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Summary
Background In urban areas, fine particles (PM2·5), nitrogen dioxide (NO2), and tropospheric ozone (O3) are the most 
harmful air pollutants for human health. Urban greening is seen as a strategy for co-benefitting air quality, climate, 
and citizens’ wellbeing. We aimed to estimate the changes in tree cover, the mortality burden attributable to air 
pollution, and the mortality that could be potentially prevented by increasing tree coverage in European cities.

Methods We did a quantitative health impact assessment to estimate the effect of mean tree cover on air pollutants 
levels and PM2·5-related, NO2-related, and O3-related mortality (all ages) in 744 European urban centres, with more 
than 50 000 inhabitants, across 36 countries. We did all analyses at the city-wide scale.

Findings Between 2000 and 2019, the mean tree coverage increased by 0·76 percentage points, with 73·5% of the 
urban centres showing greener coverage, whereas mortality burdens declined by on average 3·39% (SD 0·28) in all 
urban centres. In 2019, about 25% of the total population lived in areas with a mean tree canopy coverage over 30%. 
Compared with the current tree cover, each five percentage point increase in tree canopy cover could facilitate an air 
quality improvement of 2·8% for annual PM2·5 mean concentrations, 1·4% for annual NO2 mean concentrations, and 
1·2% for summertime mean of the daily maximum 8-h O3 concentrations.

Interpretation We estimated that each five percentage point increase in tree canopy would potentially prevent 
4727 premature deaths (95% CI 2067–7475) related to air pollution annually across the 744 European urban centres. 
We also estimated that reaching a canopy cover of 30% within each city could potentially prevent 11974 premature 
deaths (95% CI 7775–14 390) each year. Our results highlighted the potential public health benefits of increasing tree 
coverage in urban environments, contributing to sustainable, liveable, and healthier cities.
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Introduction
Ambient air pollution and global warming influence 
citizen wellbeing, human health, and biodiversity, 
particularly in cities.1,2 In Europe (excluding Belarus, 
Russia, Türkiye, and Ukraine), about 73% of the 
population were living in urban centres (eg, cities, towns, 
and suburbs) in 2021, and this percentage could exceed 
80% by 2050.3 In cities, fine particles (PM2·5), nitrogen 
dioxide (NO2), and tropospheric ozone (O3) pose a major 
threat to human health, natural ecosystems, and 
biodiversity.2,4

In European urban centres with more than 
50 000 inhabitants, the annual mean NO2 and PM2·5 
concentrations declined from 2000 to 2019 (on average 
–1·19% of annual mean NO2 concentrations and –0·96% 
of PM2·5 per year), with 99% of urban centres showing a 
decline of annual mean NO2 concentrations and 93% of 
urban centres showing a decline of annual mean PM2·5 
concentrations.4 The annual O3 mean concentrations rose 
in 71% of the cities (on average 0·40% per year), whereas 
the summertime means of the daily maximum 8-h values 

(O3 MDA8) declined in 62% of the urban centres by on 
average –0·29% per year.4 In 2021, despite reductions in 
anthropogenic air pollutants emissions, over 90% of the 
European population were exposed to levels of PM2·5, NO2, 
and O3 above WHO’s air quality guidelines introduced in 
2021 for human health protection, leading to half a million 
attributable deaths.5 In addition, extreme heat events led 
to about 62 000 heat-related deaths in 35 European 
countries in the summer of 2022,5 and urban heat islands 
increased mortality by 4% in the summer.6

Urban trees provide many benefits that enhance 
citizens’ wellbeing, such as air pollution reduction, urban 
heat island mitigation, and biodiversity conservation.7,8 
In addition, urban trees can contribute to prevent 
premature deaths and reduce morbidity.9,10 Therefore, 
efforts for optimising urban greenness for healthy cities 
are needed.11 The EU launched the Biodiversity Strategy 
for 2030 to protect nature and biodiversity and asks 
European municipalities with at least 20 000 inhabitants 
to develop ambitious Urban Greening Plans. Following 
the EU recommendations, an intelligible guideline for 
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urban greening (ie, the 3-30-300 rule) has been 
introduced in 2021.12 Specifically, everyone would become 
able to see at least three trees from their home, school, or 
workplace; have more than 30% tree cover in their 
neighbourhood; and live within 300 m from a public 
green space.12

The view of greenery from home has been associated 
with better mental health, psychological restoration, and 
wellbeing, and fewer medications.13 The access to greenery, 
within 300 m around a home, is associated with enhanced 
residents’ wellbeing and reduced all-cause mortality.14 
Living in areas with over 30% canopy cover associates 
with reduced local air temperature, mitigated urban heat 
islands, prevented premature deaths, and lowered 
morbidity such as type 2 diabetes and cardiovascular 
diseases.6,15,16 Increasing tree canopy cover to 30% could 
have prevented 2644 heat-related premature deaths 
(of people older than 20 years) across 93 European cities 
in the summer of 2015—ie, 1·84% of all summer deaths,6 
and 403 non-accidental deaths annually in Philadelphia, 
USA.10

The UN Economic Commission for Europe has 
recommended implementing the rule of 3-30-300, and 
many cities worldwide (eg, Barcelona, Seattle, Zurich) 
have the ambition to reach 30% of canopy cover through 
greening initiatives.17 Despite the excitement around the 
3-30-300 rule, much remains to be clarified and 
discussed.18 In particular for the tree cover component, 
previous studies have done quantitative health impact 
assessments for a fixed canopy cover of 30%, while a more 

ambitious goal of 40% coverage has been suggested.19 
The population exposure was also estimated by using 
green space proxies—eg, the percentage of green area and 
the normalised difference vegetation index, at coarser 
spatial resolution (250 m by 250 m)—and only one study 
has investigated the effects of tree cover on preventable air 
pollution-related mortality for adult residents over 1 year 
at the city level.20

To date, better understanding of how urban tree cover 
is changing over time and the relationships between tree 
canopy cover and air pollution-related mortality are 
needed to decide whether current city management 
actions should change for the sustainability and citizen 
wellbeing in urban centres. Structural characteristics, 
such as tree canopy cover, are essential to quantify the 
benefits provided by urban trees.11 On a city scale, tree 
attributes can be derived from airborne laser scanning, 
high-resolution imagery,11 or sensors such as the 
Moderate Resolution Imaging Spectro-radiometer, 
MODIS, or LandSat.21,22 The multi-decadal Landsat 
Analysis Ready Data is a unique open-source dataset 
(about 30 m per pixel) for quantifying changes in forest 
extent and height, cropland, and built-up lands from 
2000 to 2020 in Europe.23

By using an integrated approach combining multiple 
datasets across Europe, we aimed to (1) estimate annual 
changes in tree canopy cover over the past 20 years across 
744 European urban centres; (2) analyse the relationships 
between premature deaths related to PM2·5, O3, and NO2 
levels and percentage of tree cover; and (3) use this model 

Research in context

Evidence before this study
We did a literature search in PubMed, Scopus, and Google 
Scholar from Jan 1, 1990, to Dec 30, 2024, and we found only a 
few relevant studies done in a small number of European cities. 
Only one study has investigated the effects of tree cover on 
preventable mortality burden due to air pollution for adult 
residents over 1 year at the city level. Until now, quantitative 
health impact assessments of the effect of mean tree cover on 
mortality were done for a fixed canopy cover of 30% within 
cities using green space proxies at coarse spatial resolution 
(250 m × 250 m). We also found a few studies in which the 
potential of urban green interventions to prevent mortality was 
estimated, but again these studies focused on extreme-heat 
events.

Added value of this study

To our knowledge, this is the first study to estimate the changes 
in tree cover, the mortality burden attributable to air pollution, 
and the mortality (all ages) that could potentially be prevented 
by increasing tree coverage in European cities. By using an 
integrated approach combining multiple datasets, our health 
impact assessment covered 744 European cities across 
36 European countries over the past 20 years at a city-wide 

scale, and for the first time by considering trees that are 3 m or 
taller. We also estimated the number of deaths that could 
potentially be avoided for each five percentage point increase 
in tree canopy compared with 2019. Here, we provide novel 
evidence to inform future city-specific scenarios that could help 
mitigating harmful air pollution-related effects by protecting, 
restoring, and increasing tree canopy in cities.

Implications of all the available evidence
In urban environments, substantial mortality can be attributed 
to the effects of air pollution, and these effects could be 
lowered by increasing tree coverage. Green space planning, 
emissions control strategies, and other interventions can 
jointly improve public health. Although authorities have 
historically overseen managing public green spaces, citizens as 
major actors should be involved in the development and 
management of greening programmes to meet the 
recommended 30% tree canopy cover, by planting trees 
throughout private spaces. All the evidence will be valuable to 
policymakers for efficient policy implementation and healthier, 
sustainable and climate-resilient cities and human welfare in 
Europe and beyond.
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to estimate the air pollution reduction that would result 
from increasing tree coverage to 30% for each city and 
estimate the number of deaths that could potentially be 
prevented as a result. Accordingly, we hypothesised that a 
20-year time-series of data is considered long enough to 
detect short-term trends, likely due to emissions changes 
rather than meteorological variations, and that lower air 
pollution and related mortality are partly due to higher 
tree canopy cover in urban centres.

Methods
Urban centre boundaries and population datasets
As suggested by WHO, we categorised each grid cell as 
urban using the Global Human Settlement Layer 
Settlement Model (GHS-SMOD) and the high-resolution 
geospatial data on population distribution from WorldPop, 
both available at a 1 × 1 km of spatial resolution for all years 
from 2000 to 2019.24 The GHS-SMOD dataset creates a 
globally harmonised definition of urban centres by 
measuring the degree of urbanisation, defined by density 
(≥1500 people per grid cell), continuity of grid cells, and 
total population ≥50 000. Therefore, the less densely 
populated areas are excluded. To enhance the accuracy 
of coastal urban boundary delineation, particularly in 
areas where urban development intersects with 
dynamic coastline features, we incorporated the Global 
Administrative Areas dataset.25 Finally, 744 urban centres 
with more than 50 000 inhabitants were selected across 
36 European countries (appendix pp 2–4). The urban 
centre boundaries can be different to administrative 
boundaries; however, the urban delineation does not 
significantly influence air pollutant concentration 
estimates.26

Air quality datasets
The year-specific ground-level annual PM2·5 and NO2 
mean concentrations and summertime average of the 
daily 8-h maximum O3 concentration (O3 MDA8) were 
estimated at each 1 km² grid cell categorised as urban, 
then averaged over each urban centre for all years from 
2000 to 2019 (appendix p 5).27–29 The datasets of annual 
mean concentrations combine satellite-retrieved data, 
near-surface concentrations from global atmospheric 
chemical transport models, and ground-based measure
ments, and a geographically weighted regression is 
applied.3 The estimated annual PM2·5 (r² 0·90–0·92), 
O3 (r² 0·81), and NO2 (r² 0·58) mean concentrations are 
well correlated to ground-based observations across 
Europe.27–29

Pollution-related premature mortality
To estimate air pollution-attributable mortality in the 
744 urban centres, we applied the epidemiologically-
derived health impact function established by WHO and 
widely used worldwide.27–29 The population attributable 
fraction (PAF), which represents the proportion of disease 
burden that would be eliminated if the risk factor were 

reduced to the counterfactual pollutant concentration has 
been calculated at the grid-cell level:27–29

where RRc,h is the relative risk (simulated with a log-
linear function of the difference between the 
concentration and the cutoff) derived from WHO’s meta-
analysis relative risk (reported per 10 μg m−³ increase) for 
the mortality endpoint (h) and air pollutant (c), Pi reflects 
the population exposed in the urban centre (i) extracted 
from WorldPop.

We then estimated PM2·5-attributable, O3-attributable, 
and NO2-attributable mortality within each 1 km grid cell 
using the following equation:

where Nc,h,i is the mortality burden, BIh,i is the baseline 
mortality within the population of interest for the 
mortality endpoint (h) and urban centre (i) and Pi is the 
population exposed in the urban centre (i) extracted from 
WorldPop.

The annual country-specific baseline incidence rates 
(per 100 000 inhabitants) were obtained from the Global 
Burden of Diseases.30 Epidemiological studies indicate 
that O3 MDA8 during the summertime is significantly 
associated with natural mortality.31 Based on WHO 
recommendations, we used relative risk estimates for 
non-accidental mortality (all ages) for European regions 
(appendix pp 6–7).32–35 Subsequently, the annual 
PM2·5-attributable, O3-attributable, and NO2-attributable 
deaths in each grid cell were summed according to 
geographical extents for all years from 2000 to 2019.

Tree canopy cover
The Landsat-derived Tree Canopy Height Change in 
Europe’s dataset, developed by the Global Land Analysis 
and Discovery laboratory, is a yearly product providing 
estimates of tree canopy height at about 30 m of spatial 
resolution per pixel globally (appendix p 8).36 We also 
integrated a subset of the Global Forest Canopy Height 
datasets from 2000 to cover the whole study period 
(ie, 2000–19).22 We thus mapped the height of woody 
vegetation from 2000 to 2019 using the approach of 
Potapov and colleagues.36 As recommended by Browning 
and colleagues,18 each pixel showing canopy heights 
equal to or exceeding 3 m were classified as forested. The 
tree canopy extent dataset offers invaluable insights for 
estimating tree cover changes or exploring the drivers of 
tree canopy loss in cities. 23,36,37 Subsequently, all 30 m pixel 
estimates were summed according to geographical 
extents of each urban centre, providing insights into the 
presence and extent of the mean tree canopy cover within 
each urban centre. This approach allowed us a robust 
analysis of tree canopy cover across various cities, by 

For more on geospatial data on 
population distribution see 
https://www.worldpop.org/

See Online for appendix

PAF=
Σ[(RRc,h–1) × Pi]

Σ[RRc,h × Pi]

Nc,h,i=BIh,i × Pi × PAF

https://www.worldpop.org/
https://www.worldpop.org/
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handling spatial data, performing precise extractions, 
calculating tree cover percentages within each urban 
centre, and capturing year-to-year changes. To effectively 
analyse changes in urban tree canopy cover from 2000 to 
2019, we employed a comprehensive data processing 
workflow using R Core Team.

Statistical analyses
Air quality, tree canopy cover, and mortality datasets were 
estimated within the same urban centre boundaries. We 
performed analyses at the city-wide scale. From year to 
year, the number of urban centres did not change. 
The non-parametric Mann-Kendall test and Sen’s slope 
estimator were applied to the yearly tree canopy cover and 
the non-accidental mortality rates across 744 European 
urban centres from 2000 to 2019. For each country, a 
country-averaged trend magnitude was also calculated 
(in percentage per year) by joining all trends calculated 
for each urban centre (with p<0·05). Trend analyses were 
carried out with Openair package in R.

We estimated the effect of urban tree coverage on 
PM2·5 and NO2 mean concentrations and summertime 
O3 MDA8 by running a linear mixed-effects model with 
package lm4 in R (appendix pp 9–10).38 To account for 
the intrinsic differences in air pollution among cities 
(eg, different baseline pollutant levels due to differ
ences in population, number of vehicles, or climatic 
conditions) and among years (eg, progressive reductions 

of primary pollutants due to the emissions control 
strategies), as well as interannual oscillations in the tree 
cover percentage (eg, urban development), both the city 
and the year were considered as random effects in the 
model, whereas the variable of interest, the tree cover, 
was the fixed effect. Based on the Akaike Information 
Criterion, the retained linear mixed-effects model can 
empirically extract the effect of tree cover with p<0·001 
and a large portion of variance (r² >85%) is explained by 
the model.

We also estimated the number of deaths that could 
potentially be prevented by increasing tree coverage to 
30% for each urban centre, and for each five percentage 
point increase in tree canopy compared with 2019. For 
cities with a current tree coverage of 30% or more (eg, in 
Finland), the actual value was considered as neutral 
change in the model. The term percentage point is used 
when comparing two different percentages; for example, 
if a tree cover increased from 10% to 15%, it has increased 
by five percentage points.

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
Across the 36 European countries, the urban tree 
canopy coverage ranged from on average 2·5% in Malta 
to 36·3% in Finland from 2000 to 2019 (appendix 
pp 11–12). The mean urban tree coverage was 18·5% 
(SD 12·2) across the 36 European countries, and 18·9% 
(SD 12·1) across the 28 countries in the EU over 
2000–19. In 2019, across the 744 European urban 
centres, 52 156 039 people (24·9%) of 209 706 939 (ie, the 
total population) lived in areas with a yearly mean tree 
canopy coverage of over 30% (130 urban centres). For 
the yearly tree canopy cover, the magnitude of trends 
between 2000 and 2019 varied widely among regions 
(figure 1). Across the 36 European countries, tree 
coverage increased by on average 0·22% per year in 
urban centres between 2000 and 2019 (ie, 0·76 percentage 
points over the study period), with 73·5% of the urban 
centres showing greener coverage. The proportion of 
urban tree coverage increased by on average 0·24% 
per year in the 28 countries in the EU (EU-28), 
(ie, 0·83 percentage points over the study period), with 
75·9% of the urban centres showing an increase 
(appendix p 13).

For the whole of Europe, higher tree cover is 
significantly (p<0·001) associated with lowered PM2·5 and 
NO2 mean concentrations and summertime O3 MDA8 
(figure 2). For O3, the summertime O3 MDA8 could be 
reduced by 7·41% (SD 0·01) for a mean city tree coverage 
of 30% (41·21 [SD 0·35] parts per billion) compared with 
a hypothetical no tree scenario (44·51 [SD 0·43] parts 
per billion). Increasing mean city tree cover from 0% to 

Figure 1: Slope of the trends of yearly tree canopy cover (in percentage per year) per city from 2000 to 2019
Closed circles represent significant trends (p<0·05) and open circles represent non-significant trends (p>0·05).
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30% would reduce the PM2·5 and NO2 mean 
concentrations by 16·67% (SD 0·03) and 8·35% (0·04%), 
respectively (figure 2). Overall, we estimated that each 
five percentage point increase in tree canopy cover would 
reduce the summertime O3 MDA8 concentrations by 
1·2%, annual PM2·5 mean concentrations by 2·8%, and 
annual NO2 mean concentrations by 1·4% in large 
European urban centres.

Across the 36 European countries, the highest number 
of non-accidental PM2·5-attributable, O3-attributable, and 
NO2-attributable deaths were found in eastern and 
southern Europe, particularly in several countries in 
southeastern Europe (ie, Bosnia and Herzegovina, 
North Macedonia, Serbia, Montenegro, and Kosovo; 
about 300 per 100 000 people), and the lowest rates 
were observed in northern Europe (about 20 per 
100 000 people) from 2000 to 2019 (appendix pp 14–15). 
The highest attributable proportion of total deaths due to 
air pollution (appendix pp 16–17) was observed in Poland 
(17·4% [SD 3·4]) and Czech Republic (17·0% [3·8]), 
whereas the lowest proportion was found in Ireland 
(3·9% [2·2]) and Norway (5·5% [2·7]).

Per year, the mortality rates attributed to air pollution 
decreased by on average 3·39% (SD 0·28) in the 
36 European countries and 3·54% (0·27) in EU-28. 
Between 2000 and 2019, the estimated number of 
premature deaths attributed to air pollution decreased in 
all European urban centres with a strong decline (about 
–5·0% per year) in western and northern Europe, a 
moderate decline in central Europe, and a slight decline 
(about –2·0% per year) in southeastern Europe (figure 3; 
appendix p 18).

At the European scale, the estimated country-averaged 
number of premature deaths per 100 000 people 
attributed to air pollution would potentially reduce by 
9·5 deaths per 10⁵ people (95% CI 6·3–11·4) by increasing 
the mean city tree coverage from the current (2019) tree 
cover to 30% (appendix p 19). The estimated number of 
prevented deaths varied widely among regions (figure 4), 
with lower rates (<10 prevented deaths per 10⁵ people) 
in western and northern Europe, and higher rates 
(>20 prevented deaths per 10⁵ people) in eastern Europe 
and in eastern and southeastern Europe (ie, North 
Macedonia, Serbia, Montenegro, and Kosovo). By 
increasing the mean tree coverage to 30% in each city, 
the annual mortality rate would potentially decrease on 
average by 8·0 deaths per 10⁵ people in EU-28.

By reducing the mean city tree coverage from the 
current tree cover to a hypothetical no tree scenario 
would potentially increase the number of premature 
deaths by 8·2 deaths per 10⁵ people (95% CI 5·4–9·7; 
appendix p 19). The estimated excess mortality varied 
among regions (figure 5), with high increases in Bosnia 
and Herzegovina, Poland, and Slovakia (>25 deaths per 
10⁵ people), and lower increases in Malta, Iberian 
Peninsula, and Fennoscandia (<5 deaths per 10⁵ people). 
In EU-28, the estimated annual mortality rate would 

increase on average by 7·9 deaths per 10⁵ people by 
removing all urban trees.

Across the 36 European countries, the estimated annual 
PM2·5-attributable mortality burden could potentially be 
reduced by 9·4% with increasing tree coverage from the 
current tree cover to 30% for each city—ie, 9070 (95% CI 
6946–10 096) potentially prevented deaths (appendix 
pp 20–21). Similarly, the estimated annual NO2-attributable 
mortality burden could be reduced by 7·2%—ie, 2526 
(95% CI 646–3735) potentially prevented deaths (appendix 
pp 22–23). With a mean tree coverage of 30%, the annual 
number of O3-attributable deaths could potentially be 
reduced by 12·1%—ie, 378 (95% CI 183–559) prevented 

Figure 2: Linear mixed models of PM2·5, NO2, and O3 MDA8 mean 
concentrations
Changes in the annual PM2·5 and NO2 mean concentrations and the summertime 
average of the daily 8-h maximum ozone concentration (O3 MDA8) due to the 
increase in the yearly tree cover as estimated by the linear mixed model. 
The shaded areas represent the 95% CIs.
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deaths (appendix pp 24–25). By reducing the mean city 
tree coverage from the current tree cover to a hypothetical 
no tree scenario could increase the estimated number of 
PM2·5-attributable deaths by 19·5%—ie, a potential excess 
of 18 847 premature deaths (95% CI 14 492–20 941; 
appendix pp 20–21). The annual NO2-attributable mortality 
burden could potentially increase by 15·0%—ie, 5242 
(95% CI 1346–7726) excess deaths (appendix pp 22–23). 
The annual O3-attributable premature deaths could 
increase by 22·7% with no tree cover—ie, 706 (95% CI 
341–1045) potentially excess deaths (appendix pp 24–25).

Across the 744 European urban centres with over 
50 000 inhabitants, 11 974 (95% CI 7775–14 390) 
premature deaths could potentially be prevented by 
expanding tree coverage to 30% for each urban centre 
compared with the current coverage scenario—
ie, roughly 8·9% of the deaths due to air pollution 
effects could potentially be prevented (figure 6; 
appendix p 26). In 2019, we estimated that the urban 
trees have potentially prevented a total of 24 795 (95% CI 
16 179–29 712) premature deaths attributed to air 
pollution (in comparison with the same urban centres 
without trees)—ie, 18·4% of the air pollution-related 
premature deaths. In EU-28, increasing the mean tree 
coverage to 30% for each urban centre could potentially 
prevent 10 771 premature deaths, whereas the urban 
trees have potentially prevented about 23 600 premature 
deaths caused by air pollution in 2019.

By uniformly increasing tree cover by 5% in the 
744 urban centres yielded to 2·4 (95% CI 1·1–3·8) fewer 
annual premature deaths per 100 000 people (appendix 
p 27). Compared with 2019, a five percentage point 
increase in tree canopy for each urban centre, for 
example, in areas containing non-tree vegetation, could 
lead to a potential reduction of 4727 (95% CI –7475 to 
–2067) deaths annually (ie, roughly 3·6% of air pollution-
related deaths; figure 6). A 10 percentage point, 
20 percentage point, and 30 percentage point increase in 
tree canopy cover for each urban centre would be 
associated with a potential reduction of 9469 deaths 
(4·9 deaths per 100 000 people), 19 000 deaths (9·8 deaths 
per 100 000 people), and 28 573 deaths (14·8 deaths per 
100 000 people), annually.

Discussion
Tree canopy cover is a key element in assessing most of 
ecosystem services provided by the forest.39 Nowak and 
Greenfield analysed tree canopy coverage at global scale 
using MODIS derived Urban Land Cover data at 500 m 
spatial resolution for urban centres dominated by the 
built-up environment (>50%).40 In 2017, the average 
urban tree cover was 30% in Europe.40 Moreover, the 
world’s urban tree cover noted a slight decline (–0·2%) 
between 2012 and 2017, whereas a slight increase was 
reported in Europe (0·3%).40 In this study, we found an 
average urban tree cover of 18·8% (SD 9·8) in Europe in 
2017, and the urban tree cover noted a statistically 
significant increase between 2012 and 2017 (0·29%). We 
found that the averaged urban tree cover change in 
Europe (2012–2017) was similar by using either our 
approach or MODIS derived Urban Land Cover data, 
whereas the urban tree canopy coverage was much lower 
in urban centres (18·8% vs 30·0%). In our approach, the 
urban centre boundaries are not limited to built-up 
environment (>50%) only but defined by density (≥1500 
people) and total population (≥50 000)—ie, the less 
populated areas and large parks are excluded. The 
densely populated areas have less tree coverage, for 
instance a 22% lower mean city tree coverage in the USA 
with more impervious surface cover, such as asphalt.41

In 744 European cities, the mean urban tree coverage 
was 18·5% from 2000 to 2019, and 18·7% in 2015. The 
lowest tree coverages (<7%) were mainly observed in 
former Yugoslavia (ie, Bosnia and Herzegovina, North 
Macedonia, Serbia, Montenegro, and Kosovo), affected 
by the war between 1991 and 2001 during which urban 
trees were massively cut for domestic heating and 
cooking.42 In 93 European cities, a mean city tree 
coverage, obtained from the Copernicus Land Monitoring 
Service at a 250 m spatial resolution, of 14·9% was 
reported for 2015 (ie, 14·9% in Oslo, 25·4% in Edinburgh, 
8·4% in Barcelona, and 13·0% in Naples).6 In our study, 
we found a mean urban tree cover of 24·1% in Oslo, 
15·0% in Edinburgh, 16·2% in Barcelona, and 32·0% in 
Naples. The differences between both studies can be 

Figure 3: Slope of the trends of the yearly number of city-level premature deaths, per 100 000 people 
(in percentage per year) from 2000 to 2019
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explained by different urban centre delineation (eg, 
different to administrative boundaries) and the higher 
spatial resolution of the Landsat data (about 30 m) that 
enhances the mapping of tree cover. In previous studies, 
using MODIS VCF, Landsat, or Copernicus Land 
Monitoring Service, only trees that are 5 m or taller were 
mapped,21 whereas in our approach, we adjusted the 
minimum height of woody vegetation from 5 m to 3 m at 
the Landsat pixel scale.18

A few studies assessed changes in tree cover across 
cities worldwide; for example, in 577 cities in China 
with an area larger than 100 km² from 2000 to 2020 by 
using satellite observations (MODIS product MOD44B 
v6) at a 250 m spatial resolution.43 The nationwide mean 
urban tree cover increased by 0·07% (SD 0·51) 
per year.43 Inversely, in 20 cities in the USA, tree cover 
was reduced by on average 0·27% per year between 
2003 and 2009 and by 0·20% annually over the 5-year 
period of 2009–14·44 In Europe, using about 30 m 
Landsat data archive in both urban and rural areas, 
Turubanova and colleagues22 showed that the tree 
canopy cover extended by 0·9% between 2001 and 2021, 
with the largest increase observed in the British Isles 
(10·7%) and Balkan peninsula (7·1%), and slighter 
increases in eastern Europe (5·8%) and Iberian 
Peninsula (4·0%). The tree canopy cover declined in 
Fennoscandia (–3·5%), Baltic States (–2·5%) and 
western Europe (–0·3%). In this study, with a ≥3 m tree 
height threshold, the mean urban tree coverage 
increased by about 4·0% over the past two decades 
across Europe. The largest increase occurred in the 
British Isles (9·4%) and eastern Europe (8·1%), 
moderate increases in Balkan Peninsula (4·6%) and 
Baltic States (4·2%), and slight increases in Iberian 
Peninsula (2·8%,) and western Europe (1·2%). We also 
found a strong reduction in tree canopy cover in 
Fennoscandia (–11·3%).

Importantly, it seems that the countries with a higher 
mean tree cover, and less air pollution and climate 
change effects, have had a loss of tree cover (eg, Finland, 
Norway, Switzerland, and Sweden). Except in urban 
centres in Fennoscandia, urban tree cover loss or gain 
is relatively small, with varying changes at the local 
scale. In urban centres, trees and terrestrial ecosystems 
are under threat from urbanisation but also the effects 
of climate change (eg, increased drought and crown 
defoliation), air pollution, old age, pests and diseases, 
and intensive recreational use, tend to reduce tree cover 
in heavily populated areas.44,45 Inversely, the expanding 
tree cover can be mainly attributed to crown growth, 
natural regeneration, and greening strategies to 
mitigate the air pollution and climate change effects.44,46 
In Europe, recent planting efforts following the 
EU Biodiversity Strategy for 2030, committing to plant at 
least 3 billion additional trees in the EU by 2030, are 
expected to produce greater gains in mean city tree 
coverage in the future.

Figure 4: Number of prevented deaths (per 100 000 people) by increasing tree coverage from the current tree 
cover (2019) to a mean tree coverage of 30% for each urban area
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Figure 5: Number of additional premature deaths (per 100 000 people) by reducing mean tree coverage from 
the current tree cover (2019) to a hypothetical no tree scenario for each urban area
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Air pollution is a worldwide threat, with surface O3, 
NO2 and PM2·5 being among the most harmful pollutants 
for citizens’ health.4 Over the past two decades, most 
urban centres meeting WHO’s air quality guidelines for 
PM2·5 and NO2 were in Europe,4,27,29 whereas largest O3 
exceedances were observed in southeastern Europe and 
O3 declined in northern Europe (eg, Finland and Norway) 
and southeastern Europe (eg, Albania, North Macedonia, 
Romania, and Kosovo; appendix pp 28–29).4,47 Although 
urban greening might improve air quality at city scale, it 
could have detrimental effects at street level depending 
on vegetation type and urban form.48,49 However, 
abundant literature showed that urban trees can reduce 
air pollution at the city-wide scale.7,46,50

In this study, the model estimates that increasing tree 
cover at urban centre level would significantly reduce the 
summertime O3 MDA8 concentrations and annual NO2 
and PM2·5 mean concentrations. We estimated that each 
five percentage point increase in tree canopy cover would 
reduce the annual NO2 and PM2·5 mean concentrations 
and summertime O3 MDA8 concentrations by 1·4%, 

2·8%, and 1·2%, respectively. Our findings revealing 
improvement of air quality by urban tree-cover support 
our hypothesis and previous studies (appendix pp 30–31). 
The estimated air quality improvements due to urban 
trees are relatively low at the city scale, although more 
relevant in highly tree-covered areas. In this study, 
the model estimates that a hypothetical 100% tree 
cover (ie, contiguous forest stands) would reduce the 
summertime O3 MDA8 concentrations and annual PM2·5 
and NO2 mean concentrations by 24·7%, 55·6%, and 
27·8%, respectively (appendix pp 30–31).

To date, many studies support that urban trees provide 
substantial health benefits.51 In previous studies, higher 
canopy cover was associated with an array of public 
health effects, and lower all-causes mortality.8,10,20 
Exposure to ≥30% compared with 0–9% tree canopy was 
associated with reduced risk of dementia,15 psychological 
distress,13 and prevalent cardiovascular diseases.16 
Moreover, a significant inverse relationship between 
surrounding greenness, within a buffer of 500 m around 
home, and all-cause mortality has been observed.9

Our results showed considerable variability between 
city-level and country-level mortality rates, due to 
environmental conditions, air pollution levels, and 
socioeconomic aspects (eg, Gross Domestic Product). 
The highest mortality burdens related to PM2·5, NO2, and 
O3 were observed in southern and eastern Europe, 
particularly in southeastern Europe (ie, Bosnia and 
Herzegovina, North Macedonia, Serbia, Montenegro, 
and Kosovo), whereas those with the lowest mortality 
attributable to air pollution effects were mainly located in 
northern Europe (including Finland, Ireland, and 
Norway), similarly to urban heat island effects on 
mortality.6

Across the 744 European urban centres with over 
50 000 inhabitants, we estimated that 11 974 premature 
deaths (9070 PM2·5-attributable, 2526 NO2-attributable, 
and 378 O3-attributable deaths) could potentially be 
prevented annually by increasing tree coverage to 30% 
for each urban centre compared with the current 
coverage scenario (ie, roughly 8·9% of the total air 
pollution-related mortality). Compared with 2019, each 
five percentage point increase in tree canopy cover for 
each urban centre could lead to a potential 3·6% 
reduction of air pollution-related mortality annually 
(about 4800 deaths). By comparison, Khomenko and 
colleagues54 estimated that compliance with WHO air 
quality guidelines could have prevent 51 213 PM2·5-related 
and 900 NO2-related deaths for 2015 for adults in 
1016 cities in Europe. Pereira Barboza and colleagues20 
estimated that 17 947 (95% CI 0–35 747) natural-cause 
deaths (of people aged ≥20 years) could be prevented 
annually (which represents 0·9% of the total natural-
cause mortality) in 1027 cities across 31 European 
countries if cities complied with WHO recommendations 
by increasing the percentage of green area to 25%. In 
93 European cities, Iungman and colleagues6 estimated 

Figure 6: Number of air pollution-related premature deaths by increasing the current tree cover for each 
urban area
Difference of the total number of non-accidental premature deaths attributed to air pollution (A) and mortality 
rates (B) between the current tree cover (2019) and a hypothetical no tree scenario (0% tree cover), a mean city 
tree coverage of 30% (30% tree cover), and each five percentage point increase in tree canopy cover for each urban 
area compared with 2019.
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that 2644 premature deaths (for those aged ≥20 years) 
could be prevented by expanding city tree coverage to 
30% due to a mean city cooling of 0·4°C. In Philadelphia, 
USA, a five percentage point and ten percentage point 
increase in tree canopy could result in a reduction of 302 
deaths and 376 deaths, respectively, citywide annually for 
adult residents between 2014 and 2025.10

At the European scale, most studies analysed tree 
canopy cover within cities using digital cover mapping 
procedures or photo-interpretation at spatial resolution 
exceeding 250 m.6,20,40,43 To estimate tree cover changes 
over time, the MODIS VCF product is widely used 
worldwide, but an underestimation at the lower-to-middle 
range of tree cover (20–60%) and an overestimation at 
lower tree cover (<20%) exist.55 Among other strengths, 
our study includes the use of satellite imagery at high-
resolution grid-cell level of about 30 m covering 
744 European cities to investigate the change in yearly 
tree canopy cover. We acknowledge that the dataset by 
Potapov and colleagues23,36 might underestimate urban 
tree canopy cover, particularly in densely populated urban 
areas, due to its global training focus, which prioritises 
mapping forest cover over finer urban tree details; 
however, it provides consistent, high-resolution data 
across all study areas and timeframes, which is essential 
for large-scale analysis.23,36 To accurately estimate the tree 
canopy coverage at city-scale, assessment from very-high 
resolution remote sensing images using deep learning, 
such as at 0·3–0·5 m fine-scale, has been used for cities 
such as in Brazil or France.11,56 In addition, MODIS VCF 
or Landsat only maps trees that are 5 m or taller,21 whereas 
in our approach we adjusted the minimum tree 
height from 5 m to 3 m at the Landsat pixel scale.18 
This modification better accommodates the significant 
variation in tree species height across Europe,57 part
icularly in urban settings where landscaping choices lead 
to an increase in species richness,58 thus also including 
shorter tree varieties.59 The revised threshold ensures that 
our analysis inclusively captures smaller yet ecologically 
significant tree cover, providing a more accurate and 
ecologically relevant assessment of urban tree coverage. 
From satellite imagery with a spatial resolution of 30 m, 
we did not consider the variability in tree species and 
their different effects on air pollution, such as through 
emissions of biogenic volatile organic compounds that 
are O3-precursors (eg, blue gum or pubescent oak).7,60 
Introducing additional information on tree composition 
in the model, such as using an object-based classification 
from very-high resolution satellite imagery,11 might 
improve the accuracy of the estimations.

For the first time, this study estimated the effect of 
mean tree cover on PM2·5-related, NO2-related, and 
O3-related mortality for people (all ages) living in 
744 European cities from 2000 to 2019 at a high-resolution 
grid-cell level. We also estimated the number of deaths 
that could potentially be avoided by increasing tree 
coverage to 30% for each urban centre, for each 

five percentage point increase in tree canopy compared 
with 2019, and how much the present trees prevent 
premature deaths due to air pollution effects in each 
urban centre in 2019. Previous studies on greenery and 
human health used single-day estimates, such as 
maximum tree cover values during summer, and focused 
on adults and preventable mortality burden for 1 year in 
some European cities by using green space proxies at 
coarser grid-cell resolution (>250 m).6,20,61

In this study, the annual PM2·5-attributable, 
O3-attributable, and NO2-attributable mortality burden 
were estimated using annual country-specific and cause-
specific baseline incidence rates from 2000 to 2019, 
whereas we did not account for age structure and 
city-specific relative risks values. Indeed, we used 
relative risks for European regions based on WHO 
recommendations for comparability of results across 
countries, assuming equivalent risk of mortality for 
diverse settings and populations. The relative risk values 
varied widely among countries (appendix p 6).62 The use 
of city-level mortality rates and relative risk values would 
add an additional level of precision, as well as a more 
detailed stratification by age, sex, and pre-existing 
health conditions could provide insights into the specific 
vulnerabilities within urban populations. Although 
mortality is an extreme endpoint, we did not investigate 
potential effects on hospital admissions and wellbeing 
(eg, mental health). The individual exposure estimates 
are also biased because only the outdoor exposure to 
air pollutants was considered, whereas people spend 
80–90% of their time indoors, leading to a risk over
estimation.63 The mobility of citizens and spatial 
variability of air pollutants levels were also ignored, thus 
assuming that all citizens are exposed to the same levels 
of air pollutants. In this study, the potential non–linear, 
synergic, and additive or inhibitor effects of combined air 
pollutants exposures and confounders (eg, extreme heat) 
on mortality were not investigated. The linear model 
does assume that the spatial relationship between 
pollution levels and health outcomes is constant across 
regions. Given the diversity in urban settings across 
Europe, this assumption might not always hold. Our 
all-ages and multi-pollutants approach provides a 
comprehensive assessment capturing the potential 
public health benefits from urban greening. However, 
due to assumptions and study limitations, the findings 
could be overestimated, although we emphasise these 
estimates should be interpreted as indicative.

Reaching a mean tree coverage of 30% could be 
challenging or unattainable, particularly in dense 
built-up areas and densely populated cities or in cities 
facing water scarcity.12,45 To meet the recommended 30% 
tree canopy cover, tree planting programmes need to 
target not only public spaces but especially private 
spaces such as residential yards, as well as peri-urban 
areas (appendix p 32).11,53,65 In conclusion, our results 
highlighted the potential health benefits of increasing 
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tree coverage in urban environments. Green space 
planning and air pollution control can jointly improve 
public health.48 Although the benefits of urban trees 
have been neglected by policymakers until the past 
decade, we encourage city planners and decision-makers 
to incorporate urban green infrastructure adapted to 
local settings in combination with emissions control 
strategies and other interventions (eg, cold air corridor 
or green roofs) to maximise public health benefits and 
citizens’ wellbeing, which would also result in more 
sustainable and climate-resilient cities in the 
long-term.
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