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Abstract

Background: The relationship between health and human interaction with nature is complex. 

Here we conduct analyses to provide insights into potential health benefits related to residential 

proximity to nature.

Objectives: We aimed to examine associations between measures of residential nature and self-

reported general health (SRGH), and to explore mediation roles of behavioral, social, and air 

quality factors, and variations in these relationships by urbanicity and regional climate.

Methods: Using residential addresses for 41,127 women from the Sister Study, a U.S.-based 

national cohort, we derived two nature exposure metrics, canopy and non-gray cover, using 

Percent Tree Canopy and Percent Developed Imperviousness from the National Land Cover 

Database. Residential circular buffers of 250m and 1250m were considered. Gradient boosted 
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regression trees were used to model the effects of nature exposure on the odds of reporting better 

SRGH (Excellent/Very Good versus the referent, Good/Fair/Poor). Analyses stratified by 

urbanicity and regional climate (arid, continental, temperate) and mediation by physical activity, 

social support, and air quality was examined and were conducted.

Results: A 10% increase in canopy and non-gray cover within 1250m buffer was associated with 

1.02 (95% CI: 1.00 – 1.03) and 1.03 (95% CI: 1.01 – 1.04) times the odds of reporting better 

SRGH, respectively. Stronger associations were observed for the urban group and for continental 

climate relative to other strata. Social support and physical activity played a more significant 

mediation role than air quality for the full study population.

Discussion: Findings from this study identified a small but important beneficial association 

between residential nature and general health. These findings could inform community planning 

and investments in neighborhood nature for targeted health improvements and potential societal 

and environmental co-benefits.

Keywords

greenspace; ecosystem services; eco-health; climate; tree canopy; developed impervious; physical 
activity; social support; air quality

1. Introduction

A growing body of research recognizes that neighborhood natural environment is positively 

associated with an array of health benefits (Dadvand and Nieuwenhuijsen, 2019; Fong et al., 

2018; Frumkin et al., 2017; James et al., 2015; Markevych et al., 2017; van den Bosch and 

Ode Sang, 2017) including physical activity (Astell-Burt et al., 2013; Sarkar et al., 2015), 

healthy weight (Tsai et al., 2019a; Villeneuve et al., 2018), mental health (Alcock et al., 

2014; Banay et al., 2019; Beyer et al., 2014), and social cohesion (Jennings and Bamkole, 

2019). Among the benefits, general health has also been positively associated with 

neighborhood natural environment (e.g., Dadvand et al., 2016; Reid et al., 2017); a common 

metric is self-reported general health (SRGH). This is a measure of an individual’s perceived 

overall health status (Idler and Benyamini, 1997), which can be affected by many factors 

including health conditions, behaviors, and sociodemographic characteristics (Boerma et al., 

2016; Gallagher et al., 2016; Heinze et al., 2015). SRGH has been shown to be reliable for 

evaluating individual health (Heistaro et al., 2001; Miilunpalo et al., 1997; Robert et al., 

2014). For instance, a meta-analysis (DeSalvo et al., 2006) reported that people who 

reported “poor” health had 92% higher risk of all-cause mortality compared to those who 

reported “excellent” health. Additionally, SRGH has the advantage of capturing health more 

holistically and as perceived (Idler and Benyamini, 1997). Gender differences appear to exist 

in reported general health; evidence from fifty-nine countries indicated that women tended 

to report poorer health than men at all adult ages (Boerma et al., 2016).

The relationships between natural environment and human health can be influenced by 

humans’ physical and conceptual interactions with the environment (Seymour, 2016). 

Biophilia theory describes the innate human need for connection with nature (Wilson, 1984). 
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Humans have been shown generally to perceive natural environment as healthy and 

possessing restorative features (Parsons, 1991; Ryan et al., 2014; Tidball, 2012).

Existing studies define natural environment in various ways, from a more restricted 

definition (e.g., a single type of natural landscape) to a broader inclusion of natural land 

cover (e.g., all landcover types except impervious). Many studies observed that tree cover 

was more strongly associated with better health outcomes (e.g., Akpinar et al., 2016 on 

mental health; Reid et al., 2017 on self-reported general health; Tsai et al., 2018 on frequent 

mental distress), while other studies indicated that not only greenery but also blue space 

(e.g., beach, lake) or gardens could provide health benefits (Brindley et al., 2018 on gardens; 

Gascon et al., 2017 on blue space; Volker and Kistemann, 2011 on blue space).

A study conducted in Barcelona, Spain, examined the relationships between residential 

natural environment and perceived general health using a broad measure of natural 

environment, the Normalized Difference Vegetation Index (NDVI), and both subjective and 

objective measures of park proximity (Dadvand et al., 2016). Their findings showed that 

NDVI greenness at 30m resolution and a subjective measure of park proximity were 

associated with increased odds of reporting better general health. Another study utilizing 

more finely-resolved land cover classes (3ft resolution) reported that only density of trees, 

not grass, was associated with increased odds of reporting very good or excellent health in 

New York City, United States (U.S.) (Reid et al., 2017). In a subsequent study, Reid et al. 

(2018) further investigated associations with perceived general health using NDVI at 30m, 

250m, and 1km resolutions. However, the previously reported relationships were not 

observed using these measures. Studies are lacking, however, with respect to U.S. nationally 

representative data analyzed at the individual level (Silva et al., 2018).

It is important to understand the potential mechanisms underlying the relationships between 

natural environment and health. Many studies have suggested that the associations between 

nature and human health may be mediated by the provision of opportunities for physical 

activity and social interaction (Banay et al., 2019; Dadvand et al., 2016; Dzhambov et al., 

2018; James et al., 2016; Richardson et al., 2013). For instance, green spaces provide heat 

mitigation and aesthetic settings that may encourage physical activity and social gatherings 

(Markevych et al., 2017). Several studies have considered the potential mechanism of air 

pollutant filtration by trees (Dzhambov et al., 2018; James et al., 2016; Orioli et al., 2019). 

Air pollutants are linked to many adverse health outcomes including preterm birth (Klepac 

et al., 2018), cardiovascular diseases (Dabass et al., 2018), cardiovascular mortality and all-

cause mortality (Pope et al., 2018). Nowak et al. (2014) estimated that trees across the 

conterminous U.S. could remove 17.4 million tonnes of NO2, PM2.5, and O3 annually, 

preventing approximately 850 air pollution-related deaths per year.

Relationships between natural environment and perceived general health may differ by 

sociodemographic factors and environmental settings. These variations are commonly 

addressed in statistical analyses by grouping participants using factors such as gender, age, 

socioeconomic factors (e.g., income, education), and urbanicity (Dadvand et al., 2016 for 

age and gender; Orioli et al., 2019 for age and gender; James et al., 2016 for urbanicity and 

income; Mass et al., 2006 for urbanicity and education). A few studies have examined 
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variation by other factors such as physical activity level (Banay et al., 2019) and climate 

zone (Jian et al., 2017). Disparate findings across environmental settings, such as urbanicity 

and climate zone, can be due to differences in abundance or exposure to natural resources. 

The provision of ecosystem services (e.g., heat mitigation, air pollutant filtration) 

(McDonnell et al., 2008; McDonnell and Pickett, 1990) and human perceptions about nature 

(Cleland et al., 2015; Soini et al., 2012) can also deviate across environmental settings.

Using data from the U.S.-based Nurses’ Health Study cohort, James et al. (2016) observed 

stronger inverse associations between natural environment and mortality for participants in 

metropolitan areas than those in micropolitan and rural areas. Environmental settings can 

also be affected by climatic conditions. Jian et al. (2017) explored associations between 

environmental quality and mortality at the county level across the United States. They 

reported that, while the associations were not different by urbanicity, stronger inverse 

associations were found in dry regions in contrast to the other five climate zones (dry 

continental, hot summer continental, humid subtropical, Mediterranean, and warm summer 

continental). Associations may also differ across climate regions by type of measure. Tsai et 

al. (2019a) conducted residential address-level analyses and found that neighborhood street 

trees had consistent positive associations with healthy weight status in two U.S. cities with 

distinct climatic conditions--Portland, OR (temperate wet climate), and Phoenix, AZ (arid 

climate). Neighborhood streetside herbaceous cover was positively associated in the arid 

climate but negatively associated in the temperate climate with healthy weight status.

To address the need for nationally-representative data analyzed at the individual level, this 

study assesses associations between neighborhood natural environment and SRGH in 

women across the conterminous United States. We hypothesized that tree canopy and less 

impervious surfaces around the home are associated with better perceived general health, 

and that these associations are mediated by physical activity, social support, and air quality. 

In addition, we explored the variation in these relationships across urbanicity levels and 

climatic regions.

2. Methods

2.1 Health outcome and study population

SRGH data were obtained from the Sister Study (data release 6.0 with follow-up through 

9/15/2016), a prospective cohort of 50,884 women across the U.S. and Puerto Rico (Sandler 

et al., 2017). The eligible participants were women aged 35 – 74 years old who did not have 

breast cancer at baseline but had at least one sister with a history of breast cancer (baseline: 

years 2003 to 2009). Data were collected for multiple domains, including demographic (e.g., 

age, race), socioeconomic (e.g., household income), behavioral (e.g., physical activity) and 

environmental (e.g., air pollution) factors, health conditions (e.g., body mass index, use of 

medications), and health and well-being outcomes (e.g., general health, quality of life). 

Participants have been contacted every two to three years since 2008 for detailed follow-up. 

To match with the year that their residential natural environment was assessed (i.e., 2011), 

SRGH at the first follow-up was used. This measure was collected by asking, “In the past 24 
months, would you say your health has generally been Excellent, Very Good, Good, Fair, or 
Poor?” For this analysis, the responses were dichotomized as “Excellent/Very Good” (better 
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SRGH) versus the referent, “Good/Fair/Poor”, since this dichotomous classification has been 

shown to be an effective predictive health indicator in many studies (Maas et al., 2006; Reid 

et al., 2017; Reid et al., 2018; Simons, 2002).

Due to the available data coverage for natural environment, only participants who resided in 

the conterminous U.S. and whose residential locations were geocoded to street addresses 

were included for analysis (N=47,109) (Figure 1a). We further removed 177 participants 

who had less than 95% coverage of natural environment data within their analysis units. For 

example, participants residing close to the border between the U.S. and Canada (Figure 1b) 

were excluded. In addition, 5,805 participants who reported that they had moved between 

their baseline and first follow-up were removed to ensure that the outcome measure was 

collected when participants lived in the same residential locations as was registered at the 

study baseline. This additional removal resulted in a total number of 41,127 participants for 

analysis.

2.2 Measures of natural environment

To quantify various perspectives of nature, residential natural environment was estimated 

using tree cover and non-gray land cover (any land cover type other than impervious) based 

on satellite imaging data. Tree cover (canopy hereafter) derived from the U.S. Forest Service 

Tree Canopy Cartographic layer, part of the 2011 National Land Cover Database (NLCD) 

developed by the Multi-Resolution Land Characteristics Consortium (Homer et al., 2015). 

This layer provides information about the proportion of tree canopy within each 30m pixel; 

values range from 0 to 100. Non-gray land cover (non-gray hereafter) was derived from the 

2011 NLCD Percent Developed Imperviousness map, which provides information about the 

proportion of impervious surface within each 30m pixel. Non-gray measures were calculated 

as 100 minus mean value of the 2011 NLCD Percent Developed Imperviousness within 

defined neighborhood extents. These two layers provide sufficient accuracy for estimating 

tree canopy and impervious cover (Homer et al., 2004). In part, our restriction to use of 

Sister Study first follow-up data (2008 – 2012) was justified to coincide with the latest data 

available to us from the U.S. Forest Service on percent tree canopy for 2011. For each 

residence, mean canopy and non-gray values were generated by delineating two circular 

analysis units with radii of 250m and 1250m. These buffers reflect a tight and broader 

aperture of neighborhood environments as has been employed by others (Banay et al., 2019; 

James et al., 2016). Considering the two sizes of buffer and two measures of natural 

environment, a total of four exposure measures per residence was available (Table 1).

2.3 Covariates

Covariates that may influence relationships between natural environment and SRGH 

involved socioeconomic and demographic factors, lifestyle variables, health conditions, and 

survey factors from the same survey period as the health outcome (Table 1). Socioeconomic 

and demographic factors at the individual level included age (continuous), household income 

(categorical: <20k as referent vs. 20 – 50k, 50 – 100k, 100 – 200k, and >200k), employment 

status (categorical: unable to work [i.e., medical leave, disability, and unemployment] as 

referent vs. working and unpaid/other occupation [i.e., retiree, homemaker, and student]), 

marital status (categorical: never as referent vs. married, divorced/separated, and widow), 
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educational attainment (categorical: high school or less as referent vs. associate college or 

some college, bachelor degree, and graduate degree), race/ethnicity (categorical: non-

Hispanic White as referent vs. non-Hispanic Black, Hispanic, and other), and self-reported 

urbanicity (categorical: rural as referent vs. small town, suburban, and urban). In addition to 

individual-level consideration of socio-economic status, we also included census block level 

representation via the Area deprivation index (ADI). The ADI is from the Neighborhood 

Atlas (University of Wisconsin School of Medicine and Public Health, 2018); values are 

national percentiles ranging from 1 to 100 with higher values indicating more disadvantaged 

neighborhoods. The ADI is constructed from numerous indicators including educational 

distribution, household income, income disparity, occupational composition, unemployment 

rate, family poverty rate, single-parent household rate, home ownership, median home value, 

English language proficiency, and percentage of urban population (Singh, 2003). Inclusion 

of individual- and area- level covariates is consistent with prior studies (e.g., Dadvand et al., 

2016; Reid et al., 2018) and justified since they are taking into account different aspects of 

socioeconomic characteristics.

Individual-level lifestyle variables included smoking status (categorical: never as referent vs. 

current and former), alcohol drinking status (categorical: never/former as referent vs. current 

social, and current regular), and dog ownership (binary: no as referent vs. yes). Health 

conditions included body mass index (continuous), menopausal status (binary: pre-

menopause as referent vs. post-menopause), use of depression medication (binary: no as 

referent vs. yes), and use of anxiety medication (binary: no as referent vs. yes). Survey 

factors included survey season (categorical: winter as referent vs. spring, summer, and fall) 

and survey year (categorical: 2008 as referent vs. 2009, 2010, 2011, and 2012). All the 

covariates, except ADI, were collected from the Sister Study.

Factors involving variability of natural resources by environmental settings included 

urbanicity and climate zone. Urbanicity was based on individual responses from the Sister 

Study. We dichotomized the variable into two groups: non-urban (rural and small town) and 

urban (suburban and urban). The differences in climate were evaluated by the Köppen 

climate classification for the conterminous United States (Idaho State Climate Services, 

1999). The Köppen climate classification includes five major zones worldwide: equatorial, 

arid, warm temperate, snow/continental, and polar climates (Kottek et al., 2006). In the 

conterminous U.S., polar climate is not included. We assigned a climate zone to each 

participant based on residential location. There was a very small portion of participants 

located in the equatorial climate zone (i.e., participants residing in the everglades and the 

keys of Florida, around 1.7%); we grouped these participants into the warm temperate 

climate zone. The classification is complex taking temperature and precipitation into 

account. The primary feature of arid climate is little precipitation. Continental climate is 

mainly characterized by temperature with at least one month averaging below −3 °C (26.6 

°F) and one month averaging above 10 °C (50 °F). For temperate climate the primary 

characteristic is that the coldest monthly temperature range between −3 °C (26.6 °F) and 18 

°C (64.4 °F) (Kottek et al., 2006).
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2.4 Statistical analysis

The analytical approach for modeling the associations between SRGH and natural 

environment included logistic regression, stratified analysis, and mediation analysis (Figure 

2). First, we built a crude model with controlling for commonly used covariates, including 

age, household income, employment status, educational attainment, race/ethnicity, and 

survey season. There is insufficient evidence that any of the variables available to us warrant 

a priori inclusion. Subsequently, we considered additional variables (i.e., lifestyle variables 

and health conditions mentioned in 2.3 Covariates) and constructed models gradient boosted 

regression trees (GBRT) for covariate selection. GBRT is a data-driven machine learning 

technique which builds models sequentially to improve prediction. The principle is to find 

the most appropriate loss function by trial and error from the learning processes and finalize 

a model with the minimal value of the defined loss function (Friedman, 2002; Natekin and 

Knoll, 2013). This approach has been widely and successfully used in many fields and 

represents an efficient, automated method for prediction and classification (e.g., Friedman 

and Meulman, 2003 in epidemiology; Moisen et al., 2006 in ecology; Naghibi et al., 2015 in 

geography). Covariates were included if their relative influence was greater than one. Twelve 

covariates were selected: age, household income, employment status, educational 

attainment, race/ethnicity, smoking status, drinking status, body mass index, use of 

depression medication, use of anxiety medication, survey season, and area deprivation index. 

Since similar effect sizes of natural environment were observed by these two model 

approaches with better concordance statistics (0.72) by the GBRT models (compared to the 

crude models (0.65), Supplemental Table S1). The final models were based on the GBRT 

approach.

The final logistic regression model was then applied to examine the relationships between 

SRGH and natural environment, controlling for the selected covariates. Multicollinearity 

was identified by the generalized variance inflation factors (GVIF). Covariates with GVIF 

values greater than three were considered to have multicollinearity. All the covariates had 

GVIF values of less than two, and therefore none of the covariates were removed. Effect 

modification was evaluated by inclusion of the multiplicative interaction term of each 

covariate and each measure of natural environment and testing whether it was significant 

(p<0.05) using likelihood ratio tests. We, however, did not observe a consistent effect 

modifier in this analysis.

Spatial autocorrelation was evaluated by Moran’s I using model residuals with each measure 

of natural environment. Moran’s I ranges from −1 (spatially dispersed) to +1 (spatial 

clustered) with a value of zero indicating spatial random distribution. All Moran’s I values 

were less than 0.0002 for both approaches, indicating very weak spatial autocorrelation. 

Therefore, issues of spatial autocorrelation were not of concern in this study. We also 

employed natural cubic spline regression (four degrees of freedom) to detect potential non-

linear relationships between natural environment and SRGH. Likelihood ratio tests showed 

no significant (p <0.05 for statistical significance) differences between models with and 

without spline terms, and therefore linear relationships were considered to be adequate for 

our model. All the statistical analyses were conducted using SAS version 9.4 (SAS Institute, 
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Cary NC, USA), except the selection for covariates based on GBRT approach which was 

conducted using ‘dismo’ package in RStudio with R version 3.4.3 (RStudio Team, 2015).

However, because there are fundamental differences in the natural environment with 

urbanicity and climate zone, we stratified our analysis by these variables. We also explored 

variations involving the six combinations of urbanicity and climate zone (urban in arid 

climate, non-urban in arid climate, urban in continental climate, non-urban in continental 

climate, urban in temperate climate, and non-urban in temperate climate).

2.5 Additional statistical analysis - Mediation analysis

Three categories of potential mediators between natural environment and SRGH were 

considered: behavioral, social, and air quality from the same survey period as the health 

outcome (Table 1). Behavioral mediators referred primarily to physical activity. The Sister 

Study provided information on weekly duration of several levels of physical activity 

(moderate physical activity, vigorous physical activity, and walking). Two measures of 

physical activity were used in this study: a combined measure of total hours for moderate 

and vigorous physical activity (MVPA) per week and total hours for walking per week 

(walking). We observed some implausible responses in total hours of physical activity 

measures, such as 255 activity hours per week. We carefully investigated outliers in MVPA 

and walking hours by determining if a participant reported total hours greater than the 95th 

percentile (18 hours for MVPA and 28 hours for walking). As a result, 2,626 and 1,910 

responses (6.4% and 4.6%) were eliminated from mediation analysis by MVPA and walking, 

respectively.

Social mediators included support from family and friends. The Sister Study conducted a 

special survey for stress and coping at first detailed follow-up that collected variables related 

to social support such as, “how often I can count on someone to provide me with emotional 
support?”, “how often I can count on someone if I need help?”, “how often there is someone 
in my immediate family who believes in me and wants me to succeed?” and, “how often 
there is someone in family makes me feel important or special?”. The responses to each of 

these questions had five possible answers: none of the time, a little of the time, some of the 

time, most of the time, and all of the time. We scored the responses from 0 (none of the 

time) to 4 (all of the time). Sum of the scores for these four questions for each participant 

was used in the model. We included a second social-support variable (support network) 

based on the survey question, “In general, how many relatives or friends do you feel close 
to?” The responses were in five categories: none, 1 – 2, 3 – 5, 6 – 9, and 10 or more. We 

dichotomized the responses as less than six (referent) versus six or more.

Air quality mediators included average concentrations of particulate matter < 2.5 μm in 

aerodynamic diameter (PM2.5) and NO2 by address at year 2011. Modeled estimates of 

PM2.5 and NO2 concentrations in ambient air were derived based on different methods but 

both considered many factors, including land use/land cover, population density, road 

network characteristics, and distance to selected geographic features (Chan et al., 2015).

All the mediation analyses were performed using SAS (PROC CAUSALMED, version 9.4, 

SAS Institute, Cary NC, USA). This procedure decomposes the total effect into four 
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components based on the formulas developed by VanderWeele (2014). These four 

components are the effect that is due neither to interaction nor mediation (controlled direct 

effect), the effect that is due to interaction but not mediation (reference interaction), the 

effect that is due to both interaction and mediation (mediated interaction), and the effect that 

is due to mediation but not interaction (pure indirect effect). The procedure requires at least 

three types of variables: outcome, treatment, and mediator. To perform mediation analysis, 

we specified SRGH as the outcome variable, one factor described here at a time as the 

mediator variable, one measure of natural environment at a time as the treatment variable, 

and interaction between mediator and treatment variables. We additionally specified the 

selected covariates as the covariate variable for in this analysis. The procedure computes 

total, controlled direct, natural direct, and natural indirect effects. Percentages of natural 

indirect effects relative to the estimated total effect (i.e., the effect that are attributed to the 

mediator) were reported.

3. Results

3.1 Self-reported general health and socioeconomics of participants and neighborhood

The reporting rates for SRGH status across measures of natural environment, selected 

covariates, mediators, and strata are detailed in Table 1. Most of the first follow-up surveys 

were collected in fall (45.9%). Mean age was 58.2 (sd = 8.8), and around 40% of the 

participants’ reported household income was $50,000 to $100,000. Most participants were 

currently working (67.5%), had higher educational attainment (53.4% bachelor or graduate 

degree), and were non-Hispanic white (86.8%). The mean ADI was 35.3 (sd = 24.4), 

suggesting that great differences in socioeconomic status existed among participants’ 

neighborhoods.

More than half of the participants reported never smoking, and almost 75% were current 

regular drinkers. Mean body mass index was in the overweight category (27.6 and sd of 6.1). 

About 20% and 14% of the participants reported having used depression or anxiety 

medication, respectively.

3.2 Characteristics of natural environment, mediators, and groups for stratified analysis

Mean canopy values at 250m and 1250m neighborhood extents (“buffers”) were 23.2% (sd = 

20.8) and 24.4% (sd = 19.4) (Table 1). The non-gray measure had higher respective mean 

values of 72.5% (sd = 19.3) and 75.5% (sd = 17.8) at 250m and 1250m buffers. For any of 

the measures of natural environment, participants who reported “Excellent/Very Good” had 

higher mean values than those who reported “Good/Fair/Poor” (e.g., mean canopy at 250m 

for “Excellent/Very Good” group was 23.9% and 21.8% for “Good/Fair/Poor” group with t 

= 7.8, p <0.001).

Potential mediators among participants are described in Table 1. Mean hours for weekly 

walking and MVPA were 4.2 (sd = 5.4) and 3.6 (sd = 4.1) hours, with higher mean values in 

the “Excellent/Very Good” group for both variables. Mean score for social support was 13.7 

(sd = 2.8), with slightly higher mean score in the “Excellent/Very Good” group (14.1 vs. 

13.0 for “Good/Fair/Poor” group). Around 55% of the participants reported having fewer 
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than six people that they felt comfortable with calling for help or sharing private matters. For 

those who reported having more than six people for their support network, the majority of 

participants reported better SRGH (73.4% in “Excellent/Very Good” group vs. 26.6% in 

“Good/Fair/Poor” group among the “more than six” group, not shown in Table 1).

For the characteristics among participants in different strata (Table 1 and Figure 3), around 

60% of the participants resided in urban areas and more than half of the participants resided 

in the continental climate.

3.3 Relationships between SRGH and natural environment

A 10% increase in canopy at both 250m and 1250m buffer was associated with 1.02 times 

the odds of reporting “Excellent/Very Good” general heath (95% CI: 1.01 – 1.03) (Table 2). 

Similar associations were observed at both buffer extents for each type of natural 

environment. The association for non-gray measures was larger than that observed for 

canopy. A 10% increase in the non-gray measure at both 250m and 1250m buffer was 

associated with 1.03 times the odds of reporting “Excellent/Very Good” general heath 

(adjusted odds ratio [AOR]: 1.03, 95% CI: 1.01 – 1.04).

In urbanicity-stratified analyses (Table 3), we observed stronger associations between 

neighborhood natural environment and reporting better SRGH (Excellent/Very Good) only 

in the urban group for both buffers, except that the non-gray measure at 1250m was also 

associated with better SRGH in the non-urban group, although statistical evidence in 

differences in associations were not observed (respective p-values for interaction using 

canopy at 250, canopy at 1250m, non-gray at 250m, and non-gray at 1250m were 0.11, 0.46, 

0.38, and 0.44). As expected, the mean values of natural environment were higher in the 

non-urban group than in the urban group. Associations were stronger at the closer 

neighborhood extent (250m) for participants who reported living in urban areas (e.g., AOR 

for a 10% increase in canopy at 250m: 1.03, 95% CI: 1.01 – 1.05 vs. 1.02, 95 % CI: 1.00 – 

1.04 at 1250m). Non-gray measures had similar associations as those observed using canopy 

at both neighborhood extents for the urban group.

In climate-stratified analyses, significant associations were observed only for the continental 

climate, although statistical evidence of differences in associations were also not observed 

(respective p-values for interaction using canopy at 250, canopy at 1250m, non-gray at 

250m, and non-gray at 1250m were 0.09, 0.13, 0.06, and 0.27). Here, greater effects were 

observed at the smaller neighborhood extent with the non-gray measure. A 10% increase in 

canopy and in non-gray measure at 250m was both associated with 1.04 times the odds of 

reporting better SRGH (95% CI: 1.02 – 1.06 for both measures).

In stratified analyses with combinations of urbanicity and climate zone, for canopy, 

significant associations were observed only for the urban group in the continental climate. 

The effects of canopy in the urban group in the continental climate were at least 1.5 times 

greater than the effects observed separately in the urban group and in the continental 

climate. Statistical evidence for differences in associations was observed using canopy 

within 250m buffer (p-value for integration: 0.05) but not for canopy within 1250m buffer 

(p-value for interaction: 0.23). For non-gray measures, significant associations were 
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observed for both non-urban and urban groups in the continental climate at the 250m buffer; 

however, significant associations were observed only for the non-urban group in the 

continental climate at the 1250m buffer. There was no statistical evidence in the associations 

using non-gray measures (p-values for interaction using non-gray at 250m and 1250m: 0.06 

and 0.38, respective). In the urban group in the continental climate, effect sizes for canopy 

were greater than those for non-gray measures (AOR for a 10% increase in canopy at 250m: 

1.05, 95% CI: 1.02 – 1.08 vs. non-gray measure at 250m: 1.04, 95% CI: 1.02 – 1.07).

3.4 Mediation effects

MVPA was the only variable where a consistent mediation effect on the relationships 

between SRGH and natural environment was observed (Table 4). The effects were greater 

for non-gray measures than for canopy MVPA contributed 10.1% (95% CI: 0.1 – 20.0%) 

and 13.5% (95% CI: −0.9 – 27.9%) to the relationship between SRGH and canopy at 250m 

and 1250m, respectively; this variable also explained more than 19% of the relationships 

between SRGH and non-gray measures (19.6% with 95% CI: 7.9 – 31.3 at 250m and 23.6% 

with 95% CI: 6.85 – 40.3% at 1250m). Social support showed significant mediation effects 

only with non-gray measures. Around 15% of the relationship between SRGH and the non-

gray measure at 250m and 1250m was explained by social support (respective 95% CI: 5.2 – 

25.5% and 4.6 – 25.6%). No significant mediation effects were observed for walking or 

either of the air quality factors.

4. Discussion

A growing body of research supports that natural environment around residences is 

associated with better general health (Dadvand et al., 2016; de Vries et al., 2013; Reid et al., 

2017). However, this relationship may be influenced by definitions of natural environments 

and methods of measurement, mediated by individual (behavioral), social, or air quality 

factors, and varied by environmental setting (urbanicity and climate zone). The current study 

examined the relationships between SRGH and residential natural environment among a 

U.S. national-scale population of women using a more restricted (canopy) and a broader 

(non-gray) definition of natural environment. This study is novel in being able to discern 

relatively subtle influences of natural-environment metrics and stratification variables in a 

large, national sample. We used a parsimonious model building approach via gradient 

boosted regression trees. Only variables that met our model building criteria were retained. 

Variations in the relationships between SRGH and natural environment were examined 

across divergent environmental settings by stratification for urbanicity (non-urban vs. urban) 

and climate zone (arid, continental, and temperate climates), where availability of and access 

to natural environment may greatly differ, and the roles of mediators were also explored.

4.1 Self-reported general health and neighborhood natural environment

Our findings corresponded to previous studies reporting that more tree cover (Reid et al., 

2017) or greenness (Dadvand et al., 2016) was associated with better general health. Both 

canopy and non-gray measures were positively associated with increased odds of reporting 

“Excellent/Very Good” general health at the close (250m) and distant (1250m) 

neighborhood extents. Although the measures of greenness (commonly measured by NDVI) 
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and non-gray are not the same measure, they both provide information about the relative 

amount of overall natural environment within a study area. Reid et al. (2017) reported that 

tree cover but not grass cover was associated with better general health among residents in 

New York City. We, however, observed stronger associations using a non-gray measure 

(which includes everything except impervious surfaces) compared to only canopy among 

women across the entire United States. Using the same cohort as in our study, Villeneuve et 

al. (2018) reported a positive association between impervious surface and obesity. These 

findings suggest that aggregate landscape features other than gray cover may have positive 

effects on women’s health, and inversely, that the presence of gray cover is associated with 

negative health effects.

Numerous studies call attention to methodological issues related to how natural environment 

is measured and how neighborhood extents are defined, as different methodologies may lead 

to disparate interpretations of the relationships between natural environment and health 

outcomes (e.g., Reid et al., 2018; Su et al., 2019; Tsai et al., 2019a). Using data with U.S. 

nationwide coverage, we observed similar effect sizes using close (250m) and distant 

(1250m) neighborhood extents for both measures of natural environment using 30m U.S. 

national-scale data. This observation is similar to the results of a study using 30m NDVI 

conducted in Barcelona, Spain (Dadvand et al., 2016). However, our findings differ from the 

study conducted in New York City using finely-resolved (3ft) land cover data (Reid et al., 

2017), which reported stronger positive associations between tree cover and general health 

within larger (i.e., 1000m) buffers compared to more proximate (i.e., within 300m). James et 

al. (2016) found similar effect sizes while testing the effects of 250m NDVI on women’s 

mortality across the U.S. with a similar design and neighborhood extents. The mixed 

findings across these studies may be due to large differences in the available underlying data, 

such as fine-resolution data do not have nationwide coverage. Given the potential for strong 

confounding and effect modification by many other spatially varying determinants of health, 

effect sizes may also differ between studies. These differences may also be caused by 

varying confounding control, as well as the distribution of effect modifiers between study 

samples.

4.2 Variations across urbanicity and climate zone

Our results showed variations in the relationships between SRGH and natural environment 

by urbanicity and climate zone. Previous research (James et al., 2016) supports our findings 

that natural environment is more strongly associated with SRGH for participants who reside 

in urban areas than for others. For urban dwellers, AOR were slightly greater for smaller 

than larger buffers suggesting the more proximate natural features are more strongly 

associated with SRGH than the more distant features. The relationships between SRGH and 

natural environment varied across climates. Our findings differed from a previous study that 

examined associations between mortality and an environmental quality index (EQI) at the 

U.S. county level across six climatic zones (Jian et al., 2017). That study found stronger 

associations in the dry (arid) climate, whereas, in this study, relationships between SRGH 

and natural environment held only in the continental climate. One explanation is that the 

EQI and our natural environment measures likely do not represent the same types of 

environmental exposures; environmental measures in the EQI are predominantly indicators 
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of pollutant concentrations. Although significant associations were not found in our current 

study for arid and temperate climates, another study (Tsai et al., 2019a) that measured 

weight status as the health outcome reported significant protective effects of tree cover along 

walkable roads in both of these climates. Therefore, more research on health benefits 

conferred by natural environments across climate zones is warranted.

To our knowledge, this is the first study to examine variations in the relationships between 

human health and nature by both urbanicity and climate zone. Our findings revealed that the 

relationships might be subject to the type of natural environment. For canopy, associations 

varied by both urbanicity and climate zone, with stronger variations by urbanicity. 

Associations between SRGH and canopy held only for the urban group in the continental 

climate, and the effect sizes were almost three times greater than the effects observed for the 

full study population. With non-gray measures, variations depended mostly on climate zone. 

These findings suggest that distinctions in natural environment can be critical for landscape 

planning across hierarchies of environmental settings (e.g., urbanicity or combinations of 

urbanicity and climate zone).

4.3 Mediation roles of behavioral, social, and air quality factors

Our results indicated that MVPA and social support played mediating roles in the 

relationship between SRGH and exposures to natural environment. Mediation effects were 

more consistent with non-gray measures. The findings were partly consistent with a study 

that explored the mediation roles of social support, mental health, and physical activity on 

the relationships between general health and natural environment (Dadvand et al., 2016). 

That study found significant mediation effects by social support and mental health but not 

physical activity (an audit measure using the International Physical Activity Questionnaire, 

IPAQ). These different findings on the mediation role of physical activity may be due to 

differences in the survey instruments. The different findings could also be due to differences 

between the US and Spain in the ways people use natural environments Similar mediation 

effects of physical activity have been observed specifically for mortality and obesity (James 

et al., 2016; Villeneuve et al., 2018). However, significant mediation effects from walking 

were not found in this study. It is possible that higher intensity physical activity provides 

additional health benefits (Nelson et al., 2007) that contribute to substantial differences in 

general health. The observed mediation by social support and physical activity also 

strengthens the inference that natural environment around homes has some associations with 

general health. While the natural environment signal is small, both of these mediators are 

salutogenic and have been demonstrated to respond positively to natural environment 

(Dadvand et al., 2016; James et al., 2017; Jennings and Bamkole, 2019; Vich et al., 2018).

We did not observe air quality factors (concentrations of PM2.5 and NO2 in ambient air) to 

have mediation effects for the full study population in this study, in contrast to other studies 

reporting that air pollution mediated associations between health outcomes and natural 

environment (e.g., James et al., 2016 on mortality; Orioli et al., 2019 on mortality and stroke 

incidence). It is unclear why we did not observe a mediating effect from air quality factors, 

but it could be due to the fact that we captured “self-reported” rather than objective health 
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outcomes or that our health metric is much more generally defined than those in the previous 

studies, or due to the differences in the way air pollution was is measured.

4.4 Limitations

The limitations of this study fall into three broad categories of study and statistical design, 

potential confounding not accounted, accuracy of the exposure measures. With respect to 

design, the fact that this study is cross-sectional and observational, limits our conclusion of 

influence to that of associative rather than causal. Specifically, we did not have information 

distinguishing between scenarios whereby areas with fewer trees or more gray space 

detracted from SRGH versus areas with fewer trees or more gray space in which individuals 

with worse SRGH reside or to which they move. An additional design limitation is the 

outcome measure of SRGH since it is perceived rather than objectively measured though this 

measure has been shown to be reliable for evaluating individual health (Heistaro et al., 2001; 

Miilunpalo et al., 1997; Robert et al., 2014). Although perceived health is not objectively 

measured, it can be argued that it represents the reality for that individual. The other design 

limitation relates to our study population being relatively homogeneous. Most of the 

participants are above age 55, non-Hispanic white, well-educated, and have a sister 

diagnosed with breast cancer. Additionally, because the cohort is all women, this may limit 

our ability to make inferences about the population at large.

There are likely a complex array of individual and area factors that influence the association 

between residential natural environment and SRGH. We were able to account for many but 

not all. First, we do not know the basis for self-selection of place of residence (Handy et al., 

2005; Pinjari et al., 2009). Second, we were not able to account for neighborhood safety as a 

potentially confounding variable. (Kondo et al., 2017; Schusler et al., 2018). Similarly, 

population and housing density may be potentially confounding considerations that were not 

considered. However, urbanicity as a categorical covariate was considered but not selected 

into the final model by the GBRT approach.

We applied logistic regression to examine the associations between SRGH and natural 

environment. Evaluations of interactions in the context of logistic regression occur in log 

space and therefore caution in interpretation is warranted, such as they are not simply 

additive. Our analysis model (Figure 2) was structured to evaluate variations in the 

associations between natural environment and SRGH across urbanicity and climate zone 

strata. While sociodemographic factors, such as age, race/ethnicity, and neighborhood 

deprivation, may also lead to health disparities and inequity of the allocation of greenspaces 

(Jennings and Gaither, 2015; Schwarz et al., 2015), our analysis was limited to their 

inclusion as covariates rather than strata limiting their main effects analysis on the adjusted 

odds ratios. We examined only physical activity, social support, and air quality factors as 

potential mechanisms underlying the relationships between SRGH and natural environment. 

However, mental health may also contribute to these relationships. Many studies recognize 

that natural environment is associated with reduced stress (e.g., Ulrich et al., 1991) and 

improved mental health (e.g., de Vries et al., 2013), likely through psychological restoration 

(Kaplan and Kaplan, 1989). These restorative reactions can be elicited through human 
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perceptions by engaging with nature and thereby affect perceived health. This health 

pathway should be further explored.

Due to data availability, we could apply only medium resolution (30m) data to derive 

measures of natural environment, which may largely underestimate the amount of natural 

environment in urban areas (Nowak and Greenfield, 2010). In addition, configuration of 

natural environment (i.e., its pattern within the built environment) may be a stronger 

indicator than total amount of natural environment (Tsai et al., 2019b) and is recommended 

for use in research addressing relationships with human health (Termorshuizen and Opdam, 

2009). We used only percentages of tree canopy and non-gray to examine relationships 

between SRGH and natural environment; these measures do not capture landscape 

complexity.

Finally, environmental exposures were examined only around individuals’ residences within 

1250m. This is a limitation because individuals are mobile and likely exposed to natural 

environments associated with other venues such as workplace and leisure destinations 

further from home (Hurvitz and Moudon, 2012; Moore et al., 2013). In addition, 

environmental exposures measured based on a fixed location may not accurately measure 

true amount (Hirsch et al., 2016; Holliday et al., 2017; Vich et al., 2018). Exposure buffers 

used in this study may also lead to the neighborhood effect averaging problem as described 

by Kwan (2018). This effect recognizes that environmental exposures estimated based on a 

fixed location (e.g., home, work) can over- or underestimate the true amount of exposures 

received from the actual activity routes of human mobility.

Despite several limitations in this study, the geographic distribution of study participants 

allowed us to examine natural environment-SRGH relationships at the U.S. national level 

and across environmental settings. In addition, multifaceted confounding factors were 

considered, and the results were similar for models constructed using different approaches. 

Potential mediators were also tested based on various factors. Our findings were consistent 

with other studies on SRGH and neighborhood natural environment for different populations 

and countries (Dadvand et al., 2016; de Vries et al., 2013; Reid et al., 2017). Findings from 

this study support the importance of nature around homes for general health status.

5. Conclusion

The relationship between human health and the environment is both important and complex. 

The focus of most environmental health research is on how human health is harmed by 

contaminants or other stressors in the environment. Here, we identify a small but important 

salutogenic association among features of the natural environment and general human 

health. Effects of natural environment on SRGH were protective and greater for non-gray 

measures relative to canopy, urban group relative to non-urban group, and continental 

climate relative to other climates. The magnitudes are consistent with other epidemiologic 

studies reporting associations with hazardous exposures (e.g., Bazyar et al., 2019), but differ 

in identifying a salutogenic influence. Although the effect is small, it is of clear public health 

importance considering the approximately 80 million women within the relevant age range. 

Bastin et al. (2019) recently described the potential of forest restoration for climate 
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mitigation. Our findings relating to canopy cover especially near population centers provide 

additional motivation based on public health protection. Improved health can have profound 

economic benefits, given rising health care costs in the U.S., and city and regional planners 

may be well served to consider the potential societal value of protecting, conserving, and 

expanding environmental features associated with salutogenic influences.

The benefits of natural environment for human health have been widely recognized. Results 

from this study are generally consistent with and contribute to published literature related to 

the influence of the natural environment on human health. We build on the existing literature 

by identifying the influences of climatic characteristics as well as wide ranging mediation 

effects across social, environmental, and behavioral domains. We are building on this 

research using more finely-resolved measures of natural environment (higher resolution data 

and pattern metrics such as street-level natural environment) to better capture small patches 

of natural environment embedded in urban areas. We also plan to acquire additional human 

health data and apply experimental designs (e.g., before vs. after re-location) and 

longitudinal approaches, particularly to individuals who moved. These efforts will increase 

our understanding of the influences of landscape complexity and the accessibility of 

ecosystem services on human health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Women living in a neighborhood with more natural features reported better 

SRGH.

• Stronger associations observed in urban areas and in continental climate.

• Social support and physical activity were stronger mediators than air quality.

• Observed effect is small but of public health importance.
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Figure 1. 
a) Distribution of Sister Study participants in the conterminous United States. b) An example 

of participants with less than 95% coverage of their neighborhood analysis units.
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Figure 2. 
Analytical approach for examining the associations between self-reported general health and 

natural environment.
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Figure 3. 
Strata of urbanicity and climate zone.

Tsai et al. Page 24

Environ Res. Author manuscript; available in PMC 2021 April 01.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 25

Ta
b

le
 1

.

C
ha

ra
ct

er
is

tic
s 

of
 p

ar
tic

ip
an

ts
 b

y 
Se

lf
-r

ep
or

te
d 

ge
ne

ra
l h

ea
lth

.

H
ea

lt
h 

ou
tc

om
e 

- 
G

en
er

al
 H

ea
lt

h
G

oo
d/

F
ai

r/
P

oo
r

E
xc

el
le

nt
/V

er
y 

G
oo

d
N

1

10
41

8(
31

.0
%

)
23

18
8(

69
.0

%
)

33
60

6

M
ea

su
re

s 
of

 N
at

ur
al

 E
nv

ir
on

m
en

t
M

ea
n 

(s
d)

M
ea

n 
(s

d)
M

ea
n 

(s
d)

C
an

op
y 

at
 2

50
m

(C
on

tin
uo

us
)

21
.8

 (
20

.3
)

23
.9

 (
21

)
23

.2
 (

20
.8

)

C
an

op
y 

at
 1

25
0m

(C
on

tin
uo

us
)

23
.5

 (
19

.3
)

24
.8

 (
19

.5
)

24
.4

 (
19

.4
)

N
on

-g
ra

y 
at

 2
50

m
(C

on
tin

uo
us

)
71

.1
 (

19
.7

)
73

.1
 (

19
.1

)
72

.5
 (

19
.3

)

N
on

-g
ra

y 
at

 1
25

0m
(C

on
tin

uo
us

)
74

.4
 (

18
.2

)
76

.0
 (

17
.5

)
75

.5
 (

17
.8

)

C
ov

ar
ia

te
s

C
at

eg
or

y/
 C

on
ti

nu
ou

s
N

 (
%

)/
 M

ea
n 

(s
d)

N
 (

%
)/

 M
ea

n 
(s

d)
N

 (
%

)/
 M

ea
n 

(s
d)

So
ci

oe
co

no
m

ic
 a

nd
 d

em
og

ra
ph

ic
 f

ac
to

rs

A
ge

(C
on

tin
uo

us
)

58
.9

 (
8.

9)
57

.8
 (

8.
7)

58
.2

 (
8.

8)

In
co

m
e

<
$2

0k
74

5 
(7

.2
%

)
51

1 
(2

.2
%

)
12

56
 (

3.
7%

)

$2
0–

50
k

28
59

 (
27

.4
%

)
40

91
 (

17
.6

%
)

69
50

 (
20

.7
%

)

$5
0–

10
0k

41
39

 (
39

.7
%

)
89

37
 (

38
.5

%
)

13
07

6 
(3

8.
9%

)

$1
00

–2
00

k
21

84
 (

21
.0

%
)

73
13

 (
31

.5
%

)
94

97
 (

28
.3

%
)

$2
00

k+
49

1 
(4

.7
%

)
23

36
 (

10
.1

%
)

28
27

 (
8.

4%
)

Jo
b

U
na

bl
e 

to
 W

or
k

54
8 

(5
.3

%
)

19
8 

(0
.9

%
)

74
6 

(2
.2

%
)

W
or

ki
ng

63
97

 (
61

.4
%

)
16

30
0 

(7
0.

3%
)

22
69

7 
(6

7.
5%

)

U
np

ai
d/

O
th

er
 O

cc
up

at
io

n
34

73
 (

33
.3

%
)

66
90

 (
28

.9
%

)
10

16
3 

(3
0.

2%
)

E
du

ca
tio

n
H

ig
h 

Sc
ho

ol
 o

r 
le

ss
18

97
 (

18
.2

%
)

29
09

 (
12

.5
%

)
48

06
 (

14
.3

%
)

A
ss

oc
ia

te
/C

ol
le

ge
 o

r 
so

38
44

 (
36

.9
%

)
70

28
 (

30
.3

%
)

10
87

2 
(3

2.
4%

)

B
ac

he
lo

r
25

10
 (

24
.1

%
)

68
18

 (
29

.4
%

)
93

28
 (

27
.8

%
)

G
ra

du
at

e
21

67
 (

20
.8

%
)

64
33

 (
27

.7
%

)
86

00
 (

25
.6

%
)

R
ac

e
N

on
-H

is
pa

ni
c 

W
hi

te
84

68
 (

81
.3

%
)

20
71

3 
(8

9.
3%

)
29

18
1 

(8
6.

8%
)

N
on

-H
is

pa
ni

c 
B

la
ck

12
12

 (
11

.6
%

)
14

50
 (

6.
3%

)
26

62
 (

7.
9%

)

H
is

pa
ni

c
42

3 
(4

.1
%

)
52

4 
(2

.3
%

)
94

7 
(2

.8
%

)

O
th

er
31

5 
(3

.0
%

)
50

1 
(2

.2
%

)
81

6 
(2

.4
%

)

A
re

a 
D

ep
ri

va
tio

n 
In

de
x 

(A
D

I)
(C

on
tin

uo
us

)
40

.4
 (

25
.6

)
33

.1
 (

23
.3

)
35

.3
 (

24
.4

)

L
if

es
ty

le

Environ Res. Author manuscript; available in PMC 2021 April 01.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 26
Sm

ok
in

g
N

ev
er

55
24

 (
53

.0
%

)
13

50
7 

(5
8.

2%
)

19
03

1 
(5

6.
6%

)

Fo
rm

er
38

30
 (

36
.8

%
)

82
69

 (
35

.7
%

)
12

09
9 

(3
6.

0%
)

C
ur

re
nt

10
64

 (
10

.2
%

)
14

12
 (

6.
1%

)
24

76
 (

7.
4%

)

D
ri

nk
in

g
N

ev
er

/F
or

m
er

25
00

 (
24

.0
%

)
34

00
 (

14
.7

%
)

59
00

 (
17

.6
%

)

C
ur

re
nt

 S
oc

ia
l

95
0 

(9
.1

%
)

16
56

 (
7.

1%
)

26
06

 (
7.

8%
)

C
ur

re
nt

 R
eg

ul
ar

69
68

 (
66

.9
%

)
18

13
2 

(7
8.

2%
)

25
10

0 
(7

4.
7%

)

H
ea

lt
h 

C
on

di
ti

on

B
od

y 
M

as
s 

In
de

x
(c

on
tin

uo
us

)
29

.8
 (

7.
0)

26
.5

 (
5.

3)
27

.6
 (

6.
1)

U
se

 o
f 

D
ep

re
ss

io
n 

M
ed

ic
at

io
n

N
o

71
47

 (
68

.6
%

)
19

52
6 

(8
4.

2%
)

26
67

3 
(7

9.
4%

)

Y
es

32
71

 (
31

.4
%

)
36

62
 (

15
.8

%
)

69
33

 (
20

.6
%

)

U
se

 o
f 

A
nx

ie
ty

 M
ed

ic
at

io
n

N
o

82
71

 (
79

.4
%

)
20

67
7 

(8
9.

2%
)

28
94

8 
(8

6.
1%

)

Y
es

21
47

 (
20

.6
%

)
25

11
 (

10
.8

%
)

46
58

 (
13

.9
%

)

Su
rv

ey
 F

ac
to

r

Su
rv

ey
 S

ea
so

n
Sp

ri
ng

53
9 

(5
.2

%
)

11
10

 (
4.

8%
)

16
49

 (
4.

9%
)

Su
m

m
er

39
99

 (
38

.5
%

)
90

75
 (

39
.1

%
)

13
07

4 
(3

8.
9%

)

Fa
ll

46
25

 (
44

.5
%

)
10

79
0 

(4
6.

5%
)

15
41

5 
(4

5.
9%

)

W
in

te
r

12
25

 (
11

.8
%

)
22

13
 (

9.
5%

)
34

38
 (

10
.2

%
)

St
ra

ta

U
rb

an
ic

ity
N

on
-U

rb
an

43
88

 (
42

.1
%

)
92

79
 (

40
.0

%
)

13
66

7 
(4

0.
7%

)

U
rb

an
60

30
 (

57
.9

%
)

13
90

9 
(6

0.
0%

)
19

93
9 

(5
9.

3%
)

C
lim

at
e 

Z
on

e
A

ri
d 

cl
im

at
e

86
8 

(8
.3

%
)

19
07

 (
8.

2%
)

27
75

 (
8.

3%
)

C
on

tin
en

ta
l c

lim
at

e
53

46
 (

51
.3

%
)

12
37

8 
(5

3.
4%

)
17

72
4 

(5
2.

7%
)

Te
m

pe
ra

te
 c

lim
at

e
42

04
 (

40
.4

%
)

89
03

 (
38

.4
%

)
13

10
7 

(3
9.

0%
)

M
ed

ia
to

rs

W
al

ki
ng

(c
on

tin
uo

us
)

3.
8 

(5
.3

)
4.

4 
(5

.5
)

4.
2 

(5
.4

)

M
V

PA
2

(c
on

tin
uo

us
)

2.
8 

(3
.8

)
4.

0 
(4

.1
)

3.
6 

(4
.1

)

So
ci

al
 S

up
po

rt
(c

on
tin

uo
us

)
13

 (
3.

2)
14

.1
 (

2.
5)

13
.7

 (
2.

8)

Su
pp

or
t N

et
w

or
k

<
 6

 p
eo

pl
e

62
66

 (
61

.5
%

)
11

97
4 

(5
2.

5%
)

18
24

0 
(5

5.
3%

)

>
=

 6
 p

eo
pl

e
39

21
 (

38
.5

%
)

10
81

3 
(4

7.
5%

)
14

73
4 

(4
4.

7%
)

PM
2.

5
(c

on
tin

uo
us

)
9.

0 
(1

.8
)

8.
9 

(1
.8

)
8.

9 
(1

.8
)

N
O

2
(c

on
tin

uo
us

)
8.

1 
(4

.4
)

8.
0 

(4
.3

)
8.

1 
(4

.3
)

St
at

is
tic

s 
ar

e 
m

ea
ns

 a
nd

 s
ta

nd
ar

d 
de

vi
at

io
n 

(s
d)

 f
or

 c
on

tin
uo

us
 v

ar
ia

bl
es

 a
nd

 n
um

be
r 

an
d 

pe
rc

en
t (

%
) 

fo
r 

ca
te

go
ri

ca
l v

ar
ia

bl
es

.

1 To
ta

l n
um

be
r 

ex
cl

ud
in

g 
m

is
si

ng
 v

al
ue

s 
of

 G
en

er
al

 H
ea

lth
, c

ov
ar

ia
te

s,
 a

nd
 s

tr
at

if
ic

at
io

n 
fa

ct
or

s 
(a

 to
ta

l o
f 

7,
52

1 
ca

se
s 

w
er

e 
m

is
si

ng
).

Environ Res. Author manuscript; available in PMC 2021 April 01.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 27
2 M

od
er

at
e-

to
-v

ig
or

ou
s 

ph
ys

ic
al

 a
ct

iv
ity

.

Environ Res. Author manuscript; available in PMC 2021 April 01.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 28

Ta
b

le
 2

.

A
dj

us
te

d 
od

ds
 r

at
io

s 
(A

O
R

) 
fo

r 
re

po
rt

in
g 

“E
xc

el
le

nt
/V

er
y 

G
oo

d”
 v

er
su

s 
“G

oo
d/

Fa
ir

/P
oo

r”
 g

en
er

al
 h

ea
lth

 f
or

 a
 1

0%
 in

cr
ea

se
 in

 n
at

ur
al

 e
nv

ir
on

m
en

t.

A
O

R
L

ow
er

 C
I

U
pp

er
 C

I
C

 s
ta

t1

C
an

op
y 

at
 2

50
m

1.
02

1.
00

1.
03

0.
72

C
an

op
y 

at
 1

25
0m

1.
02

1.
00

1.
03

0.
72

N
on

-g
ra

y 
at

 2
50

m
1.

03
1.

01
1.

04
0.

72

N
on

-g
ra

y 
at

 1
25

0m
1.

03
1.

01
1.

04
0.

72

It
al

ic
 in

di
ca

te
s 

th
at

 s
ig

ni
fi

ca
nc

e 
le

ve
l i

s 
at

 0
.0

5.

M
od

el
 c

on
tr

ol
le

d 
fo

r 
ag

e,
 h

ou
se

ho
ld

 in
co

m
e,

 e
m

pl
oy

m
en

t s
ta

tu
s,

 e
du

ca
tio

na
l a

tta
in

m
en

t, 
ra

ce
/e

th
ni

ci
ty

, s
m

ok
in

g 
st

at
us

, d
ri

nk
in

g 
st

at
us

, b
od

y 
m

as
s 

in
de

x,
 u

se
 o

f 
de

pr
es

si
on

 m
ed

ic
at

io
n,

 u
se

 o
f 

an
xi

et
y 

m
ed

ic
at

io
n,

 s
ur

ve
y 

se
as

on
, a

nd
 a

re
a 

de
pr

iv
at

io
n 

in
de

x

1 C
on

co
rd

an
ce

 s
ta

tis
tic

--
a 

va
lu

e 
ab

ov
e 

0.
7 

in
di

ca
te

s 
a 

go
od

 m
od

el
.

Environ Res. Author manuscript; available in PMC 2021 April 01.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 29

Ta
b

le
 3

.

A
dj

us
te

d 
od

ds
 r

at
io

s 
(A

O
R

) 
fo

r 
re

po
rt

in
g 

“E
xc

el
le

nt
/V

er
y 

G
oo

d”
 v

er
su

s 
“G

oo
d/

Fa
ir

/P
oo

r”
 g

en
er

al
 h

ea
lth

 g
iv

en
 a

 1
0%

 in
cr

ea
se

 in
 n

at
ur

al
 e

nv
ir

on
m

en
t, 

st
ra

tif
ie

d 
by

 u
rb

an
ic

ity
, c

lim
at

e 
zo

ne
, a

nd
 a

 c
om

bi
ne

d 
fa

ct
or

 o
f 

ur
ba

ni
ci

ty
 a

nd
 c

lim
at

e 
zo

ne
.

St
ra

ti
fi

ed
 f

ac
to

r
G

ro
up

N
1

C
an

op
y 

at
 2

50
m

C
an

op
y 

at
 1

25
0m

N
on

-g
ra

y 
at

 2
50

m
N

on
-g

ra
y 

at
 1

25
0m

U
rb

an
ic

it
y

N
on

-U
rb

an
13

,6
77

A
O

R
 [

95
%

 C
I]

1.
00

 [
1.

00
, 1

.0
3]

1.
00

 [
1.

00
, 1

.0
3]

1.
02

 [
1.

00
, 1

.0
4]

1.
04

 [1
.0

1,
 1

.0
7]

(m
ea

n,
 s

d)
2

(2
5.

72
, s

d 
=

 2
2.

45
)

(2
8.

16
, s

d 
=

 2
1.

38
)

(8
2.

03
, s

d 
=

 1
6.

94
)

(8
6.

21
, s

d 
=

 1
3.

83
)

U
rb

an
19

, 9
57

A
O

R
 [

95
%

 C
I]

1.
03

 [1
.0

1,
 1

.0
5]

1.
02

 [1
.0

0,
 1

.0
4]

1.
03

 [1
.0

1,
 1

.0
5]

1.
02

 [1
.0

0,
 1

.0
5]

(m
ea

n,
 s

d)
(2

1.
15

, 1
9.

16
)

(2
1.

6,
 1

7.
33

)
(6

5.
48

, s
d 

=
18

.0
2)

(6
7.

86
, s

d 
=

16
.3

4)

C
lim

at
e 

Z
on

e
A

ri
d

2,
 8

00

A
O

R
 [

95
%

 C
I]

0.
93

 [
0.

75
, 1

.1
6]

1.
00

 [
0.

74
, 1

.3
4]

1.
00

 [
1.

00
, 1

.0
5]

1.
01

 [
1.

00
, 1

.0
6]

(m
ea

n,
 s

d)
(1

.9
4,

 4
.0

8)
(1

.6
9,

 3
.1

)
(6

1.
01

, 1
8.

24
)

(6
5.

07
, 1

8.
07

)

C
on

ti
ne

nt
al

17
, 8

00

A
O

R
 [

95
%

 C
I]

1.
04

 [1
.0

2,
 1

.0
6]

1.
03

 [1
.0

1,
 1

.0
6]

1.
04

 [1
.0

2,
 1

.0
6]

1.
03

 [1
.0

1,
 1

.0
6]

(m
ea

n,
 s

d)
(2

2.
67

, 1
8.

73
)

(2
4.

2,
 1

7.
53

)
(7

2.
83

, 1
9.

69
)

(7
6.

07
, 1

8.
05

)

Te
m

pe
ra

te
13

, 1
82

A
O

R
 [

95
%

 C
I]

1.
01

 [
1.

00
, 1

.0
3]

1.
01

 [
1.

00
, 1

.0
3]

1.
01

 [
1.

00
, 1

.0
3]

1.
02

 [
1.

00
, 1

.0
4]

(m
ea

n,
 s

d)
(2

7.
89

, 2
2.

28
)

(2
9.

09
, 2

0.
17

)
(7

3.
55

, 1
8.

47
)

(7
6.

28
, 1

6.
8)

U
rb

an
ic

it
y 

in
 C

lim
at

e 
Z

on
e

N
on

-U
rb

an
 in

 A
ri

d
86

3

A
O

R
 [

95
%

 C
I]

0.
82

 [
0.

57
, 1

.2
0]

0.
88

 [
0.

52
, 1

.4
8]

1.
03

 [
1.

00
, 1

.1
2]

1.
05

 [
0.

95
, 1

.1
5]

(m
ea

n,
 s

d)
(2

.0
6,

 4
.1

8)
(1

.7
3,

 3
.1

6)
(7

3.
53

, 1
9.

07
)

(7
9.

41
, 1

6.
69

)

in
 C

on
ti

ne
nt

al
7,

 7
56

A
O

R
 [

95
%

 C
I]

1.
02

 [
1.

00
, 1

.0
5]

1.
02

 [
1.

00
, 1

.0
5]

1.
04

 [1
.0

1,
 1

.0
8]

1.
06

 [1
.0

2,
 1

.1
1]

(m
ea

n,
 s

d)
(2

4.
89

, 2
1.

2)
(2

7.
61

, 2
0.

14
)

(8
2.

5,
 1

6.
89

)
(8

6.
89

, 1
3.

65
)

in
 T

em
pe

ra
te

5,
 1

51

A
O

R
 [

95
%

 C
I]

1.
00

 [
1.

00
, 1

.0
1]

1.
00

 [
1.

00
, 1

.0
2]

1.
00

 [
1.

00
, 1

.0
2]

1.
00

 [
1.

00
, 1

.0
5]

(m
ea

n,
 s

d)
(3

0.
75

, 2
3.

32
)

(3
3.

22
, 2

1.
55

)
(8

2.
43

, 1
6.

55
)

(8
6.

06
, 1

3.
62

)

U
rb

an
 in

 A
ri

d
1,

 9
73

A
O

R
 [

95
%

 C
I]

1.
00

 [
0.

75
, 1

.3
0]

1.
05

 [
0.

73
, 1

.5
1]

1.
00

 [
0.

93
, 1

.0
8]

1.
02

 [
0.

94
, 1

.1
0]

(m
ea

n,
 s

d)
(1

.8
9,

 4
.0

3)
(1

.6
7,

 3
.0

8)
(5

5.
57

, 1
4.

89
)

(5
8.

84
, 1

4.
82

)

Environ Res. Author manuscript; available in PMC 2021 April 01.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 30

St
ra

ti
fi

ed
 f

ac
to

r
G

ro
up

N
1

C
an

op
y 

at
 2

50
m

C
an

op
y 

at
 1

25
0m

N
on

-g
ra

y 
at

 2
50

m
N

on
-g

ra
y 

at
 1

25
0m

in
 C

on
ti

ne
nt

al
10

, 0
44

A
O

R
 [

95
%

 C
I]

1.
05

 [1
.0

2,
 1

.0
8]

1.
05

 [1
.0

2,
 1

.0
9]

1.
04

 [1
.0

2,
 1

.0
7]

1.
03

 [
1.

00
, 1

.0
6]

(m
ea

n,
 s

d)
(2

0.
99

, 1
6.

4)
(2

1.
62

, 1
4.

74
)

(6
5.

49
, 1

8.
45

)
(6

7.
86

, 1
6.

59
)

in
 T

em
pe

ra
te

8,
 0

31

A
O

R
 [

95
%

 C
I]

1.
02

 [
1.

00
, 1

.0
5]

1.
01

 [
0.

98
, 1

.0
4]

1.
03

 [
1.

00
, 1

.0
6]

1.
02

 [
1.

00
, 1

.0
5]

(m
ea

n,
 s

d)
(2

6.
07

, 2
1.

39
)

(2
6.

45
, 1

8.
77

)
(6

7.
89

, 1
7.

36
)

(7
0.

06
, 1

5.
63

)

It
al

ic
 in

di
ca

te
s 

th
at

 s
ig

ni
fi

ca
nc

e 
le

ve
l i

s 
at

 0
.0

5.

1 To
ta

l n
um

be
r 

in
 th

e 
st

ra
tu

m
.

2 N
um

be
rs

 r
ef

er
 to

 th
e 

m
ea

n 
va

lu
e 

an
d 

st
an

da
rd

 d
ev

ia
tio

n 
of

 n
at

ur
al

 e
nv

ir
on

m
en

t i
n 

th
e 

st
ra

tu
m

.

M
od

el
 c

on
tr

ol
le

d 
fo

r 
ag

e,
 a

re
a 

de
pr

iv
at

io
n 

in
de

x,
 h

ou
se

ho
ld

 in
co

m
e,

 e
m

pl
oy

m
en

t s
ta

tu
s,

 e
du

ca
tio

na
l a

tta
in

m
en

t, 
ra

ce
/e

th
ni

ci
ty

, s
m

ok
in

g 
st

at
us

, d
ri

nk
in

g 
st

at
us

, b
od

y 
m

as
s 

in
de

x,
 u

se
 o

f 
de

pr
es

si
on

 
m

ed
ic

at
io

n,
 u

se
 o

f 
an

xi
et

y 
m

ed
ic

at
io

n,
 a

nd
 s

ur
ve

y 
se

as
on

.

Environ Res. Author manuscript; available in PMC 2021 April 01.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Tsai et al. Page 31

Ta
b

le
 4

.

M
ed

ia
tio

n 
ef

fe
ct

s 
by

 b
eh

av
io

ra
l f

ac
to

rs
 (

w
al

ki
ng

 a
nd

 M
V

PA
1 ),

 s
oc

ia
l f

ac
to

rs
 (

so
ci

al
 s

up
po

rt
 a

nd
 s

up
po

rt
 n

et
w

or
k)

, a
nd

 a
ir

 q
ua

lit
y 

fa
ct

or
s 

(P
M

2.
5 

an
d 

N
O

2)
.

C
an

op
y 

at
 2

50
m

C
an

op
y 

at
 1

25
0m

N
on

-g
ra

y 
at

 2
50

m
N

on
-g

ra
y 

at
 1

25
0m

M
ed

ia
to

r
%

M
ed

ia
te

d 
[9

5%
 C

I]
%

M
ed

ia
te

d 
[9

5%
 C

I]
%

M
ed

ia
te

d 
[9

5%
 C

I]
%

M
ed

ia
te

d 
[9

5%
 C

I]

W
al

ki
ng

−
0.

97
 [

−
3.

29
, 1

.3
4]

−
0.

15
 [

−
3.

04
, 2

.7
4]

−
1.

54
 [

−
3.

42
, 0

.3
4]

−
0.

93
 [

−
2.

95
, 1

.0
9]

M
V

PA
10

.0
6 

[0
.1

1,
 2

0.
01

]
13

.5
2 

[−
0.

89
, 2

7.
92

]
19

.6
1 

[7
.9

3,
 3

1.
29

]
23

.5
8 

[6
.8

5,
 4

0.
3]

So
ci

al
 S

up
po

rt
9.

49
 [

−
1.

05
, 2

0.
03

]
10

.7
5 

[−
1.

84
, 2

3.
35

]
15

.3
5 

[5
.2

2,
 2

5.
47

]
15

.0
9 

[4
.6

1,
 2

5.
56

]

Su
pp

or
t N

et
w

or
k

6.
80

 [
−

1.
18

, 1
4.

79
]

3.
73

 [
−

2.
80

, 1
0.

25
]

3.
59

 [
−

0.
03

, 7
.2

1]
1.

30
 [

−
2.

11
, 4

.7
2]

PM
2.

5
40

.2
3 

[−
16

.0
0,

96
.4

5]
57

.0
1 

[−
26

.7
6,

 1
40

.7
8]

29
.4

7 
[−

31
.9

4,
 9

0.
89

]
57

.5
3 

[−
21

.0
4,

 1
36

.1
1]

N
O

2
5.

57
 [

−
2.

84
, 1

3.
99

]
6.

68
 [

−
3.

87
, 1

7.
23

]
6.

15
 [

−
12

.1
6,

 2
4.

46
]

8.
00

 [
−

17
.3

1,
 3

3.
31

]

It
al

ic
 in

di
ca

te
s 

th
at

 s
ig

ni
fi

ca
nc

e 
le

ve
l i

s 
at

 0
.0

5.

1 M
od

er
at

e-
to

-v
ig

or
ou

s 
ph

ys
ic

al
 a

ct
iv

ity
.

Environ Res. Author manuscript; available in PMC 2021 April 01.


	Abstract
	Introduction
	Methods
	Health outcome and study population
	Measures of natural environment
	Covariates
	Statistical analysis
	Additional statistical analysis - Mediation analysis

	Results
	Self-reported general health and socioeconomics of participants and neighborhood
	Characteristics of natural environment, mediators, and groups for stratified analysis
	Relationships between SRGH and natural environment
	Mediation effects

	Discussion
	Self-reported general health and neighborhood natural environment
	Variations across urbanicity and climate zone
	Mediation roles of behavioral, social, and air quality factors
	Limitations

	Conclusion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Table 1.
	Table 2.
	Table 3.
	Table 4.

