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Health impact assessment of Philadelphia’s 2025 tree
canopy cover goals
Michelle C Kondo, Natalie Mueller, Dexter H Locke, Lara A Roman, David Rojas-Rueda, Leah H Schinasi, Mireia Gascon, Mark J Nieuwenhuijsen

Summary

Background Cities across the world are undertaking ambitious projects to expand tree canopy by increasing the
number of trees planted throughout public and private spaces. In epidemiological studies, greenspaces in urban
environments have been associated with physical and mental health benefits for city dwellers. Greenworks
Philadelphia is a plan to increase tree cover across Philadelphia (PA, USA) by the year 2025. We aimed to assess
whether an increase in tree canopy or greenspace in Philadelphia could decrease mortality.
Methods We did a greenspace health impact assessment to estimate the annual premature mortality burden for adult
residents associated with projected changes in tree canopy cover in Philadelphia between 2014 and 2025. Using
up-to-date exposure–response functions, we calculated the number of preventable annual premature deaths citywide, and for areas of lower versus higher socioeconomic status, for each of three tree canopy scenarios: low, moderate
and ambitious. The ambitious scenario reflected the city’s goal of 30% tree canopy cover in each of the city’s
neighbourhoods; and low and moderate scenarios were based on the varying levels of plantable space across
neighbourhoods.
Findings We estimated that 403 (95% interval 298–618) premature deaths overall, including 244 (180–373) premature
deaths in areas of lower socioeconomic status, could be prevented annually in Philadelphia if the city were able to
meet its goal of increasing tree canopy cover to 30%.
Interpretation Bringing all of Philadelphia, and particularly its poorer neighbourhoods, up to the 30% goal of tree
canopy cover is not without challenge. Nevertheless, policies are warranted that value urban greening efforts as
health-promoting and cost-saving measures.
Funding Spanish Ministry of Science, Innovation and Universities, and Generalitat de Catalunya.
Copyright © 2020 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND
4.0 license.

Introduction
Cities worldwide are undertaking projects to preserve
and increase urban greenspace1,2 in the face of changing
climates, natural disasters, invasive pests, and ongoing
development pressures.3 Researchers and practitioners
view urban greening initiatives as providing ecosystem
services, supporting sustainability, and promoting
liveable cities.4–6
Urban greenspace can be regarded as a preventive
public health measure.6,7 For individuals who have access,
parks, gardens, trees, and forests can contribute to
improved quality of life by improving mental health,
increasing opportunities for social interactions and
physical activity, and reducing stress, crime, and
violence.8 Greenspace can also affect mortality, itself.
Two longitudinal studies testing the association between
greenspace exposure and mortality have been done in
the USA.9,10 Wilker and colleagues9 calculated the asso
ciation between residential greenspace exposure and risk
of death for 1645 people who had had a stroke between
1999 and 2008. For individuals living in the greenest
areas, compared with the least green areas, risk of death
was reduced (hazard ratio [HR] 0·78, 95% CI 0·63–0·97),
www.thelancet.com/planetary-health Vol 4 April 2020

even when adjusting for proximity of high-traffic road
ways. James and colleagues10 followed up a US-based
prospective cohort of nurses between 2000 and 2008. For
participants living in the greenest areas compared with
the least green areas (using a short-term measure at time
of death), risk of all-cause non-injury mortality was
decreased (HR 0·88, 95% CI 0·82–0·94), even when
adjusting for air pollution exposure.
Although previous meta-analyses exist,11,12 Rojas-Rueda
and colleagues13 have done the first meta-analysis of
greenspace exposure–mortality dose–response, using
solely longitudinal studies. They considered nine studies
including 8 324 652 adults from seven countries
(including two from the USA).9,10 The authors found
significantly lower risk of all-cause mortality with
increased residential greenspace exposure within 500 m
(per 0·1 unit increase in the Normalized Difference
Vegetation Index [NDVI]; HR 0·96, 95% CI 0·94–0·97).
Evidence suggests that trees in particular, compared
with other forms of urban vegetation, affect human health
and wellbeing.14,15 A study of the association between selfreported health and near-residence trees, grass, and total
vegetation found significantly higher reporting of very
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Research in context
Evidence before this study
Ongoing urbanisation processes and competing land use
interests have resulted in the disappearance of natural outdoor
environments in cities. However, various epidemiological
studies have associated the presence of greenspaces in urban
environments with a wide range of physical and mental health
benefits for city dwellers. Despite the emerging evidence base
for greenspaces being an unconventional strategy for public
health promotion, to our knowledge, no health impact
assessment studies exist yet that provide policy makers and
decision makers with a comprehensive insight into the
expected magnitude of health benefits of real-life greenspace
intervention proposals. Programmes that serve to increase tree
canopy could potentially decrease morbidity and mortality for
urban populations. In 2009, the city of Philadelphia (PA, USA)
established a plan called Greenworks Philadelphia, with a policy
goal for increased tree cover across the city by the year 2025.
Added value of this study
We did a greenspace health impact assessment of three
scenarios for the year 2025 (low, moderate, and ambitious),
with the most ambitious being the city of Philadelphia’s goal of
30% tree canopy cover in each of the city’s neighbourhoods,
and low and moderate scenarios requiring removal of

For the Greenworks
Philadelphia plan see
https://www.phila.gov/
programs/greenworks

good health for participants with high tree cover, and no
association with grass cover.15 Tree canopy is typically
more effective at reducing land and air temperatures than
is grass or other vegetative cover, which could be a possible
mechanism.16,17 Efforts to increase urban tree canopy
cover,18 or the proportion of land covered by tree crowns
when viewed from above,19 are a predominant form of
urban greening policy. Such programmes could potentially
decrease morbidity and mortality for urban populations.
In a 2009 plan called Greenworks Philadelphia, the city of
Philadelphia (PA, USA) established a year 2025 policy goal
for increased city-wide tree cover. Although American
Forests, a national conservation non-profit organisation,
previously recommended a 40% tree canopy cover goal for
all US cities,20 Philadelphia set a goal of 30% cover per
neighbourhood.
We constructed three build-out scenarios for year 2025,
with the most ambitious being Philadelphia’s goal of 30%
tree canopy cover in each of the city’s neighbourhoods,
which would require removal of impervious surfaces
across neighbourhoods, and two more tempered scenarios.
We then applied a greenspace health impact assessment
tool to estimate the preventable annual premature
mortality burden associated with change in tree canopy
cover levels, coinciding with the three build-out scenarios.

Methods

Study setting
In 2015, Philadelphia was the fifth largest city by popul
ation and sixth largest city by area in the USA (population
e150

impervious surfaces. We estimated the preventable annual
premature mortality burden associated with change in tree
canopy cover levels, coinciding with the three scenarios.
Our dose–response function is based on a meta-analysis that
considered data from nine longitudinal studies including
8 324 652 adults from seven different countries (including
two in the USA).
Implications of all the available evidence
A five percentage point increase in tree canopy only in areas
containing non-tree vegetation could result in an annual
reduction of 302 deaths city-wide, with a value of US$2·9 billion.
A ten percentage point increase in canopy city-wide was
associated with an estimated reduction of more than 376 deaths
city-wide, and a value of $3·6 billion. 403 premature adult
deaths (3% of total mortality) could potentially be prevented
annually if Philadelphia accomplished its goal of increasing tree
canopy cover to 30% by 2025. Areas with lower socioeconomic
status would benefit the most from an increase in tree canopy
cover. The predicted value translates to nearly $4 billion
(2015 $US) based on the projected value of a statistical life.
Urban greening programmes can be a means, aside from
traditional measures, to promote public health, decrease health
inequalities, and promote environmental justice.

1·6 million; 347·6 km²).21 However, Philadelphia was also
the poorest of the ten largest cities in the USA and had
higher rates of mortality compared with the US popul
ation. The applied all-cause mortality rate for the city’s
adult residents in 2015 was 887 deaths per 100 000 people,22
compared with 733 deaths per 100 000 people in the USA
overall.
Figure 1 shows the spatial distribution of tree canopy
cover in Philadelphia, and two areas with low and high
percent non-tree vegetative cover. The most recent
published high resolution (1 m²) landcover data for
Philadelphia at the time of this study were obtained
using Light Detection and Radar (LiDAR) data and aerial
imagery from 2014.23 LiDAR data are derived from a
remote sensing procedure that uses light to measure
variable distances (eg, from an aeroplane) to Earth. Based
on this data, tree canopy covered 20% of land area,23
which is comparable with two nearby cities: Baltimore
(MD, USA) had 28% tree canopy in 201524 whereas
New York (NY, USA) had 21% in 2010.25 In Philadelphia,
23% of the 2014 canopy cover was on residential land and
35% was in parks and recreational spaces.2,26 The
remaining tree canopy was on commercial, industrial,
institutional, vacant, parking, utility, and other land uses.
We assessed percent tree canopy cover according to
census tracts, which are a surrogate for neighbourhood.
Of 384 census tracts in Philadelphia, 80 already meet or
exceed the 30% tree canopy cover goal, and 103 census
tracts could meet the goal by planting trees in areas
currently covered with grass or shrubs.27 The remaining
www.thelancet.com/planetary-health Vol 4 April 2020
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200 tracts would require removal of impervious surfaces
(such as paving or buildings) to meet the goal, which
involves more effort and resources.
In Philadelphia, socioeconomic status and tree canopy
are closely tied. Median household income strongly
coincides with overall greenness levels in neigh
bour
hoods,28 and neighbourhoods of lower socio
economic
status tend to have fewer trees or less vegetation than do
areas of higher socioeconomic status.

Tree canopy
Grass or shrub
All other land cover

N

Study approach and data
We did a quantitative health impact assessment of allcause mortality burden for adult residents (aged
≥18 years) in Philadelphia based on three tree canopy
build-out scenarios for the year 2025, modelling changes
at the level of US census tracts. For all three scenarios,
we assigned census tracts that had 30% or more tree
canopy cover in 2014 (ie, those already meeting the
municipal goal) a value of 0% increase. For other census
tracts, scenarios were constructed for low, moderate, and
ambitious increases in tree canopy cover. For the low
increase scenario, up to an additional five percentage
point increase in tree canopy cover (not exceeding
30% total tree canopy cover) only in census tracts that
have any permeable plantable space (ie, non-tree
vegetative landcover).27 This scenario accounts for the
fact that it is difficult to plant trees in existing impervious
surfaces (ie, by removal of paving or buildings). For the
moderate increase scenario, a ten percentage point
increase in tree canopy cover (not exceeding 30% total tree
canopy cover) by census tract city-wide on any surface,
irrespective of surface permeability. For the ambitious
increase target, an increase of up to 30% tree canopy
cover within census tracts city-wide, irrespective of
permeability of the surface. This target is the stated
policy goal for 2025 in the Greenworks Philadelphia plan.
We calculated projected changes in all-cause mortality
associated with increases in tree canopy cover at the
census tract level, using population data and the most
up-to-date mortality rates for adult residents (aged
≥18 years) from 2015. We averaged the estimated changes
in mortality by quantile of tree canopy cover at the census
tract level (year 2014).
We used the mortality–greenspace dose–response
function described by Rojas-Rueda and colleagues.13
Although Philadelphia’s goals specify percent tree cover,
estimates for the relation between greenspace and
mortality are widely based on relations with the NDVI.
Nearly all studies included in the meta-analyses by
Rojas-Rueda and colleagues13 used the NDVI. Therefore,
we needed to translate percentage tree cover into NDVI
for Philadelphia.
NDVI provides a measure of vegetation density based
on the difference between visible red and near-infrared
surface reﬂectance in Land Remote-Sensing Satellite
System (Landsat) images. We derived NDVI values from
images taken by the US Geological Survey satellite
www.thelancet.com/planetary-health Vol 4 April 2020
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Figure 1: Tree canopy cover in 2014, by census tract
Tree canopy cover based on a landcover assessment.23 Boundaries shown are from 2010 (census tracts, n=384).
Close-up views show areas with low and high levels of grass and shrub cover.

Landsat 8, which has a 30 m × 30 m spatial resolution.
Landsat 8 takes a new image for a given location every
16 days.29 We selected Aug 28, 2014, as the date when we
would derive NDVI values from images, because it was a
late summer cloud-free day when vegetation was at its
peak greenness. NDVI values range from −1 to +1, with
higher values indicating a greater density of healthy
vegetation.30 We excluded negative values from our
analysis because they correspond to water and nonvegetative landcover. Administrative boundaries are
redefined at each decennial census; therefore, we used
the image taken of Philadelphia by Landsat 8 on
Aug 28, 2014, to calculate the mean NDVI value in each
census tract, according to 2010 boundaries.
We judged NDVI a good indicator of current and year
2025 tree canopy levels in Philadelphia. All calculations
were done using mean NDVI values. To translate percent
tree canopy to NDVI values, we compared data from
2014 landcover data with 2014 mean NDVI values.23
Using ordinary least-squares quadratic regression, we
derived a linear relation at the census tract level between
2014 tree canopy (percent of pixels within each census
tract that were tree canopy [UTC]) and 2014 mean NDVI
values, in that mean NDVI = –0·03 + (0·51 × UTC¹/²),
and R² was 0·85. Using this relation, we estimated
change in mean NDVI values between 2014 and 2025
for the three different scenarios of tree canopy cover.
For example, a 5% increase in tree canopy (from 10% to

For Landsat 8 images see
https://earthexplorer.usgs.gov
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All census tracts
(n=375; population
1 557 306)
Area (hectares)
Population (n)

81·4 (80·7)
4153 (1714)

Census tracts of lower
socioeconomic status
(n=190; population
808 704)
63·8 (50·7)
4256 (1830)

Census tracts of higher
socioeconomic status
(n=185; population
748 602)
99·4 (99·8)
4047 (1584)

Adult deaths in 2015 (per
1000 residents)

19·9 (20·6)

30·1 (28·9)

Tree canopy cover (%)

20·3% (13·8)

16·6% (8·3)

0·18 (0·08)

0·17 (0·06)

0·20 (0·03)

No high school diploma (%)

17·3% (10·7)

23·9% (9·8)

10·4% (6·4)

Black (%)

43·7% (34·9)

65·1% (29·1)

21·7% (25·4)

Unemployed (%)

13·1% (8·1)

18·2% (7·9)

NDVI value

Income (US$)

43 413 (22 251)

27 566 (8489)

9·3 (5·6)
24·1% (16·9)

7·9% (3·9)
59 603 (20 212)

Vacant lots (%)

13·2% (7·7)

17·2% (7·8)

9·1% (4·8)

Poverty (%)

25·9% (15·2)

37·3% (11·8)

14·3% (7·5)

Data are mean (SD). Sociodemographic, population, and mortality data are from 2015; tree canopy cover data are
from 2014. NDVI values range from −1 to 1, with higher values indicating higher density of healthy vegetation.
NDVI=Normalized Difference Vegetation Index.

Table 1: Census tract characteristics

15%) translates into a 0·04 increase in mean NDVI.
A 10% increase in tree canopy (from 20% to 30%)
translates into a 0·05 increase in mean NDVI. The
change in NDVI for each census tract was included as an
input for the health impact assessment.
We obtained mortality rates at the census tract level
from the most recent vital statistics report by the
Philadelphia Department of Public Health, which was
for the year 2015.22 All-cause mortality for adult residents
(aged ≥18 years) are reported. Death records are tied to
residential location.
We obtained data for area-level socioeconomic status
from American Community Survey 5-year estimates
(2011–15).21 We created a socioeconomic index variable
using a principal components analysis of six com
ponents at the census tract level: percent of the popu
lation aged 25 years or older without a high school
diploma; percent of the black population; percent of the
civilian population aged 16 years or older who were
unemployed; percent of families with income below
the poverty level ($24 250 in 2015 for a four-person
household); median household income; and percent
of vacant housing units. After calculating principal
components, we estimated scores from the first com
ponent (Eigenvalue=3·6; 61% of total variance) for all
tracts. Factor loadings were all positive (education, 0·39;
unemployment, 0·35; vacant, 0·33; poverty, 0·46;
black, 0·35), except for income (–0·47). Component
scores had a mean value of 0. We assigned census tracts
with socioeconomic index values greater than 0 as
higher socioeconomic status and tracts with an index
value of 0 or lower socioeconomic status. Socio
economic data were not available for eight census tracts
because of low population counts, and we excluded
these tracts from the analysis.
e152

Analyses and estimates
We scaled the risk estimates derived from Rojas-Rueda
and colleagues13 to the calculated differences in exposure
levels (expressed as NDVI) in tree cover between
baseline (2014) and the three tree build-out scenarios for
2025 at the census tract level, following standard
quantitative health impact assessment methodologies.31
We calculated the population attributable fraction to
estimate the preventable annual premature mortality
burden using the exposure level difference for each
census tract. Premature (or early) deaths are attributable
to behavioural or environmental risk factors that, in
theory, could have been avoided if these risk factors
would not have existed. We applied 95% CIs for the HR
estimated by Rojas-Rueda and colleagues13 to generate a
95% interval. We did all analyses using Stata version 15
(College Station, TX, USA).
In addition to the number of preventable annual
premature deaths, we estimated the values associated
with prevented loss of life expectancy or years of life lost
between premature and expected mortality. We assigned
each preventable premature death with the value of a
statistical life (VSL) for 2015. The VSL is an estimated
monetary value that society places on preventing pre
mature mortality. It represents the value of life based, for
example, on what people pay to reduce risk (eg, safety
equipment), or the pay an individual would accept to
increase their risk (eg, for more dangerous jobs).32 The
US Department of Transportation (DOT) frequently uses
VSL to monetise (and thereby compare) policies.33 DOT
provided the estimated value of a statistical life, closest to
our study period, of $9·4 million (2015 $US).34,35

Role of the funding source
The funders had no role in study design, data collection,
data analysis, data interpretation, or writing of the report.
MK, NM, and MN had access to all data in the study and
all authors were responsible for the final decision to
submit for publication.

Results
Nine of 384 census tracts in Philadelphia were excluded
from the greenspace health impact assessment because
socioeconomic data were missing (low population
counts); thus, 375 tracts were included. 190 census tracts
were of lower socioeconomic status and 185 were of
higher socioeconomic status. Table 1 shows average area,
population, adult deaths, percent tree canopy cover, and
sociodemographic indicators of census tracts. The mean
area of census tracts was 81·4 (SD 80·7) hectares, with
census tracts of lower socioeconomic status smaller
in area than those of higher socioeconomic status
(63·8 [50·7] hectares vs 99·4 [99·8] hectares). Percent
tree canopy cover (based on high-resolution landcover
data) by census tract was mean 20·3% (SD 13·8), ranging
from 2% to 88% (figure 2). The average percent tree
canopy in census tracts of lower socioeconomic status
www.thelancet.com/planetary-health Vol 4 April 2020
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was significantly smaller than in census tracts of higher
socioeconomic status (16·6% vs 24%; p=0·002). The
mean NDVI value was 0·18 (SD 0·08) city-wide,
0·17 (0·06) in census tracts of lower socioeconomic
status and 0·20 (0·03) in census tracts of higher socio
economic status. The mean population in 2015 per
census tract was 4153 residents (SD 1714), and 19·9 adult
deaths per 1000 residents were reported per census tract.
The mortality rate was higher in census tracts of lower
socioeconomic status compared with tracts of higher
socioeconomic status (30·1 [SD 28·9] deaths per
1000 residents vs 9·3 [5·6] deaths per 1000 residents).
13 703 adult residents of Philadelphia died in 2015.
Under the low increase scenario, with a target of a
five percentage point increase in tree canopy cover only
in areas with adequate non-tree vegetative cover, the
average percent tree canopy increase would be 3·7% citywide, 4·5% in census tracts of lower socioeconomic
status, and 2·9% in census tracts of higher socioeconomic
status (table 2). City-wide, 302 (95% interval 223–461)
premature deaths were estimated to be preventable
annually under the low increase scenario (table 3). More
premature deaths would be prevented in census tracts of
lower socioeconomic status compared with census tracts
of higher socioeconomic status (190, 95% interval
140–289 vs 112, 83–171; p<0·0001). Under the low increase
scenario, census tracts with 12–15% tree canopy cover
would benefit the most, with 96 (95% interval 71–147)
premature deaths annually (table 3).
Under the moderate increase scenario, with a target of
a ten percentage point increase in tree canopy cover on
any surface, the tree canopy percent increase would
be 7·4% city-wide, 8·8% in census tracts of lower
socioeconomic status, and 6·0% in census tracts of
higher socioeconomic status (table 2). City-wide, 376
(95% interval 279–575) premature deaths would be
preventable annually, with 235 (174–359) premature
deaths preventable in census tracts of lower socio
economic status and 141 (10–216) premature deaths
preventable in census tracts of higher socioeconomic
status (p<0·0001; table 3). Census tracts with less than
the median percent tree canopy cover in 2014 would
benefit the most under this scenario.
The ambitious increase scenario, with a target of
30% total tree canopy cover, would increase tree canopy
cover by 9·7% city-wide, 13·4% in census tracts of lower
socioeconomic status, and 5·9% in census tracts
of higher socioeconomic status (table 2). Because of
unequal distribution of tree canopy coverage, populations
in census tracts of lower socioeconomic status would
benefit the most under this scenario. City-wide,
403 (95% interval 298–618) premature deaths could
be prevented annually under this scenario, with
244 (180–373) premature deaths preventable in census
tracts of lower socioeconomic status and 159 (11–244)
premature deaths preventable in census tracts of higher
socioeconomic status (p<0·0001; table 3). Achieving the
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Figure 2: Frequency of census tract tree canopy cover
Based on 2014 landcover data.
Projected tree canopy
increase, 2014–2025 (%)
Low increase scenario*
City-wide

3·7%

Lower socioeconomic status census tracts

4·5%

Higher socioeconomic status census tracts

2·9%

Moderate increase scenario†
City-wide

7·4%

Lower socioeconomic status census tracts

8·8%

Higher socioeconomic status census tracts

6·0%

Ambitious increase scenario‡
City-wide

9·7%

Lower socioeconomic status census tracts

13·4%

Higher socioeconomic status census tracts

5·9%

*Five percentage point increase in tree canopy coverage. †Ten percentage point
increase in tree canopy coverage. ‡30% total tree canopy cover.

Table 2: Average projected percent tree canopy cover change
(2014–2025), by census tract, socioeconomic status, and scenario

30% tree canopy cover by 2025 could help Philadelphia
reduce annual premature mortality by 2·9% (95% interval
2·1–4·5) across the city. Tracts with less than the median
percent tree canopy cover in 2014 would benefit the most
under this scenario.
The estimated decreases in annual premature deaths
translate to a value of approximately $2·9 billion
(95% interval 2·1–4·4 billion) for the low increase
scenario and $3·6 billion (2·7–5·5) for the moderate
increase scenario (table 3). With the ambitious scenario,
the value is nearly $3·9 billion (95% interval 2·9–5·9) in
savings based on the projected VSL city-wide, $2·3 billion
(1·7–3·6) in census tracts of lower socioeconomic status
and $1·5 billion (1·1–2·3) in census tracts of higher
socioeconomic status.
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Preventable premature adult deaths

Low increase scenario†
City-wide

302 (223–461)

2·2% (1·6–3·3)

2895 (2149–4431)

Lower socioeconomic status census tracts

190 (140–289)

2·7% (2·0–4·1)

1820 (1351–2783)

Higher socioeconomic status census tracts

112 (83–171)

1·6% (1·2–2·4)

1076 (798–1647)

Quantile 1 (<10%)

87 (64–133)

2·6% (1·9–4·0)

837 (621–1281)

Quantile 2 (12–15%)

96 (71–147)

3·0% (2·2–4·6)

926 (687–1417)

Quantile 3 (16–26%)

77 (57–117)

2·0% (1·4–3·0)

741 (550–1131)

Quantile 4 (>27%)

41 (3–62)

1·1% (0·8–1·7)

391 (289–599)

Tree canopy cover (%)

0·3
0·2
0·1
0

Moderate increase scenario‡
City-wide

376 (279–575)

2·7% (2·0–4·2)

3609 (2678–5528)

Lower socioeconomic status census tracts

235 (174–359)

3·5% (2·5–5·3)

2254 (1672–3452)

Higher socioeconomic status census tracts

141 (10–216)

2·1% (1·5–3·1)

1355 (1005–2076)

Quantile 1 (<10%)

162 (120–248)

4·9% (3·6–7·5)

1555 (1152–2386)

Quantile 2 (12–15%)

127 (94–195)

4·0% (2·9–6·1)

1223 (907–1873)

Quantile 3 (16–26%)

77 (57–117)

2·0% (1·4–3·0)

738 (548–1126)

Quantile 4 (>27%)

10 (7–14)

0·3% (0·2–0·4)

94 (69–142)

Tree canopy cover (%)

Ambitious increase scenario§
City-wide

403 (298–618)

2·9% (2·1–4·5)

3865 (2865–5933)

Lower socioeconomic status census tracts

244 (180–373)

3·6% (2·6–5·5)

2339 (1735–3586)

Higher socioeconomic status census tracts

159 (11–244)

2·4% (1·7–3·6)

1526 (1130–2346)

Tree canopy cover (%)
Quantile 1 (<10%)

196 (144–301)

5·9% (4·3–9·1)

1877 (1389–2890)

Quantile 2 (12–15%)

129 (95–197)

4·0% (2·9–6·1)

1235 (916–1891)

Quantile 3 (16–26%)

75 (55–113)

1·9% (1·4–2·9)

716 (532–1092)

Quantile 4 (>27%)

3 (2–4)

0·1% (0·0–0·1)

28 (2–43)

*Based on value of a statistical life year for 2015 generated by the US Department of Transportation; values are per
million (2015 $US). †Five percentage point increase in tree canopy coverage. ‡Ten percentage point increase in tree
canopy coverage. §30% total tree canopy cover.

Table 3: Annual preventable premature adult deaths (2014–2025) and economic effects

Discussion
To the best of our knowledge, our report is the first citywide health impact assessment of estimated effects of a
tree canopy policy on premature mortality. Using our
greenspace health impact assessment method, we
predicted annual premature deaths prevented from
increased tree canopy cover (throughout the city, on public
and private lands) under low, moderate, and ambitious
scenarios. We were able to do this assessment because of
the good relation between tree canopy cover and NDVI in
Philadelphia, which allowed us to use NDVI as a surrogate
for tree cover and tree canopy policy goals (figure 3). The
results are considerable: a five percentage point increase
in tree canopy only in areas containing non-tree vegetation
could result in an annual reduction of 302 deaths citywide, which translates to a value of $2·9 billion based on
projected VSL. A ten percentage point increase in tree
canopy cover across the city was associated with an
estimated reduction of 376 deaths, and $3·6 billion.
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Figure 3: Scatterplot of 2014 NDVI scores versus tree canopy cover values
NDVI=Normalized Difference Vegetation Index. UTC=percent of pixels within
each census tract that were tree canopy.

403 premature adult deaths (3% of total mortality)
could potentially be prevented annually if Philadelphia
accomplished its goal of increasing tree canopy cover to
30% by 2025, as set forth in the Greenworks Philadelphia
plan. The predicted value associated with these averted
deaths was nearly $3·9 billion.
Census tracts of lower socioeconomic status would
benefit the most from increases in tree canopy coverage.
Although consensus does not exist in published work,10,36
our conclusion is based on the assumption that the
exposure–response function is the same for all socio
economic status strata. Under the moderate and
ambitious increase scenarios, areas of the city with lower
than median percent tree canopy cover would benefit the
most, whereas under the low increase scenario, areas of
the city with the 50–70th percentile of tree canopy cover
would see most benefit. This difference could be
attributable to the fact that plantable space is constrained
in neighbourhoods with low tree canopy cover and a
greater amount of impervious surfaces (eg, neighbour
hoods with little to no residential lawn space).
The effects recorded would benefit residents of
Philadelphia and other similar cities. Philadelphia has
higher rates of mortality compared with the US popul
ation. Moreover, according to Philadelphia’s Department
of Public Health, 9071 life-years were lost to mortality of
all causes for all residents younger than 75 years in 2015.
After a steady decline, this number began to increase in
2015.37 Although cancer and heart disease were the top
causes of death, the increase was probably attributable to
drug overdoses and youth homicide.22 Since the dose–
response relation is derived from counts of all-cause
mortality, we cannot estimate which causes of death the
tree canopy cover increase would directly affect. However,
we can postulate (based on previous studies) that
pathways include social cohesion or engagement, stress
or mental health, physical activity, and reduction in heat
island effects.10,38,39 Experimental and quasi-experimental
work in Philadelphia has shown that greening inter
ventions throughout the city led to improved mental
health outcomes40 and reduced drug crime41 and gun
violence.42
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Although we can predict economic values associated
with prevented loss of life using the VSL, we were not
able to compare the costs and benefits of increasing tree
canopy directly. Predicted values do not correspond to
direct costs or cost savings assumed by any one entity,
such as the city. Moreover, it is very difficult to estimate
cost for tree canopy goals because of many uncertainties,
eg, related to unknown losses to development or natural
causes. Health benefits can also come from greening
interventions other than tree planting (eg, landscaping
or gardens). Few, if any, experimental studies have
compared the effects of tree planting versus other forms
of greening or public health interventions on morbidity
or mortality. However, for a gross comparison, jurisdic
tions with active urban forestry programmes in
Pennsylvania spent an estimated $5·21 per person in
2017 on urban forestry management in general,43 whereas
the 2017 obligations for Philadelphia’s public health
department was nearly $133 million, or $84·1 per person.
Practical and programmatic limitations could reduce
the projected effects of a tree planting programme.
To meet the 30% tree canopy cover target, tree planting
programmes will need to target not only publicly
managed spaces (eg, streets and parks) but also
residential yards and other privately owned commercial,
industrial, or institutional spaces. Philadelphia and other
cities do have such programmes,2,20 but implementation
challenges remain, for example with gaining participation
and long-term stewardship from residents.
Tree canopy cover is sometimes constrained by limited
space in densely populated, older (and typically poorer)
areas.44,45 Yet, Philadelphia’s tree canopy goal emphasises
it is for all neighbourhoods, and the city is taking
measures to reduce the disparity in tree canopy cover, for
example via neighbourhood partnerships in planting
programmes.2 Furthermore, tree canopy goals, similar to
our scenario build-outs, generally assume that tree
canopy cover is steady and will only increase over time.
However, urban forests are dynamic,45 with trees
constantly added and removed.46 Preservation of existing
tree canopy and support for new canopy relies on
municipal tree ordinances, and enforcement of strong
ordinances is absent in Philadelphia.47 Cities can also
experience rapid drops in tree cover because of extreme
weather events, invasive pests, and diseases.45 These
rapid drops can be unpredictable, making planning and
budgeting for increases in net tree cover a challenge for
cities.
Because of the disparity in current distribution of
Philadelphia’s tree canopy cover, the biggest health
benefits were estimated to occur within areas of lower
socioeconomic status. Urban forestry programmes rarely
achieve equitable distribution of trees across a city,44
although Philadelphia’s residential yard tree programme
shows more equitable distribution than others.2 Affluent
neighbourhoods generally have more tree cover and
planting initiatives.44,48 In poor communities, greening
www.thelancet.com/planetary-health Vol 4 April 2020

programmes can signify gentrification and eventual
displacement.49 Residents might also dislike trees
because of a previous absence of municipal main
tenance.50 Trees come with management costs and safety
liabilities that can cause residents to resist planting or to
remove unwanted trees.51 Yet urban greening initiatives
that target disadvantaged neighbourhoods, as long as
they do not displace residents, could help reduce health
inequalities.49 Although further research is needed to
assess whether trees contribute to displacement, tree
planting in poor neighbourhoods might need to be
coupled with additional programmes and policies to
maintain neighbourhood economic diversity, for example
preserving affordable housing and assisting tenants at
risk of displacement.52
Our use of meta-estimates of relative risk has some
limitations. Because of the paucity of individual-level
data, we had to apply the exposure–response estimate at
the census tract level. The estimate by Rojas-Rueda and
colleagues13 is based on studies in which greenspace
exposure represented mean NDVI within 500 m of
residential location rather than within census tract of
residence. However, the mean census tract area in our
study was 81 hectares, which is not entirely different
from the 500 m buffer.53
Our use of NDVI data also has limitations. Estimates
of the association between greenspace exposure and
mortality have relied on imprecise exposure measure
ments. For example, NDVI (often at 30 m or larger
resolution) can also be a coarse measure of greenspace
exposure18 and is a poor measure of the quality of trees
or greenspace. Unhealthy, dead, or dying trees can
register as vegetation but might detract from community
wellbeing. NDVI also does not convey accessibility
of greenspace. Moreover, greenspace exposure, as
represented by residential NDVI, could encompass
multiple mechanisms of effect on health outcomes.
A different study design would be needed to ascertain
the relation between health and specific design features
or planning elements. Although more precise and
standardised exposure measurements are needed, NDVI
remains the best and most widely available greenspace
exposure metric for large-scale longitudinal cohort and
population-level studies.
Most studies, including ours, apply a single VSL
estimate; however, VSL can be affected by various socio
demographic factors, such as wealth, age, and health
status.33 For example, VSL is predicted to increase with
higher wealth and can be affected by baseline risk of
premature mortality. However, in our study we applied a
single generalised estimate and calculated economic
value associated with prevented premature mortality
associated with varying levels of projected change in tree
canopy, and how this estimate varies by socioeconomic
position of neighbourhoods.
Although mortality is an extreme event, we did not
consider potential effects on morbidity (eg, mental
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health) and wellbeing. Many established benefits are
associated with a robust urban tree canopy, ranging from
aesthetics to ecosystem services, temperature or thermal
benefits, noise pollution mitigation, and social inter
actions.38,54,55 Policymakers are warranted in viewing
urban tree canopy preservation and expansion as one
tool, aside from more traditional measures, to promote
health and reduce health-care-related costs.
In our study we used a dose–response function from a
meta-analysis13 of cohort studies based on data from
more than 7 million participants. Our study is unique in
that it provides estimates for areas of high and low
socioeconomic status. This approach can be applied in
other cities with greening initiatives, where landcover
data exist and fine-scale death records are published.
In Philadelphia, increases in tree canopy cover were
estimated to provide considerable health and economic
benefits. Residents of neighbourhoods of lower socio
economic status are currently exposed to lower NDVI
values (ie, fewer trees) than are residents of neigh
bourhoods of higher socioeconomic status and, therefore,
were estimated to have a larger mortality burden.
Thus, increases in tree canopy cover, particularly in
neighbourhoods of lower socioeconomic status, could
provide sizable benefits. Urban greening programmes
can be a means, aside from traditional measures, to
promote public health, decrease health inequalities, and
promote environmental justice.
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