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Abstract: Living near vegetation, often called “green space” or “greenness”, has been associated
with numerous health benefits. We hypothesized that the two key components of urban vegetation,
trees and grass, may differentially affect health. We estimated the association between near-residence
trees, grass, and total vegetation (from the 2010 High Resolution Land Cover dataset for New York
City (NYC)) with self-reported health from a survey of NYC adults (n = 1281). We found higher
reporting of “very good” or “excellent” health for respondents with the highest, compared to the
lowest, quartiles of tree (RR = 1.23, 95% CI = 1.06–1.44) but not grass density (relative risk (RR) = 1.00,
95% CI = 0.86–1.17) within 1000 m buffers, adjusting for pertinent confounders. Significant positive
associations between trees and self-reported health remained after adjustment for grass, whereas
associations with grass remained non-significant. Adjustment for air pollutants increased beneficial
associations between trees and self-reported health; adjustment for parks only partially attenuated
these effects. Results were null or negative using a 300 m buffer. Findings imply that higher exposure
to vegetation, particularly trees outside of parks, may be associated with better health. If replicated,
this may suggest that urban street tree planting may improve population health.
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1. Introduction

A growing literature documents numerous potential health benefits such as decreased mortality [1,2],
better mental health [3,4], fewer adverse birth outcomes [5–7], and improved self-reported health [8–10]
associated with living near vegetation, often called “green space” or “greenness” [4]. Most studies
use vegetation indices from satellite imagery, such as the Normalized Difference Vegetation Index
(NDVI), or combine all land cover types that are predominantly vegetation from land cover/land use
datasets. For example, a number of studies have shown that better self-reported health is associated
with levels of surrounding greenness [10], with higher percentages of green space near one’s home [9],
and with objective measures of the quantity and quality of vegetation in a neighborhood [8]. These
studies implicitly assume that total vegetation is what imparts health benefits. It is possible, however,
that specific types of vegetation, such as trees and grass, differentially affect health.

Several studies have focused exclusively on exposure to trees, without comparison to grass,
and they reported associations with increased physical activity [11], lower prevalence of obesity
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among preschoolers [12], lower prevalence of depression and stress among adults [13], lower rates of
antidepressant prescriptions [14], better overall health [15], and lower risk of small-for-gestational-age
birth [16]. Tree canopy cover has also been associated with higher rates of asthma and allergic
sensitization, particularly to tree pollen among children growing up in New York City (NYC) [17].
Although proximity to grass could similarly increase allergic sensitization to pollen, we have identified
no studies to date investigating this association. U.S. counties with declines in county-level tree
coverage due to the emerald ash borer infestation have shown increased rates of lower respiratory and
cardiovascular mortality [18] and cardiovascular disease onset [19].

A few studies have compared associations of trees versus grass with health, but notably, most of
these studies have been done at coarse spatial resolution, such that it would be difficult to separate
spatial distributions in trees and grass within those areas. For example, a study that focused only on
undeveloped “natural” tree and grass areas—but did not assess trees and grass along streetscapes,
in parks, or in private settings such as backyards—found a significant positive relationship between
physical activity in children aged 11–13 and undeveloped treed areas, but not with undeveloped
grassy meadows, within 1000 m of a child’s residence [20]. In an ecological analysis in the United
Kingdom, Wheeler et al. (2015) [21] found benefits of grasslands and woodlands, based on land cover
dataset definitions of these terms, on population general health. Another ecological study observed
positive associations between forest edge density—a measure of ecological fragmentation rather than
of specific types of vegetation—and area of herbaceous (grasslands) cover with physical activity at
the county level in the U.S. [22]. Notably, all of these studies investigated treed or grassy areas at
large spatial resolutions (e.g., county), and could not assess finer scale spatial variation in greenness
(e.g., smaller areas of grass within a predominantly forested/woodland area, or trees within areas
classified as grasslands/ grassy meadows/ herbaceous). Additionally, these studies did not focus
on urban vegetation, the focus of our study, nor did they attempt to assess beneficial associations of
vegetation separate from designated parklands, as we do. As many urban areas consider tree planting
campaigns mostly along the streetscape, it is important to understand if trees and/or grass at smaller
spatial scales benefit health differently.

Researchers have proposed several pathways by which green space may affect health: psychological
restoration and decreased psychological stress or distress [23,24], decreased air [25] and noise
pollution [26], decreased ambient temperatures due to shade from trees and less impervious land
cover [27], increased opportunities for physical activity [28] and social contacts [29], and increased
exposure to beneficial microbiota [30]. Trees, as compared to grass, may play more of a role in providing
shade, reducing noise pollution, or improving psychological restoration as has been shown in an
experimental study [31].

Many studies hypothesize that air pollution is one mediating pathway between vegetation and
health [32], however, some recent studies that have analyzed this pathway have not always found
that this pathway plays a large role [1,6]. It is possible that the lower levels of air pollution found in
greener areas is due to fewer sources of air pollution in greener urban areas rather than solely through
trees absorbing air pollution. We, therefore, took a conservative approach to considering the role of
air pollution (both NO2 and PM2.5) in the association of urban vegetation and self-reported health,
hypothesizing that it might be acting as a confounder of the association between greenness and health.

Some studies have observed differential health effects of greenspace by socio-economic status
(SES) [33,34]. These studies hypothesize that the greater benefits of greenness for lower SES groups
could be due to lower health status in individuals with lower SES, such that incremental benefits are
more observable, or because people with higher SES are more mobile and, therefore, greenness near
home may not play as important a role in their health as it would in individuals with lower SES [33].
It is, therefore, plausible that any associations between health and living near trees and grass in an
urban area could differ by SES. In addition, other research documents differential access to trees by
race and income in various parts of the U.S. [35–38], and specifically in NYC, with lower-income
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neighborhoods having lower access to trees [39]. Thus, if health benefits accrue more to lower SES
areas, this could be a further reason to focus urban greening efforts in those areas.

To our knowledge, our study is the first to compare observed associations with health for the
two most prevalent urban vegetation types—trees and grass—separately and together in an urban
setting. By combining a very finely-resolved (3-ft) land cover dataset for New York City (NYC)
with data from a citywide health survey of NYC residents, we assessed whether trees and grass are
independently associated with self-reported health, a measure shown to be a valid marker of overall
health [40]. As many previous studies have examined associations between urban parks (rather than
total greenspace areas) and health [41], we also assessed whether relationships between trees or grass
and self-reported health were independent of living near parks or open spaces. We further investigated
whether SES would modify the relationships between each vegetation type and self-reported health.
Determining more concretely what health benefits might accrue to specific populations with each
type of vegetation exposure could prove important as other cities look to inform efforts to increase
urban forests.

2. Materials and Methods

2.1. Study Population

Our study population includes 1549 residents of NYC who responded to a survey about neighborhood
stressors, psychosocial stress, and health. The survey was conducted in summer (June–September
2012) and winter (December–March 2012–2013) through random digit dialing (RDD) of landlines and
cell phones and an online survey. The RDD surveys were implemented by trained administrators at
the Survey Research Program of the University Center for Social and Urban Research at the University
of Pittsburgh. Administrators assessed the eligibility of participants, and obtained informed consent
before survey responses were collected. The online survey was self-administered among participants
of a voluntary, standing survey panel of NYC adults (Survey Sampling International, http://www.
surveysampling.com, MyOpinions Pty Ltd., Shelton, CT, USA).

Survey participants were spatially-distributed across all NYC boroughs, approximately proportional
to borough populations. Our rates are comparable with national average response, cooperation, and
contact rates [42]. Response rate for RDD landline and cellular sampling frames were low (5.5% out of
approximately 12,500 contacted), reflecting low contact (38.8% summer; 39.9% winter) and cooperation
rates (14.8% summer; 13.1% winter). Across seasons, sample participants were drawn approximately
34% from RDD landline, 10% from RDD cellular, and 55% from online frames. Compared to NYC
census statistics (American Community Survey 2008–2012), the survey under-represented individuals
aged 45–65 years, those with less than high school education, and males. It over-represented
low-income households (annual income < Federal Poverty Level (FPL)). Survey protocols were
approved by the University of Pittsburgh Institutional Review Board and analysis of the data was
approved by the Institutional Review Boards of the University of Pittsburgh, Harvard T.H. Chan
School of Public Health, and the University of Colorado Boulder.

Survey respondents provided their nearest cross-streets rather than actual address for confidentiality
concerns. In NYC, the nearest cross-street would most often be within 174 m (i.e., half of a standard
Manhattan block length). Reported nearest cross-streets of 1,439 survey participants were successfully
geocoded. Of those, 52 were removed because their reported nearest cross-streets did not geocode
to a habitable area within NYC: 29 geocoded to water areas, 21 to areas within a large city park, and
two to areas outside of NYC. Of the remaining 1387 individuals, 106 had missing values for one or
more covariates. All analyses were based on the 1,281 individuals with complete information. Those
removed for this analysis were not significantly different from those retained in sex, age, or income,
but had lower educational attainment, on average (Table S1).

http://www.surveysampling.com
http://www.surveysampling.com
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2.2. Exposure Assessment

We used the NYC high-resolution (3-ft) Landcover Raster Data from 2010 (https://data.
cityofnewyork.us/Environment/Landcover-Raster-Data-2010-/9auy-76zt) to estimate exposure to
trees and grass, two of seven land cover classifications (tree canopy, grass/shrubs, bare earth, water,
buildings, roads, and other paved surfaces) in the dataset. The data are publicly available and were
created from 2010 LiDAR (Light Detection and Ranging) data and 2008 4-band orthoimagery, with a
per-pixel accuracy of 96% [43]. Any ground area covered by tree canopy was classified as tree-covered.
A map of the tree and grass coverage for NYC from this dataset as well as a map of survey respondent
locations are provided in Figure S1.

Each participant was assigned exposure to trees, grass, and total vegetation (trees + grass) as the
percent of each within 300 m and 1000 m radial buffers around their self-reported nearest cross-street.
These buffer sizes were chosen in keeping with previously-used and sensitivity-tested methods for air
pollution exposure assessment in NYC [44].

2.3. Outcome Assessment

The self-reported health measure was a single validated item drawn from the NYC Department
of Health and Mental Hygiene Community Health Survey [45], previously found to predict mortality
when used either as a dichotomous or as a continuous measure [40,46]. Survey respondents were asked:
“Would you say that in general your health is excellent, very good, good, fair or poor”? Following
prior work considering effects of greenspace on health which have considered this measure as a
dichotomous measure [47,48], we dichotomized responses into a category of “very good” or “excellent”
health (1) compared to “good”, “fair”, or “poor” health (0). In a sensitivity analysis, we also considered
self-reported health as a continuous outcome, following previous work [8].

2.4. Covariate Assessment

From the survey, we extracted each individual’s self-reported age, income category (by multiples
of the FPL), educational level, season of survey (i.e., winter or summer), sampling frame (i.e., landline
RDD, cellular phone RDD, online panel), and neighborhood tenure.

To obtain a comprehensive measure of SES, we created a composite measure combining
dichotomized measures of individual-level income and education to create four mutually-exclusive
categories with sufficient numbers of survey respondents in each category. Researchers often assess
SES in a variety of ways, often using education and income, either as a combined measure or
separately [49,50]. Our study sample had a higher proportion of individuals with high education
but lower income than expected. As a result, we made the choice to combine these measures and
investigate potential effect modification by the combined measure. This yielded n = 427 people with
both higher income (≥$46,000 annual income, which was twice the FPL for a family of four in 2012)
and higher education (Bachelor’s degree or higher), n = 171 people with higher education but lower
income (<$46,000 annual income), n = 238 people with lower education (less than a Bachelor’s degree)
but higher income, and n = 445 people with lower education and lower income.

We obtained, at the census tract-level, variables (2010 Census area designations) for area-level
population density and SES (% living below 200% of the FPL and % unemployed) from the five-year
running average of the American Community Survey for the years 2008–2012.

Air pollution exposure estimates for NO2 and PM2.5 were derived from two-year surfaces from
the New York City Community Air Survey (NYCCAS) (2008–2010) [51], an on-going air pollution
surveillance initiative of the New York City Department of Health and Mental Hygiene; monitoring
and modeling methods are detailed elsewhere [52,53]. Briefly, two-week integrated street-level samples
were collected at 150 monitoring locations across NYC. Land Use Regression was used to predict
fine-scale concentration estimates corresponding to 300 m grid centroids, enabling fine-scale exposure

https://data.cityofnewyork.us/Environment/Landcover-Raster-Data-2010-/9auy-76zt
https://data.cityofnewyork.us/Environment/Landcover-Raster-Data-2010-/9auy-76zt
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estimates. We estimated pollution exposures for each respondent from these surfaces within the same
radial buffers as for vegetation.

We calculated the percent city-designated park area using the NYC Department of Parks
and Recreation Parks Properties shapefile (https://data.cityofnewyork.us/City-Government/Parks-
Properties/rjaj-zgq7), and percent of non-park open space using the NYC Open Space (not parks)
shapefile (https://data.cityofnewyork.us/Recreation/Open-Space-Other-/pckb-8r2z) within each
radial buffer. We note that both parks and open space may contain both green and non-green areas.

2.5. Statistical Analysis

Our binary outcome was not rare (47.2% of respondents reported “very good” or “excellent” health),
therefore, we used generalized estimating equations (GEE) Poisson regression models to estimate
associations between percent trees and grass density, separately and together, with dichotomized
self-reported health. Vegetation exposure variables were modeled as quartiles to assess potentially
non-linear associations. We first ran unadjusted models, then in our second model adjusted for age,
sex, race/ethnicity, sampling frame, season, neighborhood tenure, individual-level SES (income,
educational attainment), and area-level SES (% living below twice the FPL and % unemployed
at the census tract). Age, % living below twice the FPL, and % unemployed were modeled as
continuous variables; all others as categorical. In a third model, we also adjusted for nitrogen dioxide
(NO2). The fourth model further adjusted for percent park and non-park open spaces. We used the
Huber-White sandwich estimator to adjust properly for clustered responses at the census tract and
obtain robust standard errors.

To assess possible effect modification by SES, we created interaction terms by multiplying each
comprehensive SES category by percent trees and grass separately. These models also adjusted for
individual and area-level covariates, and further models adjusted for NO2 and parks.

We performed several sensitivity analyses; we considered self-reported health as a continuous
variable using standard linear regression adjusted for all covariates and assessed greenspace as a
continuous measure rather than in quartiles. We also explored adjustment for PM2.5 instead of, and in
addition to, NO2 as well as population density instead of air pollution. We also assessed effects of
estimating exposures at different buffer sizes (100 m, 500 m, 2000 m). All analyses were done in
2015–2016 in R version 3.4.0 (R Core Team, Vienna, Austria).

3. Results

Near-residence tree and grass cover varied substantially across our cohort. On average, 18.1%
(range 1.5–55.1%) of the 1000 m or 18.2% (range 1.1–64.9%) of the 300 m radius around the geocoded
nearest cross-streets was covered by trees; only 10.3% (range 0.9–40.5%) (1000 m) and 9.2% (range
0.0–58.0%) (300 m) was covered by grass (Table 1). Of the 1,281 survey respondents included in our
analysis, 185 responded that their self-reported health was excellent, 420 as “very good”, 439 as “good”,
198 as “fair”, and 39 as “poor”. Table 2 details the distribution of covariates by quartiles of percent
trees and grass, by buffer size.

Percent trees and grass were correlated at 1000 m (r = 0.46) and 300 m (r = 0.41). As expected,
percent grass [r = −0.71 (1000 m), r = −0.66 (300 m)] and trees [r = −0.44 (1000 m), r = −0.66 (300 m)]
were strongly negatively correlated with NO2. However, NO2 was weakly positively correlated with
income [r = 0.04 (1000 m), r = 0.05 (300 m)] and education [r = 0.12 (1000 m), r = 0.13 (300 m)], consistent
with findings from other NYC studies [54].

https://data.cityofnewyork.us/City-Government/Parks-Properties/rjaj-zgq7
https://data.cityofnewyork.us/City-Government/Parks-Properties/rjaj-zgq7
https://data.cityofnewyork.us/Recreation/Open-Space-Other-/pckb-8r2z
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Table 1. Descriptive statistics.

Variables Mean (Range) or %

Exposure Variables:

% Trees (1000 m) 18.1 (1.5–55.1)
% Trees (300 m) 18.2 (1.1–64.9)

% Grass (1000 m) 10.3 (0.9–40.5)
% Grass (300 m) 9.2 (0.0–57.9)

% Total vegetation (1000 m) 28.3 (4.9–76.9)
% Total vegetation (300 m) 27.4 (1.3–91.5)

Outcome Variables:

Self-reported health
“Excellent” 14.4

“Very good” 32.8
“Good” 34.3
“Fair” 15.5
“Poor” 3.0

Covariates:

Age 44.7 (18–90)

Sex

Male 36.4
Female 63.6

Ethnicity

Hispanic 20.3
Non-Hispanic 79.7

Race

White 54.6
Non-White 45.4

Educational Level

Less than high school 4.3
High school graduate to less than BA 49.0

BA or higher 46.7

Income

<$23,000 24.3
$23,000 to <$46,000 23.8
$46,000 to <$70,000 18.7
$70,000 to <$93,000 13.2

$93,000 to <$135,000 10.1
≥$135,000 10.0

How long lived in the neighborhood

<1 year 6.4
1 to <5 years 20.1
5 to <10 years 15.1

10+ years 58.4

Survey frame

Cell phone 9.4
Landline 32.0
Online 58.6

% Census tract unemployed 9.7 (0.0–100.0)
% of Census tract living below twice the FPL 34.7 (0.0–100.0)

NO2 within 300 m (ppb) 25.4 (12.6–51.4)
NO2 within 1000 m (ppb) 24.8 (13.9–46.8)

BA: bachelor’s degree, FPL: Federal Poverty Level.



Int. J. Environ. Res. Public Health 2017, 14, 1411 7 of 18

Table 2. Covariate distribution (n) from N = 1281 across quartiles (Q) of greenspace.

Covariate % Trees—300 m Buffer % Trees—1000 m Buffer % Grass—300 m Buffer % Grass—1000 m Buffer

Quartile Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

Range of exposure value (1.14,
12.6)

(12.6,
17.0)

(17.0,
21.9)

(21.9,
64.9)

(1.47,
13.3)

(13.3,
16.9)

(16.9,
21.5)

(21.5,
55.1)

(0.04,
3.72)

(3.72,
7.22)

(7.22,
13.09)

(13.09,
57.95)

(0.89,
5.71)

(5.71,
8.40)

(8.40,
14.33)

(14.33,
40.54)

Self-reported health status

Very good or excellent 149 141 162 153 132 154 144 175 177 133 137 158 155 142 153 155

Good, poor, or very poor 170 180 158 168 189 167 175 145 144 188 180 164 166 177 169 164

Sex

Male 133 102 109 122 116 125 119 106 120 99 125 122 117 104 128 117

Female 186 219 211 199 205 196 200 214 201 222 192 200 204 215 194 202

Education

Less than HS 15 17 12 11 17 20 16 2 15 15 18 7 14 12 21 8

>HS but <BA 163 161 159 145 156 166 167 139 120 157 163 188 116 162 174 176

BA or higher 141 143 149 165 148 135 136 179 186 149 136 127 191 145 127 135

Income categories

<$23,000 84 85 75 67 81 95 86 49 69 95 87 60 72 94 89 56

$23,000 to <$46,000 78 73 87 67 73 80 78 74 67 83 73 82 70 70 85 80

$46,000 to <$70,000 60 66 55 58 62 49 67 61 59 46 62 72 47 61 62 69

$70,000 to <$93,000 43 40 40 46 35 47 35 52 48 38 36 47 51 39 31 48

$93,000 to <$135,000 30 30 28 42 39 26 19 46 31 29 31 39 35 27 31 37

$135,000+ 24 27 35 41 31 24 34 38 47 30 28 22 46 28 24 29

Race

Non-White 152 160 146 124 142 173 160 107 116 168 165 133 111 177 175 119

White 167 161 174 197 179 148 159 213 205 153 152 189 210 142 147 200

Ethnicity

Non-Hispanic 234 259 263 265 243 251 261 266 257 255 239 270 262 236 249 274

Hispanic 85 62 57 56 78 70 58 54 64 66 78 52 59 83 73 45

How many years lived in neighborhood

<1 26 22 22 12 18 16 26 22 25 18 24 15 19 23 22 18

1 to <5 70 61 62 65 69 65 68 56 65 82 58 53 71 78 53 56

5 to <10 53 45 52 43 47 45 49 52 50 40 41 62 39 46 56 52

10+ 170 193 184 201 187 195 176 190 181 181 194 192 192 172 191 193
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Table 2. Cont.

Covariate % Trees—300 m Buffer % Trees—1000 m Buffer % Grass—300 m Buffer % Grass—1000 m Buffer

Season

Summer (June–September 2012) 143 157 173 149 146 152 151 173 161 152 143 166 156 142 164 160

Winter (December 2012–March 2013) 176 164 147 172 175 169 168 147 160 169 174 156 165 177 158 159

Sampling frame

Cell 31 35 35 20 29 36 32 24 24 27 35 35 19 34 35 33

Landline 81 91 105 133 102 102 101 105 89 108 108 105 103 87 121 99

Online 207 195 180 168 190 183 186 191 208 186 174 182 199 198 166 187

Age category

18–24 53 38 52 26 41 43 48 37 39 47 39 44 36 44 47 42

25–34 76 75 71 59 75 74 68 64 83 65 67 66 70 82 66 63

35–44 60 45 40 52 52 46 51 48 41 57 487 52 54 40 42 61

45–54 60 53 53 62 53 48 63 64 51 61 60 56 46 63 62 57

55–64 45 66 52 61 51 70 48 55 64 49 62 49 60 54 59 51

65+ 25 44 52 61 49 40 41 52 43 42 42 55 55 36 46 45

Composite SES

High education and income 101 101 103 122 104 90 100 133 138 94 102 93 133 104 91 99

High education/low income 40 42 46 43 44 45 36 46 48 55 34 34 58 41 36 36

Low education/high income 56 62 55 65 63 56 55 64 47 49 55 87 46 51 57 84

Low education and income 122 116 116 91 110 130 128 77 88 123 126 108 84 123 138 100

HS = high school. BA = bachelor’s degree; SES = socio-economic status.
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Higher tree density within 1000 m was associated with higher likelihood of reporting “very good”
or “excellent” health (comparing the highest quartile to the lowest quartile relative risk (RR) = 1.23, 95%
CI = (1.06, 1.44) adjusted for individual-level and area-level SES (Table 3). At the 300 m buffer, however,
we observed no associations between trees and self-reported health. Grass at the 1000 m buffer was
not associated with self-reported health, but at the 300 m buffer we observed an apparent negative
association between percent grass and self-reported very good or excellent health. The associations
between total vegetation and self-reported health were intermediate of the associations found for the
two vegetation types (Table 3).

Table 3. Relative risks (RRs) for self-reported “very good” or “excellent” health by quartile of vegetation
density.

Buffer Exposure Covariates Q1
(Reference) Q2 Q3 Q4

1000 m
buffer

Trees

unadjusted 1 1.17 (0.99, 1.38) 1.11 (0.93, 1.33) 1.33 (1.14, 1.56) *

SES 1 1.20 (1.02, 1.41) * 1.10 (0.93, 1.31) 1.23 (1.06, 1.44) *

SES + NO2 1 1.24 (1.05, 1.46) * 1.17 (0.98, 1.39) 1.37 (1.15, 1.63) *

SES + NO2 + parks 1 1.24 (1.05, 1.46) * 1.16 (0.98, 1.39) 1.36 (1.13, 1.64) *

Grass

unadjusted 1 0.93 (0.78, 1.11) 0.98 (0.84, 1.15) 1.00 (0.86, 1.18)

SES 1 0.99 (0.84, 1.17) 1.05 (0.90, 1.23) 1.00 (0.86, 1.17)

SES + NO2 1 1.09 (0.91, 1.30) 1.23 (1.00, 1.50) * 1.25 (1.00, 1.57) *

SES + NO2 + parks 1 1.07 (0.89, 1.28) 1.21 (0.98, 1.48) 1.21 (0.96, 1.53)

Total
Vegetation

unadjusted 1 0.91 (0.76, 1.08) 1.09 (0.93, 1.28) 1.16 (1.00, 1.35) *

SES 1 1.00 (0.84, 1.18) 1.11 (0.95, 1.30) 1.12 (0.96, 1.30)

SES + NO2
** 1 1.09 (0.91, 1.31) 1.27 (1.07, 1.52) * 1.42 (1.15, 1.74) *

SES + NO2 + parks ** 1 1.09 (0.91, 1.32) 1.27 (1.06, 1.53) * 1.42 (1.13, 1.77) *

300 m buffer

Trees

unadjusted 1 0.95 (0.80, 1.14) 1.08 (0.93, 1.26) 1.02 (0.87, 1.20)

SES 1 0.96 (0.81, 1.14) 1.06 (0.91, 1.23) 0.98 (0.83, 1.15)

SES + NO2 1 0.99 (0.83, 1.17) 1.10 (0.94, 1.29) 1.05 (0.88, 1.26)

SES + NO2 + parks 1 0.99 (0.84, 1.18) 1.11 (0.95, 1.30) 1.09 (0.91, 1.31)

Grass

unadjusted 1 0.76 (0.64, 0.89) 0.78 (0.67, 0.92) 0.89 (0.77, 1.03)

SES 1 0.81 (0.69, 0.96) 0.81 (0.69, 0.94) 0.91 (0.78, 1.05)

SES + NO2 1 0.84 (0.70, 1.01) 0.85 (0.71, 1.03) 0.98 (0.80, 1.22)

SES + NO2 + parks 1 0.84 (0.70, 1.01) 0.86 (0.71, 1.04) 0.98 (0.79, 1.22)

All
Vegetation

unadjusted 1 0.85 (0.72, 1.01) 0.94 (0.80, 1.10) 0.95 (0.81, 1.11)

SES 1 0.86 (0.73, 1.02) 0.92 (0.79, 1.07) 0.90 (0.77, 1.06)

SES + NO2 1 0.89 (0.75, 1.06) 0.98 (0.82, 1.18) 1.01 (0.82, 1.24)

SES + NO2 + parks 1 0.90 (0.76, 1.07) 0.99 (0.83, 1.19) 1.03 (0.83, 1.28)

All models also controlled for season, sampling frame, neighborhood tenure, age, sex, race/ethnicity, individual
SES (two-level categorical variable for education, and a six-level categorical variable for income), and area-level
SES (% of census tract unemployed and % of census tract living below twice the Federal Poverty Level (FPL)).
Adjustment for park spaceused percent of area within each buffer comprised of a city park or other open space.
Results were similar adjusting for parks alone or for both parks and other open spaces. SES: socio-economic status,
* p < 0.05, ** test for trend p < 0.05.

Associations between exposure to any vegetation type and self-reported health became slightly
more positive after additional adjustment for NO2, becoming significantly positive in the case of grass
within 1000 m buffers. Further adjustment for percent parks and open spaces had minimal effect on
results for both trees and grass at each buffer size (Table 3), suggesting that trees and grass outside of
parks, such as street trees and grassy medians, influence people’s self-reported health. Tests for trend
were only significant for total vegetation at the 1000 m buffer when adjusted for SES and NO2, or for
SES, NO2, and parks (Table 3). Results were similar after adjusting for PM2.5, instead of, or in addition
to, NO2, and for adjustment for population density (Table S2).
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In models containing a percentage of both grass and trees simultaneously, associations observed
were consistent with models including only one vegetation type (Table 4).

Table 4. RRs for self-reported “very good” or “excellent” health by quartiles of simultaneously-adjusted
trees or grass.

Exposure Covariates Q1 (Reference) Q2 Q3 Q4

Trees (1000 m
buffer)

Grass 1 1.21 (1.02, 1.44) * 1.18 (0.98, 1.42) 1.44 (1.21, 1.72) *

Grass + SES 1 1.22 (1.04, 1.44) * 1.14 (0.96, 1.37) 1.30 (1.09, 1.55) *

Grass + SES + NO2 1 1.23 (1.04, 1.45) * 1.15 (0.96, 1.38) 1.33 (1.11, 1.60) *

Grass + SES + NO2 +
parks 1 1.22 (1.04, 1.44) * 1.15 (0.96, 1.37) 1.33 (1.10, 1.61) *

Grass (1000 m
buffer)

Trees 1 0.86 (0.72, 1.02) 0.88 (0.75, 1.04) 0.85 (0.71, 1.01)

Trees + SES 1 0.92 (0.78, 1.09) 0.96 (0.81, 1.14) 0.90 (0.75, 1.07)

Trees + SES + NO2 1 1.01 (0.84, 1.22) 1.12 (0.91, 1.38) 1.13 (0.89, 1.42)

Trees + SES + NO2 +
parks 1 1.01 (0.84, 1.22) 1.12 (0.91, 1.38) 1.13 (0.89, 1.42)

Trees (300 m
buffer)

Grass 1 1.00 (0.84, 1.20) 1.18 (1.00, 1.39) * 1.14 (0.95, 1.36)

Grass + SES 1 1.01 (0.85, 1.20) 1.14 (0.97, 1.34) 1.08 (0.90, 1.29)

Grass + SES + NO2 1 1.01 (0.85, 1.20) 1.14 (0.97, 1.34) 1.09 (0.91, 1.31)

Grass + SES + NO2 +
Parks 1 1.01 (0.85, 1.21) 1.15 (0.98, 1.35) 1.13 (0.94, 1.36)

Grass (300 m
buffer)

Trees 1 0.73 (0.62, 0.86) * 0.74 (0.63, 0.88) * 0.83 (0.70, 0.97) *

Trees + SES 1 0.79 (0.67, 0.94) * 0.78 (0.66, 0.92) * 0.87 (0.74, 1.02)

Trees + SES + NO2 1 0.82 (0.69, 0.98) * 0.82 (0.68, 1.00) 0.94 (0.76, 1.17)

Trees + SES + NO2 +
Parks 1 0.82 (0.68, 0.98) * 0.83 (0.68, 1.00) 0.95 (0.77, 1.18)

All models controlled for season, sampling frame, neighborhood tenure, age, sex, race/ethnicity, individual SES
(two-level categorical variable for education, and a six-level categorical variable for income), and area-level SES
(% of census tract unemployed and % of census tract living below twice the FPL). Adjustment for park space used
percent of area within each buffer comprised of a city park or other open space. Results were similar adjusting for
parks alone or for both parks and other open spaces. * p < 0.05

At the 1000 m buffer, higher tree density was associated with better self-reported health among
individuals with higher income/higher education and with lower income/lower education, but not
for individuals with higher income/lower education or lower income/higher education. Higher grass
density, however, was not associated with better self-reported health in any SES category (Figure 1).
Further adjustment for NO2 slightly enhanced RRs such that increasing grass density was associated
with better health among only low income/low education individuals (Figure S2). There was no
apparent association between trees or grass within the 300 m buffers in self-reported health for any
SES category.

Considering self-reported health as a continuous variable (Table S3) or percent vegetation as a
continuous predictor, rather than by quartiles (Table S4), did not alter our findings.

We found no evidence of spatial clustering of the residuals from our main finding (with percent
of trees within a 1000 m buffer, after adjusting for SES, area SES, and NO2) using Moran’s I (with
conceptualizations of neighboring using both inverse distance (I = 0.0070, p = 0.83), inverse distance
squared (I = 0.0072, p = 0.82), and fixed distance cutoffs of 1000 m (I = 0.0045, p = 0.68), 500 m (I = 0.03,
p = 0.15), and 300 m (I = 0.014, p = 0 .57)).
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unemployed and % of census tract living below twice the FPL), RR = relative risk.

4. Discussion

This is the first study, to our knowledge, to compare the associations for trees versus grass with
self-reported health in an urban setting. Previous work on green space and health has generally
examined total vegetation, rather than separating it into various types, and those that do investigate
different types have quantified these vegetation types at much coarser spatial scales. We found some
evidence of differences whereby beneficial health associations of trees were somewhat stronger and
more consistent than those for grass. In addition, exposure to trees (and, to a lesser extent, grass)
showed positive associations with better self-reported health when holding exposure to parks and
open spaces constant.

Findings, however, were not uniform across buffer sizes. All significant positive associations were
found only with 1000-m buffers. A recent review of greenness studies found that while some studies
found the benefits of greenness at small buffer sizes, others found significant benefits of vegetation
within further distances from the location of residence [55]. This could be specific to the outcome
being studied, the hypothesized pathway by which the effect occurs, or the context or location of the
study. Within studies investigating the effect of residence-area greenness on self-reported health with
different buffer sizes, Dadvand et al. (2016) found consistent associations using 100, 250, and 500 m
buffers [48], Orban et al. (2017) found consistent associations at 100 and 1000 m buffers [56], and de
Vries et al. (2003) found significant positive associations at 1000 and 3000 m, but stronger associations
with greenspace at further distances (between 1000–3000 m) [47]. Therefore, our significant findings at
1000 m are consistent with previous work, but our null findings at 300 m are not [9,47]. Sensitivity
analyses with other buffer sizes continued to suggest that vegetation in larger buffers was more
strongly associated with self-reported health in our study (Table S5). Different findings by buffer size
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are likely influenced by how much greenspace varies across the study area. Therefore, differential
findings by buffer size in our study could be due to high spatial variability in tree and grass coverage
in NYC versus other locations; findings may be different in regions with more uniform greenness.
Also, in a dense city such as NYC, we found greater densities of trees than grass for most survey
respondents, at each buffer size. For example, median percent area covered by trees at the 300-m buffer
was 17.0, and at 1000 m was 16.9, whereas it was 7.21 and 8.40, respectively, for grass. Differences in
findings that are due to the spatial unit used for contextual variables is referred to as the uncertain
geographic context problem [57], and the optimal spatial unit is often unknown [58]. Buffers may not
accurately represent exposures, as many individuals do not spend the majority of their time within
these buffers. Another concern in neighborhoods research is the ‘local trap’ in which many studies
fail to recognize that people’s perceived and experienced neighborhoods are often much larger than
researchers may expect [59]. It is possible that larger buffer sizes better represent where people actually
spend their time than do smaller spaces. Given these issues, studies of green space and health should
evaluate effects at multiple buffer sizes whenever possible.

Because trees and grass tend to be spatially correlated, a study examining only one may actually
reflect effects of both vegetation types. Across our cohort, however, the correlation between trees and
grass was only moderate (Pearson’s r = 0.47 and 0.41, at the 1000- and 300-m buffers, respectively)
making it appropriate to consider them separately. Our differential findings for trees and grass
could mean that these vegetation types act through different hypothesized pathways towards better
health. Trees, for example, may be more likely than grass to provide shade or reduce noise pollution.
Trees also release terpenes, many of which demonstrate anti-inflammatory, anti-tumorigenic, and
neuroprotective effects in toxicological studies [60]. Trees have also been shown to be associated with
other benefits such as reduced crime [61,62], which may be related to psychological pathways to health.
More research is needed to determine which pathways are most influential for specific health outcomes
and for specific vegetation types.

Another important finding from our research was that adjusting for parks only slightly attenuated
the positive association between trees and health, implying that non-park trees (i.e., street trees)
may benefit health separately from park trees in NYC. Other studies have documented benefits
of streetscape greenery on self-reported health, although they did not differentiate the streetscape
vegetation into types, such as trees or grass [8].

Despite previous studies hypothesizing that health benefits of green space are partly due to
air pollution removal [4], we found adjustment for air pollutants resulted in stronger associations,
suggesting that air pollution acted as a negative confounder. While these findings may be specific to
NYC, previous studies of green space and health elsewhere have found that air pollutants explain
little [1] to no [6] portion of the relationship between green space and health. Although there is some
evidence that air pollutants are filtered by trees [63], there is also evidence that this may be a small
effect [64], and that the negative correlation between green space and air pollution may actually be
driven by an absence of pollution sources (i.e., vehicles, industry) in that specific location, as has been
previously hypothesized in NYC [65].

Our current study found differential associations of trees and grass with self-reported health
across SES groups. Trees were associated with higher rates of “very good” or “excellent” health
in both higher-SES and lower-SES individuals, although the benefits appeared stronger among the
higher-SES individuals. Grass was only associated with self-reported health with adjustment for
NO2, and only for low-SES individuals. This variation in findings by SES and type of vegetation
could be due to differential perceptions of safety in greener areas [66], connectedness to nature [67],
or quality of vegetation [68], as recent studies have found these factors also modify associations
between greenness and health and should be further studied to determine whether they are related to
SES. Previous investigations of effect modification by SES in studies of green space and health have
generally found stronger beneficial associations for individuals with lower versus higher educational
attainment [9,33,69,70], in areas with greater income deprivation [71], and among those with greater
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perceived financial strain [72]. A number of other studies, however, have not found differential
associations by SES [10,73]. Inconsistent findings may be due to a number of methodological issues or
because studies are using a diverse set of health endpoints. Interestingly, all studies examining this
issue to date were conducted in European contexts where the relationships between green space, SES,
and health may differ from the U.S. Further research is needed to better understand these pathways,
and others, which may modify effects across population subgroups.

Although efforts were made to recruit a sample of survey respondents representative of the
population of NYC, our sample under-represented individuals aged 45–65, those with less than high
school education, and males. It over-represented low-income households (annual income < FPL).
Although age and education may be associated with both health and greenness, we did adjust for these
variables in our models. However, there is the potential for residual confounding. Though all final
models were adjusted for sampling frame (selected through landline RDD, cell phone RDD, or online),
non-random recruitment of the online sampling panel may limit generalizability of our findings,
despite a comparable spatial distribution and demographic composition compared to participants
recruited through the RDD frames. There is also the possibility of selection bias if survey respondents
were not representative of variation in neighborhood vegetation and self-reported health. The survey
was originally written to understand perceptions of chronic stress and other neighborhood conditions,
and did not include questions on vegetation. It is possible, though unlikely, that survey respondents
were more likely to live in areas of greater tree coverage and have better health, or vice-versa, than
is the norm. Although our response, contact, and cooperation rates were within range of national
averages [42], they were still low, and some unmeasured bias is possible. Because analyses were
cross-sectional, we cannot infer a causal relationship between vegetation exposures and self-reported
health. Additionally, we did not have information on quality of vegetation nor species type of trees or
grasses; further research should investigate these variables with health.

There is a temporal mismatch between our exposure data (2010) and the survey data (2012–2013).
During this time, NYC was undergoing a Million Street Trees campaign, which was started in 2007
and was half-completed by the fall of 2011. Therefore, more trees were added between the time when
the exposure data was created and the time at which we administered the survey. These newly-added
trees, however, were likely to be small saplings at the time of the survey, and, therefore, depending on
the pathway by which health benefits may accrue, may not have provided many of the hypothesized
benefits (e.g., shading/cooling, visual benefits through psychological restoration) as would older,
larger trees. Thus, it seems less likely that changes in tree cover over time would substantially alter our
basic findings. In fact, if the tree plantings were spatially distributed in a way that was unrelated to
self-reported health, this would have likely made our findings underestimates of the true relationship
between trees and self-reported health. However, longitudinal analysis of the health associations
with the rollout of the NYC Million Trees Campaign would greatly enhance our understanding of the
potential health benefits of trees.

Our study also has a number of strengths, including a very fine-resolution (3-ft) land cover dataset,
which enabled distinction between trees and grass, and individual-level information on health status
and a range of potential confounders. Our results are consistent with previous studies documenting
health benefits of trees [11,12,16,18,19], but extend these findings by suggesting that trees may more
strongly benefit health than does grass in an urban setting.

5. Conclusions

Findings from the present study may inform methods for future research, specifically regarding
buffer size, and vegetation types. Future work will require careful attention to the particular
location under study, recognizing that effects may be context-dependent, at both metropolitan and
neighborhood scales. Should findings from the present study be replicated in other contexts and
with other health outcomes, however, they may suggest that cities could improve resident health
by planting trees, a relatively affordable and simple intervention. These health benefits would be in
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addition to the numerous environmental benefits of urban tree planting related to mitigating, through
sequestering carbon dioxide and reducing the need to cool buildings [74], and adapting to, through
reducing the urban heat island effect [75], climate change.

Supplementary Materials: The following are available online at www.mdpi.com/1660-4601/14/11/1411/s1,
Figure S1: Map of tree and grass coverage at 3-ft resolution for all of NYC, Figure S2: RRs for self-reported very
good or excellent health by quartiles of % grass or % trees at 1000m buffer by categorical SES levels additionally
adjusted for individual-level and area-level SES, and NO2, Table S1: Comparison of survey sample retained in
analysis to those omitted due to non-geocodeable residential cross-streets, Table S2: RRs of self-reported “very
good” or “excellent” health of increasing quartiles of percent vegetation within a 1000 m radius and a 300 m radius
of the reported nearest cross-street adjusted for different combinations of air pollutants, Table S3: Coefficients
(and 95% CI) of continuous self-reported health (with higher values indicating better health) of increasing quartiles
of percent vegetation from linear models, Table S4: RRs and 95% CIs for the association between % trees, grass and
total vegetation as a continuous measure by buffer size with self-reported very good or excellent health compared
to good, fair, or poor self-reported health, Table S5: RRs of self-reported very good or excellent health of increasing
quartiles of percent trees, grass, or vegetation within various radii of the reported nearest cross-street, Table S6:
RRs of self-reported very good or excellent health of increasing quartiles of percent trees, grass, or vegetation
within various radii of the reported nearest cross-street also adjusted for NO2 at either the 300 m or 1000 m buffer
size, whichever is closer in size to the radial buffer for vegetation.

Acknowledgments: This work was funded through a seed grant from the Robert Wood Johnson Foundation
Health and Society Scholars program and EPA STAR Grant RD 83457601-0. The authors thank the Robert Wood
Johnson Foundation Health and Society Scholars program for its financial support, Jiayue Li for her technical
expertise in GIS analyses, and Augusta Williams for her help in literature review. Publication of this article was
funded by the University of Colorado Boulder Libraries Open Access Fund.

Author Contributions: Colleen E. Reid calculated the exposure metrics and executed all of the statistical
modeling and led the writing of the manuscript. Jane E. Clougherty and Jessie L. C. Shmool developed the
survey, created the air pollution estimates for the analysis, provided input on the methods, and edited the
manuscript. Laura D. Kubzansky provided guidance on the design of the project and contributed to the writing of
the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. James, P.; Hart, J.E.; Banay, R.F.; Laden, F. Exposure to greenness and mortality in a nationwide prospective
cohort study of women. Environ. Health Perspect. 2016, 124, 1344–1352. [CrossRef] [PubMed]

2. Gascon, M.; Triguero-Mas, M.; Martínez, D.; Dadvand, P.; Rojas-Rueda, D.; Plasència, A.; Nieuwenhuijsen, M.J.
Residential green spaces and mortality: A systematic review. Environ. Int. 2016, 86, 60–67. [CrossRef]
[PubMed]

3. Gascon, M.; Triguero-Mas, M.; Martinez, D.; Dadvand, P.; Forns, J.; Plasencia, A.; Nieuwenhuijsen, M.J.
Mental health benefits of long-term exposure to residential green and blue spaces: A systematic review. Int. J.
Environ. Res. Public Health 2015, 12, 4354–4379. [CrossRef] [PubMed]

4. James, P.; Banay, R.F.; Hart, J.E.; Laden, F. A review of the health benefits of greenness. Curr. Epidemiol. Rep.
2015, 2, 131–142. [CrossRef] [PubMed]

5. Dadvand, P.; Sunyer, J.; Basagana, X.; Ballester, F.; Lertxundi, A.; Fernandez-Somoano, A.; Estarlich, M.;
Garcia-Esteban, R.; Mendez, M.A.; Nieuwenhuijsen, M.J. Surrounding greenness and pregnancy outcomes
in four Spanish birth cohorts. Environ. Health Perspect. 2012, 120, 1481–1487. [CrossRef] [PubMed]

6. Hystad, P.; Davies, H.W.; Frank, L.; Van Loon, J.; Gehring, U.; Tamburic, L.; Brauer, M. Residential greenness
and birth outcomes: Evaluating the influence of spatially correlated built-environment factors. Environ.
Health Perspect. 2014, 122, 1095–1102. [CrossRef] [PubMed]

7. Casey, J.A.; James, P.; Rudolph, K.E.; Wu, C.-D.; Schwartz, B.S. Greenness and birth outcomes in a range of
pennsylvania communities. Int. J. Environ. Res. Public Health 2016, 13, 311. [CrossRef] [PubMed]

8. De Vries, S.; van Dillen, S.M.E.; Groenewegen, P.P.; Spreeuwenberg, P. Streetscape greenery and health: Stress,
social cohesion and physical activity as mediators. Soc. Sci. Med. 2013, 94, 26–33. [CrossRef] [PubMed]

9. Maas, J.; Verheij, R.A.; Groenewegen, P.P.; de Vries, S.; Spreeuwenberg, P. Green space, urbanity, and health:
How strong is the relation? J. Epidemiol. Community Health 2006, 60, 587–592. [CrossRef] [PubMed]

www.mdpi.com/1660-4601/14/11/1411/s1
http://dx.doi.org/10.1289/ehp.1510363
http://www.ncbi.nlm.nih.gov/pubmed/27074702
http://dx.doi.org/10.1016/j.envint.2015.10.013
http://www.ncbi.nlm.nih.gov/pubmed/26540085
http://dx.doi.org/10.3390/ijerph120404354
http://www.ncbi.nlm.nih.gov/pubmed/25913182
http://dx.doi.org/10.1007/s40471-015-0043-7
http://www.ncbi.nlm.nih.gov/pubmed/26185745
http://dx.doi.org/10.1289/ehp.1205244
http://www.ncbi.nlm.nih.gov/pubmed/22899599
http://dx.doi.org/10.1289/ehp.1308049
http://www.ncbi.nlm.nih.gov/pubmed/25014041
http://dx.doi.org/10.3390/ijerph13030311
http://www.ncbi.nlm.nih.gov/pubmed/26978381
http://dx.doi.org/10.1016/j.socscimed.2013.06.030
http://www.ncbi.nlm.nih.gov/pubmed/23931942
http://dx.doi.org/10.1136/jech.2005.043125
http://www.ncbi.nlm.nih.gov/pubmed/16790830


Int. J. Environ. Res. Public Health 2017, 14, 1411 15 of 18

10. Triguero-Mas, M.; Dadvand, P.; Cirach, M.; Martinez, D.; Medina, A.; Mompart, A.; Basagana, X.;
Grazuleviciene, R.; Nieuwenhuijsen, M.J. Natural outdoor environments and mental and physical health:
Relationships and mechanisms. Environ. Int. 2015, 77, 35–41. [CrossRef] [PubMed]

11. Lovasi, G.S.; Jacobson, J.S.; Quinn, J.W.; Neckerman, K.M.; Ashby-Thompson, M.N.; Rundle, A. Is the
environment near home and school associated with physical activity and adiposity of urban preschool
children? J. Urban Health 2011, 88, 1143–1157. [CrossRef] [PubMed]

12. Lovasi, G.S.; Schwartz-Soicher, O.; Quinn, J.W.; Berger, D.K.; Neckerman, K.M.; Jaslow, R.; Lee, K.K.;
Rundle, A. Neighborhood safety and green space as predictors of obesity among preschool children from
low-income families in New York City. Prev. Med. 2013, 57, 189–193. [CrossRef] [PubMed]

13. Beyer, K.M.; Kaltenbach, A.; Szabo, A.; Bogar, S.; Nieto, F.J.; Malecki, K.M. Exposure to neighborhood
green space and mental health: Evidence from the survey of the health of Wisconsin. Int. J. Environ. Res.
Public Health 2014, 11, 3453–3472. [CrossRef] [PubMed]

14. Taylor, M.S.; Wheeler, B.W.; White, M.P.; Economou, T.; Osborne, N.J. Research note: Urban street tree
density and antidepressant prescription rates—A cross-sectional study in London, UK. Landsc. Urban Plan.
2015, 136, 174–179. [CrossRef]

15. Ulmer, J.M.; Wolf, K.L.; Backman, D.R.; Tretheway, R.L.; Blain, C.J.A.; O’Neil-Dunne, J.P.M.; Frank, L.D.
Multiple health benefits of urban tree canopy: The mounting evidence for a green prescription. Health Place
2016, 42, 54–62. [CrossRef] [PubMed]

16. Donovan, G.H.; Michael, Y.L.; Butry, D.T.; Sullivan, A.D.; Chase, J.M. Urban trees and the risk of poor birth
outcomes. Health Place 2011, 17, 390–393. [CrossRef] [PubMed]

17. Lovasi, G.S.; O’Neil-Dunne, J.P.; Lu, J.W.; Sheehan, D.; Perzanowski, M.S.; Macfaden, S.W.; King, K.L.;
Matte, T.; Miller, R.L.; Hoepner, L.A.; et al. Urban tree canopy and asthma, wheeze, rhinitis, and allergic
sensitization to tree pollen in a New York City birth cohort. Environ. Health Perspect. 2013, 121, 494–500.
[CrossRef] [PubMed]

18. Donovan, G.H.; Butry, D.T.; Michael, Y.L.; Prestemon, J.P.; Liebhold, A.M.; Gatziolis, D.; Mao, M.Y.
The relationship between trees and human health evidence from the spread of the emerald ash borer.
Am. J. Prev. Med. 2013, 44, 139–145. [CrossRef] [PubMed]

19. Donovan, G.H.; Michael, Y.L.; Gatziolis, D.; Prestemon, J.P.; Whitsel, E.A. Is tree loss associated with
cardiovascular-disease risk in the Women’s Health Initiative? A natural experiment. Health Place 2015,
36, 1–7. [CrossRef] [PubMed]

20. Janssen, I.; Rosu, A. Undeveloped green space and free-time physical activity in 11 to 13-year-old children.
Int. J. Behav. Nutr. Phys. Act. 2015, 12, 26. [CrossRef] [PubMed]

21. Wheeler, B.W.; Lovell, R.; Higgins, S.L.; White, M.P.; Alcock, I.; Osborne, N.J.; Husk, K.; Sabel, C.E.;
Depledge, M.H. Beyond greenspace: An ecological study of population general health and indicators of
natural environment type and quality. Int. J. Health Geogr. 2015, 14, 17. [CrossRef] [PubMed]

22. Tsai, W.L.; Floyd, M.F.; Leung, Y.F.; McHale, M.R.; Reich, B.J. Urban vegetative cover fragmentation in the
U.S.: Associations with physical activity and BMI. Am. J. Prev. Med. 2016, 50, 509–517. [CrossRef] [PubMed]

23. Ulrich, R. View through a window may influence recovery. Science 1984, 224, 224–225. [CrossRef]
24. Ulrich, R.S.; Simons, R.F.; Losito, B.D.; Fiorito, E.; Miles, M.A.; Zelson, M. Stress recovery during exposure to

natural and urban environments. J. Environ. Psychol. 1991, 11, 201–230. [CrossRef]
25. Dadvand, P.; de Nazelle, A.; Triguero-Mas, M.; Schembari, A.; Cirach, M.; Amoly, E.; Figueras, F.; Basagana, X.;

Ostro, B.; Nieuwenhuijsen, M. Surrounding greenness and exposure to air pollution during pregnancy: An
analysis of personal monitoring data. Environ. Health Perspect. 2012, 120, 1286–1290. [CrossRef] [PubMed]

26. Fang, C.F.; Ling, D.L. Guidance for noise reduction provided by tree belts. Landsc. Urban Plan. 2005, 71,
29–34. [CrossRef]

27. Park, M.; Hagishima, A.; Tanimoto, J.; Narita, K. Effect of urban vegetation on outdoor thermal environment:
Field measurement at a scale model site. Build. Environ. 2012, 56, 38–46. [CrossRef]

28. McMorris, O.; Villeneuve, P.J.; Su, J.; Jerrett, M. Urban greenness and physical activity in a national survey of
Canadians. Environ. Res. 2015, 137, 94–100. [CrossRef] [PubMed]

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

30. Rook, G.A. Regulation of the immune system by biodiversity from the natural environment: An ecosystem
service essential to health. Proc. Natl. Acad. Sci. USA 2013, 110, 18360–18367. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.envint.2015.01.012
http://www.ncbi.nlm.nih.gov/pubmed/25638643
http://dx.doi.org/10.1007/s11524-011-9604-3
http://www.ncbi.nlm.nih.gov/pubmed/21826583
http://dx.doi.org/10.1016/j.ypmed.2013.05.012
http://www.ncbi.nlm.nih.gov/pubmed/23732240
http://dx.doi.org/10.3390/ijerph110303453
http://www.ncbi.nlm.nih.gov/pubmed/24662966
http://dx.doi.org/10.1016/j.landurbplan.2014.12.005
http://dx.doi.org/10.1016/j.healthplace.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27639106
http://dx.doi.org/10.1016/j.healthplace.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21106432
http://dx.doi.org/10.1289/ehp.1205513
http://www.ncbi.nlm.nih.gov/pubmed/23322788
http://dx.doi.org/10.1016/j.amepre.2012.09.066
http://www.ncbi.nlm.nih.gov/pubmed/23332329
http://dx.doi.org/10.1016/j.healthplace.2015.08.007
http://www.ncbi.nlm.nih.gov/pubmed/26335885
http://dx.doi.org/10.1186/s12966-015-0187-3
http://www.ncbi.nlm.nih.gov/pubmed/25886212
http://dx.doi.org/10.1186/s12942-015-0009-5
http://www.ncbi.nlm.nih.gov/pubmed/25924685
http://dx.doi.org/10.1016/j.amepre.2015.09.022
http://www.ncbi.nlm.nih.gov/pubmed/26597506
http://dx.doi.org/10.1126/science.6143402
http://dx.doi.org/10.1016/S0272-4944(05)80184-7
http://dx.doi.org/10.1289/ehp.1104609
http://www.ncbi.nlm.nih.gov/pubmed/22647671
http://dx.doi.org/10.1016/j.landurbplan.2004.01.005
http://dx.doi.org/10.1016/j.buildenv.2012.02.015
http://dx.doi.org/10.1016/j.envres.2014.11.010
http://www.ncbi.nlm.nih.gov/pubmed/25527908
http://dx.doi.org/10.1016/j.healthplace.2008.09.006
http://www.ncbi.nlm.nih.gov/pubmed/19022699
http://dx.doi.org/10.1073/pnas.1313731110
http://www.ncbi.nlm.nih.gov/pubmed/24154724


Int. J. Environ. Res. Public Health 2017, 14, 1411 16 of 18

31. Lindal, P.J.; Hartig, T. Effects of urban street vegetation on judgments of restoration likelihood. Urban For.
Urban Green. 2015, 14, 200–209. [CrossRef]

32. Nieuwenhuijsen, M.J.; Kruize, H.; Gidlow, C.; Andrusaityte, S.; Maria Anto, J.; Basagana, X.; Cirach, M.;
Dadvand, P.; Danileviciute, A.; Donaire-Gonzalez, D.; et al. Positive health effects of the natural outdoor
environment in typical populations in different regions in Europe (PHENOTYPE): A study programme
protocol. BMJ Open 2014, 4, e004951. [CrossRef] [PubMed]

33. Dadvand, P.; de Nazelle, A.; Figueras, F.; Basagana, X.; Su, J.; Amoly, E.; Jerrett, M.; Vrijheid, M.; Sunyer, J.;
Nieuwenhuijsen, M.J. Green space, health inequality and pregnancy. Environ. Int. 2012, 40, 110–115.
[CrossRef] [PubMed]

34. Villeneuve, P.J.; Jerrett, M.; Su, J.G.; Burnett, R.T.; Chen, H.; Wheeler, A.J.; Goldberg, M.S. A cohort study
relating urban green space with mortality in Ontario, Canada. Environ. Res. 2012, 115, 51–58. [CrossRef]
[PubMed]

35. Landry, S.M.; Chakraborty, J. Street trees and equity: Evaluating the spatial distribution of an urban amenity.
Environ. Plan. A 2009, 41, 2651–2670. [CrossRef]

36. Heynen, N.; Perkins, H.A.; Roy, P. The political ecology of uneven urban green space—The impact of political
economy on race and ethnicity in producing environmental inequality in Milwaukee. Urban Aff. Rev. 2006,
42, 3–25. [CrossRef]

37. Iverson, L.R.; Cook, E.A. Urban forest cover of the Chicago region and its relation to household density and
income. Urban Ecosyst. 2000, 4, 105–124. [CrossRef]

38. Jesdale, B.M.; Morello-Frosch, R.; Cushing, L. The racial/ethnic distribution of heat risk-related land cover
in relation to residential segregation. Environ. Health Perspect. 2013, 121, 811–817. [CrossRef] [PubMed]

39. Neckerman, K.M.; Lovasi, G.S.; Davies, S.; Purciel, M.; Quinn, J.; Feder, E.; Raghunath, N.; Wasserman, B.;
Rundle, A. Disparities in urban neighborhood conditions: Evidence from GIS measures and field observation
in New York City. J. Public Health Policy 2009, 30, S264–S285. [CrossRef] [PubMed]

40. Idler, E.L.; Benyamini, Y. Self-rated health and mortality: A review of twenty-seven community studies.
J. Health Soc. Behav. 1997, 38, 21–37. [CrossRef] [PubMed]

41. Wilker, E.H.; Wu, C.D.; McNeely, E.; Mostofsky, E.; Spengler, J.; Wellenius, G.A.; Mittleman, M.A. Green
space and mortality following ischemic stroke. Environ. Res. 2014, 133, 42–48. [CrossRef] [PubMed]

42. The Pew Research Center. Assessing the Representativeness of Public Opinion Surveys; The Pew Research Center:
Washington, DC, USA, 2012.

43. MacFaden, S.W.; O’Neil-Dunne, J.P.M.; Royar, A.R.; Lu, J.W.T.; Rundle, A.G. High-resolution tree canopy
mapping for New York City using LIDAR and object-based image analysis. J. Appl. Remote Sens. 2012.
[CrossRef]

44. Ross, Z.; Ito, K.; Johnson, S.; Yee, M.; Pezeshki, G.; Clougherty, J.E.; Savitz, D.; Matte, T. Spatial and temporal
estimation of air pollutants in New York City: Exposure assignment for use in a birth outcomes study.
Environ. Health 2013, 12, 51. [CrossRef] [PubMed]

45. New York City Department of Health and Mental Hygiene (NYCDOHMH). Community Health Survey
Questionnaire; NYCDOHMH: New York, NY, USA, 2009.

46. Singh-Manoux, A.; Dugravot, A.; Shipley, M.J.; Ferrie, J.E.; Martikainen, P.; Goldberg, M.; Zins, M.
The association between self-rated health and mortality in different socioeconomic groups in the GAZEL
cohort study. Int. J. Epidemiol. 2007, 36, 1222–1228. [CrossRef] [PubMed]

47. Berkman, L.F.; Macintyre, S. The measurement of social class in health studies: Old measures and new
formulations. In Social Inequalities and Cancer. Series: IARC Scientific Publications; International Agency for
Research on Cancer: Lyon, France, 1997; pp. 51–64.

48. Krieger, N.; Williams, D.R.; Moss, N.E. Measuring social class in U.S. public health research: Concepts,
methodologies, and guidelines. Annu. Rev. Public Health 1997, 18, 341–378. [CrossRef] [PubMed]

49. New York City Department of Health and Mental Hygiene (NYCDOHMH). New York City Community
Air Survey. Results from Years One and Two: December 2008–December 2010; NYCDOHMH: New York, NY,
USA, 2012.

50. Matte, T.D.; Ross, Z.; Kheirbek, I.; Eisl, H.; Johnson, S.; Gorczynski, J.E.; Kass, D.; Markowitz, S.; Pezeshki, G.;
Clougherty, J.E. Monitoring intraurban spatial patterns of multiple combustion air pollutants in New York
City: Design and implementation. J. Expo. Sci. Enviorn. Epidemiol. 2013, 23, 223–231. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ufug.2015.02.001
http://dx.doi.org/10.1136/bmjopen-2014-004951
http://www.ncbi.nlm.nih.gov/pubmed/24740979
http://dx.doi.org/10.1016/j.envint.2011.07.004
http://www.ncbi.nlm.nih.gov/pubmed/21824657
http://dx.doi.org/10.1016/j.envres.2012.03.003
http://www.ncbi.nlm.nih.gov/pubmed/22483437
http://dx.doi.org/10.1068/a41236
http://dx.doi.org/10.1177/1078087406290729
http://dx.doi.org/10.1023/A:1011307327314
http://dx.doi.org/10.1289/ehp.1205919
http://www.ncbi.nlm.nih.gov/pubmed/23694846
http://dx.doi.org/10.1057/jphp.2008.47
http://www.ncbi.nlm.nih.gov/pubmed/19190579
http://dx.doi.org/10.2307/2955359
http://www.ncbi.nlm.nih.gov/pubmed/9097506
http://dx.doi.org/10.1016/j.envres.2014.05.005
http://www.ncbi.nlm.nih.gov/pubmed/24906067
http://dx.doi.org/10.1117/1.JRS.6.063567
http://dx.doi.org/10.1186/1476-069X-12-51
http://www.ncbi.nlm.nih.gov/pubmed/23802774
http://dx.doi.org/10.1093/ije/dym170
http://www.ncbi.nlm.nih.gov/pubmed/18025034
http://dx.doi.org/10.1146/annurev.publhealth.18.1.341
http://www.ncbi.nlm.nih.gov/pubmed/9143723
http://dx.doi.org/10.1038/jes.2012.126
http://www.ncbi.nlm.nih.gov/pubmed/23321861


Int. J. Environ. Res. Public Health 2017, 14, 1411 17 of 18

51. Clougherty, J.E.; Kheirbek, I.; Eisl, H.M.; Ross, Z.; Pezeshki, G.; Gorczynski, J.E.; Johnson, S.; Markowitz, S.;
Kass, D.; Matte, T. Intra-urban spatial variability in wintertime street-level concentrations of multiple
combustion-related air pollutants: The New York City Community Air Survey (NYCCAS). J. Expo. Sci.
Enviorn. Epidemiol. 2013, 23, 232–240. [CrossRef] [PubMed]

52. Shmool, J.L.; Kubzansky, L.D.; Newman, O.D.; Spengler, J.; Shepard, P.; Clougherty, J.E. Social stressors
and air pollution across New York City communities: A spatial approach for assessing correlations among
multiple exposures. Environ. Health 2014, 13, 91. [CrossRef] [PubMed]

53. Ekkel, E.D.; de Vries, S. Nearby green space and human health: Evaluating accessibility metrics. Landsc. Urban
Plan. 2017, 157, 214–220. [CrossRef]

54. Dadvand, P.; Bartoll, X.; Basagana, X.; Dalmau-Bueno, A.; Martinez, D.; Ambros, A.; Cirach, M.;
Triguero-Mas, M.; Gascon, M.; Borrell, C.; et al. Green spaces and General Health: Roles of mental health
status, social support, and physical activity. Environ. Int. 2016, 91, 161–167. [CrossRef] [PubMed]

55. Orban, E.; Sutcliffe, R.; Dragano, N.; Jöckel, K.-H.; Moebus, S. Residential surrounding greenness, self-rated
health and interrelations with aspects of neighborhood environment and social relations. J. Urban Health
2017, 94, 158–169. [CrossRef] [PubMed]

56. De Vries, S.; Verheij, R.A.; Groenewegen, P.P.; Spreeuwenberg, P. Natural environments–healthy environments?
An exploratory analysis of the relationship between greenspace and health. Environ. Plan. A 2003, 35,
1717–1731. [CrossRef]

57. Kwan, M.-P. The uncertain geographic context problem. Ann. Assoc. Am. Geogr. 2012, 102, 958–968.
[CrossRef]

58. Diez Roux, A.V.; Mair, C. Neighborhoods and health. Ann. N. Y. Acad. Sci. 2010, 1186, 125–145. [CrossRef]
[PubMed]

59. Vallée, J.; Shareck, M. Re: “Examination of how neighborhood definition influences measurements of youths”
Access to tobacco retailers: A methodological note on spatial misclassification. Am. J. Epidemiol. 2014, 179,
660–661. [CrossRef] [PubMed]

60. Cho, K.S.; Lim, Y.R.; Lee, K.; Lee, J.; Lee, J.H.; Lee, I.S. Terpenes from forests and human health. Toxicol. Res.
2017, 33, 97–106. [CrossRef] [PubMed]

61. Kondo, M.C.; South, E.C.; Branas, C.C.; Richmond, T.S.; Wiebe, D.J. The association between urban tree cover
and gun assault: A case-control and case-crossover study. Am. J. Epidemiol. 2017, 186, 289–296. [CrossRef]
[PubMed]

62. Kondo, M.C.; Han, S.; Donovan, G.H.; MacDonald, J.M. The association between urban trees and crime:
Evidence from the spread of the emerald ash borer in Cincinnati. Landsc. Urban Plan. 2017, 157, 193–199.
[CrossRef]

63. Yin, S.; Shen, Z.; Zhou, P.; Zou, X.; Che, S.; Wang, W. Quantifying air pollution attenuation within urban
parks: An experimental approach in Shanghai, China. Environ. Pollut. 2011, 159, 2155–2163. [CrossRef]
[PubMed]

64. Setala, H.; Viippola, V.; Rantalainen, A.L.; Pennanen, A.; Yli-Pelkonen, V. Does urban vegetation mitigate air
pollution in northern conditions? Environ. Pollut. 2013, 183, 104–112. [CrossRef] [PubMed]

65. King, K.L.; Johnson, S.; Kheirbek, I.; Lu, J.W.; Matte, T. Differences in magnitude and spatial distribution of
urban forest pollution deposition rates, air pollution emissions, and ambient neighborhood air quality in
New York City. Landsc. Urban Plan. 2014, 128, 14–22. [CrossRef]

66. Weimann, H.; Rylander, L.; van den Bosch, M.A.; Albin, M.; Skarback, E.; Grahn, P.; Bjork, J. Perception of
safety is a prerequisite for the association between neighbourhood green qualities and physical activity:
Results from a cross-sectional study in Sweden. Health Place 2017, 45, 124–130. [CrossRef] [PubMed]

67. Shanahan, D.F.; Bush, R.; Gaston, K.J.; Lin, B.B.; Dean, J.; Barber, E.; Fuller, R.A. Health benefits from nature
experiences depend on dose. Sci. Rep. 2016, 6, 28551. [CrossRef] [PubMed]

68. Van Dillen, S.M.; de Vries, S.; Groenewegen, P.P.; Spreeuwenberg, P. Greenspace in urban neighbourhoods
and residents’ health: Adding quality to quantity. J. Epidemiol. Community Health 2012, 66, e8. [CrossRef]
[PubMed]

69. McEachan, R.R.; Prady, S.L.; Smith, G.; Fairley, L.; Cabieses, B.; Gidlow, C.; Wright, J.; Dadvand, P.;
van Gent, D.; Nieuwenhuijsen, M.J. The association between green space and depressive symptoms
in pregnant women: Moderating roles of socioeconomic status and physical activity. J. Epidemiol.
Community Health 2016, 70, 253–259. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/jes.2012.125
http://www.ncbi.nlm.nih.gov/pubmed/23361442
http://dx.doi.org/10.1186/1476-069X-13-91
http://www.ncbi.nlm.nih.gov/pubmed/25374310
http://dx.doi.org/10.1016/j.landurbplan.2016.06.008
http://dx.doi.org/10.1016/j.envint.2016.02.029
http://www.ncbi.nlm.nih.gov/pubmed/26949869
http://dx.doi.org/10.1007/s11524-016-0112-3
http://www.ncbi.nlm.nih.gov/pubmed/28138800
http://dx.doi.org/10.1068/a35111
http://dx.doi.org/10.1080/00045608.2012.687349
http://dx.doi.org/10.1111/j.1749-6632.2009.05333.x
http://www.ncbi.nlm.nih.gov/pubmed/20201871
http://dx.doi.org/10.1093/aje/kwt436
http://www.ncbi.nlm.nih.gov/pubmed/24464908
http://dx.doi.org/10.5487/TR.2017.33.2.097
http://www.ncbi.nlm.nih.gov/pubmed/28443180
http://dx.doi.org/10.1093/aje/kwx096
http://www.ncbi.nlm.nih.gov/pubmed/28481962
http://dx.doi.org/10.1016/j.landurbplan.2016.07.003
http://dx.doi.org/10.1016/j.envpol.2011.03.009
http://www.ncbi.nlm.nih.gov/pubmed/21620540
http://dx.doi.org/10.1016/j.envpol.2012.11.010
http://www.ncbi.nlm.nih.gov/pubmed/23274234
http://dx.doi.org/10.1016/j.landurbplan.2014.04.009
http://dx.doi.org/10.1016/j.healthplace.2017.03.011
http://www.ncbi.nlm.nih.gov/pubmed/28359908
http://dx.doi.org/10.1038/srep28551
http://www.ncbi.nlm.nih.gov/pubmed/27334040
http://dx.doi.org/10.1136/jech.2009.104695
http://www.ncbi.nlm.nih.gov/pubmed/21715445
http://dx.doi.org/10.1136/jech-2015-205954
http://www.ncbi.nlm.nih.gov/pubmed/26560759


Int. J. Environ. Res. Public Health 2017, 14, 1411 18 of 18

70. Maas, J.; Verheij, R.A.; de Vries, S.; Spreeuwenberg, P.; Schellevis, F.G.; Groenewegen, P.P. Morbidity is related
to a green living environment. J. Epidemiol. Community Health 2009, 63, 967–973. [CrossRef] [PubMed]

71. Mitchell, R.; Popham, F. Effect of exposure to natural environment on health inequalities: An observational
population study. Lancet 2008, 372, 1655–1660. [CrossRef]

72. Mitchell, R.J.; Richardson, E.A.; Shortt, N.K.; Pearce, J.R. Neighborhood environments and socioeconomic
inequalities in mental well-being. Am. J. Prev. Med. 2015, 49, 80–84. [CrossRef] [PubMed]

73. Dadvand, P.; Wright, J.; Martinez, D.; Basagana, X.; McEachan, R.R.; Cirach, M.; Gidlow, C.J.; de Hoogh, K.;
Grazuleviciene, R.; Nieuwenhuijsen, M.J. Inequality, green spaces, and pregnant women: Roles of ethnicity
and individual and neighbourhood socioeconomic status. Environ. Int. 2014, 71, 101–108. [CrossRef]
[PubMed]

74. Nowak, D.J.; Greenfield, E.J.; Hoehn, R.E.; Lapoint, E. Carbon storage and sequestration by trees in urban
and community areas of the United States. Environ. Pollut. 2013, 178, 229–236. [CrossRef] [PubMed]

75. Edmondson, J.L.; Stott, I.; Davies, Z.G.; Gaston, K.J.; Leake, J.R. Soil surface temperatures reveal moderation
of the urban heat island effect by trees and shrubs. Sci. Rep. 2016, 6, 33708. [CrossRef] [PubMed]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1136/jech.2008.079038
http://www.ncbi.nlm.nih.gov/pubmed/19833605
http://dx.doi.org/10.1016/S0140-6736(08)61689-X
http://dx.doi.org/10.1016/j.amepre.2015.01.017
http://www.ncbi.nlm.nih.gov/pubmed/25911270
http://dx.doi.org/10.1016/j.envint.2014.06.010
http://www.ncbi.nlm.nih.gov/pubmed/24997306
http://dx.doi.org/10.1016/j.envpol.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/23583943
http://dx.doi.org/10.1038/srep33708
http://www.ncbi.nlm.nih.gov/pubmed/27641002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

