Summary statistics were employed to describe the study population
and to assess the central features of each variable. A non-parametric
Spearman correlation was used to measure the association between
streetscape greenery and NDVI on a neighborhood-level.

To examine whether the association between greenery and mental
wellbeing could be partially or fully explained by the mediators—na-
mely physical activity, stress, air quality and noise, and social cohe-
sion—we conducted a multi-step mediation analyses (Baron and Kenny,
1986). Mediation analysis decomposes the effect of greenery on mental
wellbeing into a direct and a mediation (indirect) component (i.e., the
total effect minus the direct effect) as well as a total effect. The per-
centage of mediation was determined by dividing the mediation by the
total effect.

The following steps were conducted. First, we identified the direct
association between neighborhood-based greenery and respondents’
WHO-5 scores. Model 1a included streetscape greenery, Model 1b in-
cluded the NDVI, Model 1c included both greenery measures together,
and Model 1d included a streetscape greenery-NDVI interaction term.
We fitted fully adjusted multilevel linear regression models (Gelman

and Hill, 2006) considering WHO-5 as the continuous outcome. In order
to consider correlations that arise because respondents are nested in
neighborhoods with similar exposures, a random intercept was in-
cluded. Model performance was assessed by the Akaike information
criterion (AIC); a smaller AIC score refers to a better goodness-of-fit
(Burnham and Anderson, 2003). Second, in Model 2a we regressed each
mediator on streetscape greenery and in Model 2b on the NDVI. These
models were fully adjusted. Third, the Models 3a, c, e, g, and i de-
termined the association between streetscape greenery and WHO-5
scores including the significant mediators one at a time and simulta-
neously from the second step. The Models 3b, d, f, h, and j assessed the
NDVI-WHO-5 association and the mediators separately and together.
Fig. 1 summarizes our conceptual model.

Partial mediation occurs when the greenery effect from step 3 is
reduced compared to step 1. Complete mediation occurs when the
significance of the effect disappears entirely. To test the significance of
the mediation effect, Sobel tests were conducted (Sobel and Leinhart,
1982). The test statistic assesses whether including a mediator in the
regression together with streetscape greenery or NDVI reduces the
greenery effect while the mediator remains significantly correlated.
Statistical analyses were carried out in STATA 15.1.

3. Results

3.1. Descriptions of the study population and the greenery measures

The characteristics of the study population are summarized in
Table 1. A comparison between the characteristics of our sample and
the general population (> 18 years old) in the inner city of Guangzhou
showed good agreement (Table A2). The 1029 participants had a mean
age of 41 years; half of them (50.146%) were male (standard deviation
(SD)±13.576). On average, the WHO-5 score was 12.1, with a SD
of± 3.7. The average NDVI score was 0.131 (SD ± 0.113), while the
proportion of streetscape greenery was 0.267 (SD ± 0.060). These
differences across both greenery measures are also apparent in Figure
A1 (supplementary materials). Respondents reported a mean physical
activity level of 4 h per week; the SD (±4.2) was large. The subjects
seldom experienced stress (mean=1.7, SD ± 0.808). A mean of 3.1
(SD ± 1.050) refers to a neutral perception of air quality and noise
within the neighborhood; the rating for social cohesion was also neutral
(mean= 2.948, SD ± 0.582). The Spearman correlation (0.045) was
positive between both greenery measures, but did not reach statistical
significance (p=0.789).

Fig. 1. Greenery–mental wellbeing mediation model. All pathways were ad-
justed for multiple covariates.
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Table 1
Summary statistics of the study population.

Variables Mean (SD) 25% quantile 75% quantile Proportion

Response
WHO-5 score 12.081 (3.706) 10.000 14.000
Greenery exposure measures
NDVI score 0.131 (0.113) 0.074 0.117
Streetscape greenery (%) 0.267 (0.060) 0.209 0.323
Mediators
Physical activity (hours/week) 4.024 (4.182) 1.000 6.000
Social cohesion 2.948 (0.582) 2.500 3.333
Air quality and noise 3.058 (1.050) 2.000 4.000
Stress 1.798 (0.808) 1.000 2.000
Covariates
Gender (%): Male 50.146
Female 49.854
Age 41.185 (13.576)
Marital status (%): Single, divorced, or widowed 21.672
Married 78.328
Hukou status (%): Local hukou 77.745
Non-local hukou 22.255
Education attainment (%): Primary school or below 2.527
High school 50.048
College or above 47.425
Household wealth (%):< 10,000 CNY 7.192
10,000–<20,000 CNY 70.651
20,000–<40,000 CNY 15.258
≥40,000 CNY 6.899
Household size (persons) 3.282 (0.852)
Length of occupancy (years) 13.206 (11.021)
Functional ability (%): restricted 3.984
Not restricted 96.016
Medical insurance (%): Yes 97.085
No 2.915
Smoker (%): Yes 26.433
Non-smoker 73.567
Drinker (%): Yes 41.108
No 58.892

Table 2
Regression results showing the total effects of greenery on WHO-5.

Model 1a Model 1b Model 1c Model 1d

Coef. (SE) Coef. (SE) Coef. (SE) Coef. (SE)
Streetscape greenery 3.768*** (1.153) 3.656*** (1.005) 4.245*** (1.303)
NDVI 9.960** (4.281) 10.011** (4.284) 10.121** (4.585)
Male (Ref.: Female) 0.785*** (0.294) 0.784*** (0.294) 0.784*** (0.293) 0.773*** (0.293)
Age −0.005 (0.010) −0.006 (0.010) −0.005 (0.010) −0.006 (0.010)
Married (Ref.: Single, divorced, and widowed) −0.603** (0.277) −0.598** (0.277) −0.598** (0.276) −0.580** (0.276)
Local hukou (Ref.: Non-local hukou) −0.244 (0.233) −0.244 (0.233) −0.245 (0.232) −0.238 (0.232)
Education (Ref.: Primary school or below)
High school 0.294 (0.632) 0.296 (0.632) 0.294 (0.632) 0.301 (0.632)
College and above 1.171* (0.675) 1.165* (0.675) 1.163* (0.674) 1.156* (0.674)
Household wealth (Ref.: < 10,000 CNY)
10,000-< 20,000 CNY −0.087 (0.387) −0.074 (0.387) −0.074 (0.387) −0.068 (0.387)
20,000-< 40,000 CNY 0.131 (0.459) 0.157 (0.459) 0.157 (0.458) 0.167 (0.458)
> 40,000 CNY 0.172 (0.513) 0.157 (0.513) 0.158 (0.512) 0.158 (0.512)
Household size −0.173 (0.123) −0.233* (0.123) −0.232* (0.122) −0.221* (0.122)
Occupancy of residence 0.002 (0.011) 0.003 (0.011) 0.003 (0.010) 0.003 (0.010)
Functional ability (Ref.: Not restricted) −1.545*** (0.500) −1.535*** (0.500) −1.534*** (0.499) −1.551*** (0.499)
Medical insurance (Ref.: None) −0.032 (0.575) −0.031 (0.574) −0.028 (0.574) −0.035 (0.574)
Drinking (Ref.: No) −0.737** (0.310) −0.742** (0.310) −0.742** (0.310) −0.736** (0.310)
Smoking (Ref.: No) −0.319 (0.250) −0.311 (0.250) −0.310 (0.250) −0.310 (0.250)
Streetscape greenery×NDVI 0.274 (0.723)
Constant 13.547*** (2.306) 12.572*** (1.123) 12.146*** (2.224) 11.305***(1.948)
Variance (Neighborhood level) 5.266** 4.388** 4.392** 4.383**
Variance (Individual level) 7.775** 7.781** 7.781** 7.790**
Log likelihood −2522.239 −2519.781 −2529.756 −2523.937
AIC 5082.485 5077.563 5089.514 5079.874

Significance levels: *p < 0.10, **p < 0.05, ***p < 0.01. SE= standard error.
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3.2. Correlations between greenery and WHO-5

With a neighborhood-level intra-class correlation of 0.385 of the
null model (i.e., one without any variable), the application of multilevel
models was justifiable. Table 2 displays the results of the first step of
our mediation analysis (i.e., the total effects of greenery on WHO-5)
(Model 1a and b). With an AIC difference of 4.922, Model 1b with NDVI
had a better goodness-of-fit than Model 1a with streetscape greenery.
Independent of the exposure measures, we consistently observe that
neighborhood greenery is positively associated with WHO-5 scores (i.e.,
the more, the better). Model 1c assessed the joint effect of both
greenery measures. Both greenery measures were significant. The in-
teraction effect between the greenery measures turned out to be in-
significant (Model 1d). Concerning the covariates, no notable differ-
ences occurred between the models. Local hukou, household wealth,
length of occupancy, medical insurance, and smoking were not sig-
nificant.

3.3. Correlations between greenery and possible mediators

Table 3 shows the results of regressing greenery on the mediators. In
Models 2a and 2b, greenery was positively correlated with physical
activity. More streetscape greenery was also related to reduced per-
ceived psychological stress; however, for NDVI the association was
counterintuitive but insignificant. We observed that streetscape
greenery was positively correlated with perceived air quality and noise
at a 5% level; it was insignificant for NDVI. Respondents’ social cohe-
sion score was significantly positively correlated with streetscape
greenery and NDVI.

3.4. Correlations between mediators, greenery, and WHO-5

Table 4 summarizes the results concerning whether the green-
ery–WHO-5 associations were mediated. Only the significant mediators
from Table 3 were included. Even after considering these mediators,
streetscape greenery and NDVI remained significantly and positively
related to WHO-5 scores. There seems to be significant partial media-
tions of physical activity on streetscape greenery and NDVI–mental
wellbeing correlations (Models 3a and 3b) as indicated by the Sobel test
(ZSC= 2.412, p=0.016; ZNDVI= 2.077, p=0.038). Respondents'
WHO-5 scores decreased with increasing perceived stress, which was a
partial mediator for streetscape greenery (Model 3c) but not for NDVI.
The mediation was significant (ZSC= 2.050, p=0.040). The Sobel test
was also significant for perceived air quality and noise (ZSC= 2.050,
p=0.040) (Model 3e). Across both greenery measures (Models 3g and
3 h) social cohesion was positively correlated with people's WHO-5
scores and a significant mediator (ZSC= 2.388, p=0.017;
ZNDVI= 2.183, p=0.029). Considering the significant mediators in
combination (Model 3i and 3j) did not alter our findings. Only the
coefficients reduced slightly compared to the models with a single
mediator one at a time (Table 4).

Finally, Table 5 summarizes the direct, mediating, and total effects
of the mediation analyses. For streetscape greenery, physical activity
accounted for the largest proportion (47.906%) of mediation, and social
cohesion for the smallest (39.353%). Stress (43.081%) and air quality
and noise (43.284%) were well balanced. Pronounced reductions in the
proportion of mediation were observable for NDVI. Here, the

proportion mediated by physical activity was 11.771%; for social co-
hesion it was 3.011%. In the multiple mediation models, the mediators
combined accounted for 62.162% (streetscape greenery) and 22.196%
(NDVI).

4. Discussion

This study examined how four mediators—namely physical activity,
stress, air quality and noise, and social cohesion, both individually and
in combination—affect the correlation between greenery and mental
wellbeing. This study is unique in that it incorporated the underlying
mechanisms for greenery that were automatically audited on site and
captured through remote sensing.

4.1. Main findings

Our finding that more greenery correlates positively with mental
health and wellbeing corresponds with findings reported elsewhere
(Helbich et al., 2018; Maas et al., 2009; Triguero-Mas et al., 2015).
(Taylor et al., 2018) observed that while NDVI was positively associated
with wellbeing for two Australian cities, this was not the case for two
cities in New Zealand. The latter also corresponds to a Dutch study on
psychotic disorders (Boers et al., 2018). Regardless of these mixed
findings, a systematic review found a stronger tendency that exposure
to more greenery seems to be beneficial for mental health and well-
being (Houlden et al., 2018).

Although the application of street view data is gaining momentum
(Li et al., 2018; Middel et al., 2019; Rzotkiewicz et al., 2018), the
evidence base for streetscape greenery is weak. We are aware of only a
few studies that assessed streetscape greenery on mental health (de
Vries et al., 2013; Jiang et al., 2017; Van Dillen et al., 2012; Villeneuve
et al., 2018), and only one employed a similar deep learning approach
(Helbich et al., 2019). Our finding that both streetscape greenery and
NDVI are positively associated with mental wellbeing among adults is
novel. Most importantly, both greenery measures reached statistical
significance in the regressions even though they correlated only weakly
with each other, as others reported (Helbich et al., 2019; Larkin and
Hystad, 2018). Moreover, assessing joint effect of both measures and
their interaction provide further evidence that streetscape greenery and
NDVI represent different aspects of the natural environment. This many
also be an explanation why the coefficients across the greenery mea-
sures differ markedly; however, this conclusion still remains spec-
ulative. That exposure to streetscape greenery supports mental well-
being corroborates a study among elderly people in Beijing, China
(Helbich et al., 2019) and one in Ottawa, Canada (Villeneuve et al.,
2018). It seems that small-sized natural elements (e.g., trees) and/or
vertical natural elements (e.g., green walls) are beneficial to resident’
health (de Vries et al., 2013; Mitchell and Popham, 2008; Van Dillen
et al., 2012). In the Beijing study, however, NDVI did not reach sta-
tistical significance (Helbich et al., 2019).

To shed light on the still hypothetical mechanisms, mediation
analyses were conducted. We found that the streetscape green-
ery–mental wellbeing correlation was mediated by physical activity,
stress, air quality and noise, and social cohesion, while only physical
activity and social cohesion appeared to be a mediator between NDVI
and mental wellbeing. In line with our hypothesis, perceived streets-
cape greenery, often small in size, correlates positively with mental

Table 3
Results of regressing greenery on the mediators.

Physical activity Stress Air quality and noise Social cohesion

Streetscape greenery (Model 2a) Coef. (SE) 24.397*** (8.766) −3.082** (1.407) 6.086** (2.471) 1.050** (0.430)
NDVI (Model 2b) Coef. (SE) 10.028** (4.325) 1.623 (0.935) 0.116 (1.537) 0.144** (0.065)

Significance levels: *p < 0.10, **p < 0.05, ***p < 0.01. SE= standard error. Models were fully adjusted.
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wellbeing, by potentially buffering against stress and mitigating en-
vironmental pollutants (i.e., air pollution and noise), which seems es-
sential in highly urbanized inner cities where larger green spaces are
scarce. Although not exactly comparable with prior studies due to dif-
ferences in research designs, that approximately one fifth of the NDVI
correlations explained by the mediators mirrors a European study (van
den Berg et al., 2019). For streetscape greenery, the proportion (two
thirds) was considerable higher. In the context of the available evi-
dence, the underlying reasons for such differences deserve more at-
tention, but our results support the hypothesis that streetscape and
remote sensing-based assessments may indeed capture diverse greenery
aspects.

As we are unaware of another mediation study like ours, the fol-
lowing discussion is not specifically tailored to streetscape greenery. In
line with our results, two Dutch studies (de Vries et al., 2013; Maas
et al., 2009) report that pronounced social cohesion contributes to the
mental health benefits of greenery, which contradicts findings from
adults in Catalonia, Spain (Triguero-Mas et al., 2015). Consistent across
the greenery measures, we found that physical activity may be among
the mediators. Greenery may motivate people to undertake physical
activities (e.g., walking (Lu et al., 2018);), which supports wellbeing
(Mason et al., 2016). However, due to a lack of correlations between
physical activity, social support, and greenery, others (de Vries et al.,
2013; Triguero-Mas et al., 2015) questioned such a possible pathway. In
contrast, an Australian study found that physical activity in the form of
recreational walking explained parts of the association between
greenery and mental health (Sugiyama et al., 2008). In our models,
perceived stress was a significant mediator only for streetscape
greenery, supporting the notion that the health-supportive effect of
greenery may be via stress reduction, as also pointed out in other

studies (Hartig et al., 2014; Triguero-Mas et al., 2015). We showed that
perceived air quality and noise may be among the mechanisms whereby
streetscape greenery promotes mental health and wellbeing. That the
mediator was not of relevance for NDVI is counterintuitive, as vegeta-
tion absorbs air pollutants and noise (Gozalo et al., 2018; Klingberg
et al., 2017; Koprowska et al., 2018). The differences in our mediation
analyses across both greenery measures verify our aforementioned
findings that different operating mechanisms could be at play.

4.2. Strengths and limitations

Our study has multiple strengths and limitations. It is the first po-
pulation-based study we are aware of that conducted mediation ana-
lysis with street view greenery data in the context of mental health. A
methodological strength is the way in which we modeled greenery,
namely by coupling cutting-edge deep learning with street view data.
Neither streetscape greenery nor NDVI is affected by people's self-re-
porting and subjective perception (Leslie et al., 2010), though it raises
questions about the actual greenery use (Rugel et al., 2017). Both
measures also do not convey information about the quality of greenery
(Rugel et al., 2017). Where earlier studies (Banay et al., 2019; Houlden
et al., 2017) focused on direct correlations between greenery and
mental health, we centered this analysis, like only a few others
(Dzhambov et al., 2018; Hadavi, 2017; van den Berg et al., 2019), on
potential mediators affecting this association. Related to this, testing
the four suggested mechanisms simultaneously (Hartig et al., 2014) is
another strength; some previous studies tested only two (Triguero-Mas
et al., 2015). Unlike concentrating on Western countries, a vital aspect
was the selection of a rapidly urbanizing Chinese metropolis. However,
transferring and generalizing our results to other areas requires ver-
ification.

Privacy issues prevented us from assessing greenery in the im-
mediate vicinity of people's homes (Hystad et al., 2019), though it is
likely that greenery varies within neighborhoods. Moreover, since no
information on people's activity locations and daily travel was available
(e.g., GPS tracks (Li et al., 2018);), our exposure assessment may be
biased (Helbich, 2018). Future studies are urged to address this issue.
When working with street view images, it is unavoidable that results
may be determined by the availability of images. Such images are
usually collected from moving vehicles; greenery apart from roads is
usually not included. Many street view images are required to ap-
proximate streetscape greenery, which increases the computational
burden for large nationwide studies. Our street view greenery assess-
ment did not consider that distances between the street center lines and
the objects (e.g., facades) could vary. This may have affected the
amount of greenery per image. Like elsewhere (Dzhambov et al., 2018;

Table 4
Results of the greenery–mental wellbeing relation: The mediating effect of physical activity, stress, air quality and noise, and social cohesion.

Model 3a Model 3c Model 3e Model 3g Model 3i

Coef. (SE) Coef. (SE) Coef. (SE) Coef. (SE) Coef. (SE)
Streetscape greenery 3.210*** −1.153 3.155*** −1.154 2.998*** −1.148 3.398*** −1.158 2.226** −1.112
Physical activity 0.121*** (0.025) – – – 0.082*** (0.024)
Stress – −0.775*** (0.133) – – −0.582*** (0.124)
Air quality and noise – – 0.376*** (0.131) – 0.303*** (0.124)
Social cohesion – – – 2.100*** (0.164) 1.921*** (0.167)
AIC 5062 5042 5076 4931 4897

Model 3b Model 3d Model 3f Model 3 h Model 3j
Coef. (SE) Coef. (SE) Coef. (SE) Coef. (SE) Coef. (SE)

NDVI 8.792** −4.202 – – 9.760*** −3.730 8.602** −3.694
Physical activity 0.117*** (0.025) – – – 0.077*** (0.024)
Stress – – – – –
Air quality and noise – – – – –
Social cohesion – – – 2.106*** (0.163) 2.034*** (0.164)
AIC 5058 – – 4925 4917

Coef. = coefficient; SE = standard error. The outcome variable were the WHO-5 scores. Models were adjusted for individual covariates. Significance levels:
*p < 0.10, **p < 0.05, ***p < 0.01.

Table 5
Direct, indirect, and total effects of the mediation analyses.

Streetscape
greenery

Direct
effect

Indirect effect Total effect % mediation
effect

Physical activity 3.210 2.952 6.162 47.906
Stress 3.155 2.388 5.543 43.081
Air quality and

noise
2.998 2.288 5.286 43.284

Social cohesion 3.398 2.205 5.603 39.353
Multiple mediators 2.226 3.657 5.883 62.162
NDVI Direct

effect
Mediating
effect

Total effect % mediation
effect

Physical activity 8.792 1.173 9.965 11.771
Social cohesion 9.760 0.303 10.063 3.011
Multiple mediators 8.602 2.454 11.056 22.196
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Koprowska et al., 2018), some variables (i.e., noise) were incorporated
through people's subjective experiences, which are likely to deviate
from objective measurements (Leslie et al., 2010). To facilitate com-
parability with previous studies (de Vries et al., 2013), we employed
mediation analysis after Baron and Kenny (1986). We acknowledge that
this approach is not without criticism (Zhao et al., 2010) and more
flexible methodologies may serve as alternative (VanderWeele, 2016).
Despite our efforts in adjusting for key personal and lifestyle factors,
some confounders were likely to be missing. Due to the lack of in-
formation on people's attitudes toward and motives for selecting a re-
sidential neighborhood, self-selection remains an issue (Zhang, 2014).
Finally, the cross-sectional nature precluded us from making causal
statements and reverse-causality cannot be ruled out.

5. Conclusion

This cross-sectional study assessed greenery–mental health and
wellbeing pathways. While streetscape greenery and remotely sensed
greenery were insignificantly correlated, our regression results co-
herently suggest that pronounced exposure to greenery, independent of
the measure, is related to gains in people's mental wellbeing. Mediation
analyses revealed striking differences between the two exposure metrics
in pathways underlying the effect of greenery exposure on mental
wellbeing. Physical activity, stress, air quality and noise, and social
cohesion partially mediated the relation between streetscape greenery
and mental wellbeing; only physical activity and social cohesion served
as partial mediators of the health benefits of NDVI. The explanatory
power of the mediators was substantial, namely 62% for streetscape
greenery and 22% for NDVI.

Taken together, our findings provide evidence that both greenery
measures signify different aspects of natural environments. We infer
that both measures have different operating mechanisms.
Environmental health managers are advised to conduct urban greening
interventions in public spaces and to preserve smaller-scale and vertical
greenery, as they may represent another way to gain health benefits on
a population-level by manipulating the mediators. Further research on
streetscape greenery is urged to replicate our findings.

Funding

MH was funded by the European Research Council (ERC) under the
European Union's Horizon 2020 research and innovation program
(grant agreement No 714993). YL was supported by the National
Natural Science Foundation of China (grant numbers 41871140,
41801306, and 51678577) and by the Innovative Research and
Development Team Introduction Program of Guangdong Province
(grant number 2017ZT07X355).

Author contributions

RW and MH developed the research idea. YL, JZ, PL, and Y Yuan
collected and organized the street view data. Y Yao developed the deep
learning model. RW carried out the statistical analysis. MH wrote the
manuscript with some input from RW. MH, RW, and YL revised the
manuscript. All authors approved the final manuscript.

Declaration of interest

None.

Conflicts of interest

The authors have no conflict of interest to declare.

Acknowledgements

We thank the anonymous reviewers for their valuable comments on
an earlier draft of this paper.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.envres.2019.108535.

References

Alcock, I., White, M.P., Wheeler, B.W., Fleming, L.E., Depledge, M.H., 2014. Longitudinal
effects on mental health of moving to greener and less green urban areas. Environ.
Sci. Technol. 48, 1247–1255.

Arsanjani, J., 2015. OpenStreetMap in GIScience: Experiences, Research, Applications.
Springer, Heidelberg.

Banay, R.F., James, P., Hart, J.E., Kubzansky, L.D., Spiegelman, D., Okereke, O.I.,
Spengler, J.D., Laden, F., 2019. Greenness and depression incidence among older
women. Environ. Health Perspect. 127, 27001.

Baron, R.M., Kenny, D.A., 1986. The moderator-mediator variable distinction in social
psychological research: conceptual, strategic, and statistical considerations. J.
Personal. Soc. Psychol. 51, 1173.

Boers, S., Hagoort, K., Scheepers, F., Helbich, M., 2018. Does residential green and blue
space promote recovery in psychotic disorders? A cross-sectional study in the pro-
vince of Utrecht, The Netherlands. Int. J. Environ. Res. Public Health 15 (10), 2195.

Burnham, K.P., Anderson, D.R., 2003. Model Selection and Multimodel Inference: a
Practical Information-Theoretic Approach. Springer Science & Business Media.

de Vries, S., Van Dillen, S.M., Groenewegen, P.P., Spreeuwenberg, P., 2013. Streetscape
greenery and health: stress, social cohesion and physical activity as mediators. Soc.
Sci. Med. 94, 26–33.

Dodge, R., Daly, A.P., Huyton, J., Sanders, L.D., 2012. The challenge of defining well-
being. Int. J. wellbeing 2.

Dzhambov, A., Hartig, T., Markevych, I., Tilov, B., Dimitrova, D., 2018. Urban residential
greenspace and mental health in youth: different approaches to testing multiple
pathways yield different conclusions. Environ. Res. 160, 47–59.

Gelman, A., Hill, J., 2006. Data Analysis Using Regression and Multilevel/hierarchical
Models. Cambridge university press.

Gozalo, G.R., Morillas, J.M.B., González, D.M., Moraga, P.A., 2018. Relationships among
satisfaction, noise perception, and use of urban green spaces. Sci. Total Environ. 624,
438–450.

Hadavi, S., 2017. Direct and indirect effects of the physical aspects of the environment on
mental well-being. Environ. Behav. 49, 1071–1104.

Hartig, T., Mitchell, R., De Vries, S., Frumkin, H., 2014. Nature and health. Annu. Rev.
Public Health 35, 207–228.

Helbich, M., 2019. Spatiotemporal contextual uncertainties in green space exposure
measures: exploring a time series of the normalized difference vegetation indices. Int.
J. Environ. Res. Public Health (in press).

Helbich, M., 2018. Toward dynamic urban environmental exposure assessments in mental
health research. Environ. Res. 161, 129–135.

Helbich, M., Klein, N., Roberts, H., Hagedoorn, P., Groenewegen, P.P., 2018. More green
space is related to less antidepressant prescription rates in The Netherlands: a
Bayesian geoadditive quantile regression approach. Environ. Res. 166, 290–297.

Helbich, M., Yao, Y., Liu, Y., Zhang, J., Liu, P., Wang, R., 2019. Using deep learning to
examine street view green and blue spaces and their associations with geriatric de-
pression in Beijing, China. Environ. Int. 126, 107–117.

Houlden, V., Weich, S., de Albuquerque, J.P., Jarvis, S., Rees, K., 2018. The relationship
between greenspace and the mental wellbeing of adults: a systematic review. PLoS
One 13, e0203000.

Houlden, V., Weich, S., Jarvis, S., 2017. A cross-sectional analysis of green space pre-
valence and mental wellbeing in England. BMC Public Health 17, 460.

Huete, A., Didan, K., van Leeuwen, W., Miura, T., Glenn, E., 2010. MODIS vegetation
indices. In: Land Remote Sensing and Global Environmental Change. Springer, pp.
579–602.

Hystad, P., Payette, Y., Noisel, N., Boileau, C., 2019. Green space associations with mental
health and cognitive function: results from the Quebec CARTaGENE cohort. Environ.
Epidemiol. 3, e040.

Jiang, B., Deal, B., Pan, H.Z., Larsen, L., Hsieh, C.H., Chang, C.Y., Sullivan, W.C., 2017.
Remotely-sensed imagery vs. eye-level photography: evaluating associations among
measurements of tree cover density. Landsc. Urban Plan. 157, 270–281.

Klingberg, J., Broberg, M., Strandberg, B., Thorsson, P., Pleijel, H., 2017. Influence of
urban vegetation on air pollution and noise exposure–a case study in Gothenburg,
Sweden. Sci. Total Environ. 599, 1728–1739.

Koprowska, K., Łaszkiewicz, E., Kronenberg, J., Marcińczak, S., 2018. Subjective per-
ception of noise exposure in relation to urban green space availability. Urban For.
Urban Green. 31, 93–102.

Krieger, T., Zimmermann, J., Huffziger, S., Ubl, B., Diener, C., Kuehner, C., Grosse
Holtforth, M., 2015. Measuring depression with a well-being index: further evidence
for the validity of the WHOWell-Being Index (WHO-5) as a measure of the severity of
depression. J. Affect. Disord. 240–244.

Larkin, A., Hystad, P., 2018. Evaluating street view exposure measures of visible green
space for health research. J. Expo. Sci. Environ. Epidemiol. 1.

R. Wang, et al. Environmental Research 176 (2019) 108535

7

https://doi.org/10.1016/j.envres.2019.108535
https://doi.org/10.1016/j.envres.2019.108535
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref1
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref1
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref1
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref2
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref2
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref3
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref3
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref3
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref4
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref4
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref4
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref5
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref5
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref5
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref6
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref6
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref7
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref7
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref7
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref8
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref8
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref9
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref9
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref9
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref10
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref10
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref11
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref11
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref11
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref12
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref12
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref13
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref13
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref14
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref14
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref14
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref15
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref15
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref16
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref16
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref16
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref17
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref17
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref17
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref18
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref18
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref18
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref19
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref19
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref20
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref20
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref20
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref21
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref21
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref21
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref22
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref22
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref22
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref23
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref23
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref23
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref24
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref24
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref24
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref25
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref25
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref25
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref25
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref26
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref26


LeCun, Y., Bengio, Y., Hinton, G., 2015. Deep learning. Nature 521, 436.
Leslie, E., Sugiyama, T., Ierodiaconou, D., Kremer, P., 2010. Perceived and objectively

measured greenness of neighbourhoods: are they measuring the same thing? Landsc.
Urban Plan. 95, 28–33.

Li, D., Deal, B., Zhou, X., Slavenas, M., Sullivan, W.C., 2018. Moving beyond the neigh-
borhood: daily exposure to nature and adolescents' mood. Landsc. Urban Plan. 173,
33–43.

Long, J., Shelhamer, E., Darrell, T., 2015. Fully convolutional networks for semantic
segmentation. In: Proceedings of the IEEE Conference on Computer Vision and
Pattern Recognition, pp. 3431–3440.

Long, Y., Liu, L., 2017. How green are the streets? An analysis for central areas of Chinese
cities using Tencent Street View. PLoS One 12, e0171110.

Lu, Y., Sarkar, C., Xiao, Y., 2018. The effect of street-level greenery on walking behavior:
evidence from Hong Kong. Soc. Sci. Med. 208, 41–49.

Maas, J., Van Dillen, S.M.E., Verheij, R.A., Groenewegen, P.P., 2009. Social contacts as a
possible mechanism behind the relation between green space and health. Health
Place 15, 586–595.

Maas, J., Verheij, R.A., Spreeuwenberg, P., Groenewegen, P.P., 2008. Physical activity as
a possible mechanism behind the relationship between green space and health: a
multilevel analysis. BMC Public Health 8, 206.

Markevych, I., Schoierer, J., Hartig, T., Chudnovsky, A., Hystad, P., Dzhambov, A.M., De
Vries, S., Triguero-Mas, M., Brauer, M., Nieuwenhuijsen, M.J., others, 2017.
Exploring pathways linking greenspace to health: theoretical and methodological
guidance. Environ. Res. 158, 301–317.

Mason, P., Curl, A., Kearns, A., 2016. Domains and levels of physical activity are linked to
adult mental health and wellbeing in deprived neighbourhoods: a cross-sectional
study. Ment. Health Phys. Act. 11, 19–28.

Middel, A., Lukasczyk, J., Zakrzewski, S., Arnold, M., Maciejewski, R., 2019. Urban form
and composition of street canyons: a human-centric big data and deep learning ap-
proach. Landsc. Urban Plan. 183, 122–132.

Mitchell, R., Astell-Burt, T., Richardson, E.A., 2011. A comparison of green space in-
dicators for epidemiological research. J. Epidemiol. Community Health jech 65 (10),
853–858.

Mitchell, R., Popham, F., 2008. Effect of exposure to natural environment on health in-
equalities: an observational population study. Lancet 372, 1655–1660.

National Bureau of Statistics of China, 2017. China Statistical Yearbook 2017. Beijing.
Nutsford, D., Pearson, A.L., Kingham, S., Reitsma, F., 2016. Residential exposure to

visible blue space (but not green space) associated with lower psychological distress
in a capital city. Health Place 39, 70–78.

Panno, A., Carrus, G., Lafortezza, R., Mariani, L., Sanesi, G., 2017. Nature-based solutions
to promote human resilience and wellbeing in cities during increasingly hot summers.
Environ. Res. 159, 249–256.

Rugel, E.J., Henderson, S.B., Carpiano, R.M., Brauer, M., 2017. Beyond the normalized
difference vegetation index (ndvi): developing a natural space index for population-
level health research. Environ. Res. 159, 474–483.

Rzotkiewicz, A., Pearson, A.L., Dougherty, B.V., Shortridge, A., Wilson, N., 2018.
Systematic review of the use of Google Street View in health research: major themes,
strengths, weaknesses and possibilities for future research. Health Place 52, 240–246.

Signoretta, P.E., Buffel, V., Bracke, P., 2019. Mental wellbeing, air pollution and the
ecological state. Health Place 57, 82–91.

Silva, R.A., Rogers, K., Buckley, T.J., 2018. Advancing environmental epidemiology to
assess the beneficial influence of the natural environment on human health and well-
being. Environ. Sci. Technol. 52, 9545–9555.

Sobel, M.E., Leinhart, S., 1982. Asymptotic confidence intervals for indirect effects in
structural equation models. Socio. Methodol. 13, 290–312. 1982. https://doi.org/10.
2307/270723.

Sugiyama, T., Leslie, E., Giles-Corti, B., Owen, N., 2008. Associations of neighbourhood
greenness with physical and mental health: do walking, social coherence and local
social interaction explain the relationships? J. Epidemiol. Community Health 62
e9–e9.

Taylor, L., Hahs, A.K., Hochuli, D.F., 2018. Wellbeing and urban living: nurtured by
nature. Urban Ecosyst. 21, 197–208.

Topp, C.W., Østergaard, S.D., Søndergaard, S., Bech, P., 2015. The WHO-5 well-being
index: a systematic review of the literature. Psychother. Psychosom. 84 (3), 167–176.

Triguero-Mas, M., Dadvand, P., Cirach, M., Martinez, D., Medina, A., Mompart, A.,
Basagaña, X., Gražulevičienė, R., Nieuwenhuijsen, M.J., 2015. Natural outdoor en-
vironments and mental and physical health: relationships and mechanisms. Environ.
Int. 77, 35–41.

Triguero-Mas, M., Donaire-Gonzalez, D., Seto, E., Valentin, A., Martinez, D., Smith, G.,
Hurst, G., Carrasco-Turigas, G., Masterson, D., van den Berg, M., others, 2017.
Natural outdoor environments and mental health: stress as a possible mechanism.
Environ. Res. 159, 629–638.

Tucker, C.J., 1979. Red and photographic infrared linear combinations for monitoring
vegetation. Remote Sens. Environ. 8, 127–150.

van den Berg, M.M., van Poppel, M., van Kamp, I., Ruijsbroek, A., Triguero-Mas, M.,
Gidlow, C., Nieuwenhuijsen, M.J., Gražulevičiene, R., van Mechelen, W., Kruize, H.,
others, 2019. Do physical activity, social cohesion, and loneliness mediate the asso-
ciation between time spent visiting green space and mental health? Environ. Behav.
51, 144–166.

van den Bosch, M., Meyer-Lindenberg, A., 2019. Environmental exposures and depres-
sion: biological mechanisms and epidemiological evidence. Annu. Rev. Public Health
40, 239–259.

Van Dillen, S.M.E., de Vries, S., Groenewegen, P.P., Spreeuwenberg, P., 2012. Greenspace
in urban neighbourhoods and residents' health: adding quality to quantity. J.
Epidemiol. Community Health 66 e8–e8.

VanderWeele, T.J., 2016. Mediation analysis: a practitioner's guide. Annu. Rev. Public
Health 37, 17–32.

Verbyla, D.L., Hammond, T.O., 1995. Conservative bias in classification accuracy as-
sessment due to pixel-by-pixel comparison of classified images with reference grids.
Rem. Sens. 16, 581–587.

Villeneuve, P., Ysseldyk, R., Root, A., Ambrose, S., DiMuzio, J., Kumar, N., Shehata, M.,
Xi, M., Seed, E., Li, X., others, 2018. Comparing the normalized difference vegetation
index with the Google street view measure of vegetation to assess associations be-
tween greenness, walkability, recreational physical activity, and health in Ottawa,
Canada. Int. J. Environ. Res. Public Health 15, 1719.

Wood, L., Hooper, P., Foster, S., Bull, F., 2017. Public green spaces and positive mental
health–investigating the relationship between access, quantity and types of parks and
mental wellbeing. Health Place 48, 63–71.

Zhang, J., 2014. Revisiting residential self-selection issues: a life-oriented approach. J.
Transp. Land Use 7, 29–45. https://doi.org/10.5198/jtlu.v7i3.460.

Zhao, X., Lynch Jr., J.G., Chen, Q., 2010. Reconsidering Baron and Kenny: myths and
truths about mediation analysis. J. Consum. Res. 37, 197–206.

Zhou, B., Zhao, H., Puig, X., Fidler, S., Barriuso, A., Torralba, A., 2017. Scene parsing
through ade20k dataset. In: Proceedings of the IEEE Conference on Computer Vision
and Pattern Recognition, pp. 4.

R. Wang, et al. Environmental Research 176 (2019) 108535

8

http://refhub.elsevier.com/S0013-9351(19)30332-9/sref27
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref28
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref28
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref28
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref29
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref29
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref29
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref30
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref30
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref30
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref31
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref31
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref32
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref32
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref33
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref33
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref33
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref34
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref34
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref34
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref35
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref35
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref35
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref35
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref36
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref36
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref36
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref37
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref37
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref37
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref38
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref38
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref38
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref39
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref39
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref40
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref41
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref41
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref41
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref42
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref42
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref42
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref43
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref43
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref43
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref44
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref44
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref44
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref45
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref45
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref46
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref46
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref46
https://doi.org/10.2307/270723
https://doi.org/10.2307/270723
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref48
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref48
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref48
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref48
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref49
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref49
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref50
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref50
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref51
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref51
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref51
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref51
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref52
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref52
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref52
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref52
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref53
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref53
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref54
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref54
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref54
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref54
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref54
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref55
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref55
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref55
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref56
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref56
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref56
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref57
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref57
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref58
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref58
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref58
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref59
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref59
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref59
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref59
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref59
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref60
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref60
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref60
https://doi.org/10.5198/jtlu.v7i3.460
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref62
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref62
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref63
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref63
http://refhub.elsevier.com/S0013-9351(19)30332-9/sref63

	Urban greenery and mental wellbeing in adults: Cross-sectional mediation analyses on multiple pathways across different greenery measures
	Introduction
	Materials and methods
	Study population
	Datasets
	Mental wellbeing
	Greenery data
	Potential mediators
	Covariates

	Statistical analyses

	Results
	Descriptions of the study population and the greenery measures
	Correlations between greenery and WHO-5
	Correlations between greenery and possible mediators
	Correlations between mediators, greenery, and WHO-5

	Discussion
	Main findings
	Strengths and limitations

	Conclusion
	Funding
	Author contributions
	Declaration of interest
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




