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A B S T R A C T

Trees in cities provide numerous benefits to society by altering the local physical, biological and social en-
vironment, providing billions of dollars in annual benefits. How tree and other cover types vary and are changing
globally within urban areas is currently unknown. Photo-interpretation was used to determine current urban
cover (tree, impervious, grass, other cover) percentages and recent changes in cover types throughout the world.
Within existing urban areas, the average global urban tree cover had a slight, but statistically significant decline
from 26.7 % to 26.5 % (c. 2012–2017), or a loss of about 40,000 ha per year. All continents exhibited a loss in
urban tree cover except for Europe; the greatest decrease in percent tree cover was in Africa. Concurrent with
tree loss was an increase in impervious cover among all continents, which globally had a statistically significant
increase from 24.3 % to 25.9 % (326,000 ha/year). Urban tree cover was significantly different among forested
(30.6 %), grassland (18.5 %) and desert regions (12.6 %). Understanding global urban cover type variation and
changes can improve global assessments and help guide forest management to improve environmental quality in
cities.

1. Introduction

Urban areas are comprised of numerous anthropogenic (e.g.,
buildings, roads, parking lots) and natural (e.g., trees, grass, soil) land
covers that affect the local physical and social environments, and
consequently human health and well-being. However, little is known
about urban tree cover globally or how it is changing. Various land
cover change analyses have been conducted using classified satellite
imagery (e.g., Hansen et al., 2003; Yang et al., 2003; Lunetta et al.,
2006; Parlin, 2009). These classified images have limitations due to
their relatively coarse image resolution and/or inaccuracies of image
classifications, which can lead to false changes due to misclassification
of cover types on either map. Photo-interpretation of high resolution
images to detect cover changes has the ability to overcome these lim-
itations, but lacks the ability to develop detailed comprehensive cover
change maps.

Various studies have analyzed tree cover amounts within cities
using photo-interpretation (e.g., Nowak et al., 1996; Pasher et al., 2014;
Parmehr et al., 2016; Treeconomics, 2019) and digital cover mapping
procedures (e.g., Grove et al., 2014; Parmehr et al., 2016). Tree cover
varied among cities, ranging from less than one percent to greater than
50 %. The city’s biome (forest, grassland, desert) has a substantial
impact on overall percent tree cover (Nowak et al., 1996). Other studies

have also assessed global or regional urban vegetation cover (Fuller and
Gaston, 2009; Dobbs et al., 2017; Richards et al., 2017), species di-
versity (Kendal et al., 2014) and species composition (Yang et al.,
2015). These studies reveal that the amount of green space within a city
is primarily related to city area rather than city population size, and
that green space, tree cover, and species diversity vary with climate and
socio-economic factors.

Assessments of urban tree cover change are also limited and typi-
cally focus on individual cities or urban areas within a country
(Table 1). These studies reveal varying patterns of changes, with some
areas increasing tree cover and others having decreased tree cover.
Change in green spaces in European cities have also been assessed and
reveal that green space increased between 2000 and 2006 (Kabisch and
Haase, 2013).

Tree cover is a key and simple element in understanding the mag-
nitude of the urban forest resource and can be used to assess various
ecosystem services and values derived from the forest (e.g., Nowak
et al., 2014; Coville et al., 2019). The annual value produced by the
world’s urban forests is in the multi-billion dollar range as U.S. urban
forests are conservatively estimated to produce over $18 billion an-
nually (Nowak and Greenfield, 2018b). Impervious cover also plays an
important role in the landscape as these surfaces facilitate transporta-
tion and provide shelter, but also can negatively impact the
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environment by limiting tree regeneration, increasing air temperatures
and reducing water infiltration. With 55 % of the world’s population
living in urban areas in 2018 (United Nations, 2018), urban trees and
impervious surfaces have a substantial impact on the health and well-
being of billions of people globally. Understanding the magnitude of
urban tree and impervious cover globally, and how it is changing, is a
first step towards a better comprehension of this global resource and an
understanding of whether current city management actions need to
change to sustain urban tree cover globally.

By understanding typical cover values at the continental scale,
world governments can decide if these values are appropriate for sus-
taining human health and well-being. By understanding changes in
cover classes, governments can decide if cover amounts are progressing
in the desired direction. Quantifying differences in tree and impervious
cover and cover change among biomes globally can also help reveal the
impact of the regional environment on these cover classes. This type of
global information can aid management and policies related to the
appropriate amounts of cover classes and facilitate discussions re-
garding optimal tree and impervious cover levels and the potential
means to attain these desired levels (e.g., tree planting, changing de-
velopment patterns). Global urban forest information can help guide
urban forest management in sustaining appropriate and desired tree
cover levels for a burgeoning world urban population.

While tree cover amounts are known in select cities, the global
amount of urban tree and impervious cover, and its variation through
time and among different biomes and continents remains unknown. The
objective of this research is to assess current amounts and changes in
global urban tree, impervious, and other cover types among continents
and biome types (forest, grassland, deserts). These data can improve
our understanding of the magnitude and variation in global urban tree
cover and tree cover change. While urban area expansion is negatively
correlated with forest, cropland and grassland changes (Bagan and
Yamagata, 2014), this paper focuses on cover proportions and changes
within existing urban areas, not changes associated with expanding
urbanization.

2. Methods

Urban areas across the globe were delimited using Moderate
Resolution Imaging Spectroradiometer derived (500 m resolution)
Urban Land Cover data (Natural Earth, 2018; Schneider et al., 2009).
This urban area definition includes areas dominated by the built

environment (> 50 %), including non-vegetated, human-constructed
elements (e.g., roads, buildings, runways) for 2001–2010, with
minimum mapping unit > 1 km2.

To assess cover and cover changes, five thousand random paired-
points were overlaid within these existing urban areas globally. These
points were classified among global biomes (Bailey, 1995; Olson and
Dinerstein, 2002; Nature Conservancy, 2018) of forest, grassland, de-
sert, and rock/ice/tundra to assess differences in urban tree cover
among these regions (Fig. 1). However, due to limited urban land in
rock/ice/tundra, this classification was not analyzed. These 5,000
points were used to assess differences in cover among biomes.

The 5,000 points were then classified as to which continent (ESRI,
2018) the points were located. Given the dominance of urban land in
Asia and Europe, the other continents ended up with relatively small
sample sizes. To increase the precision of estimates for these continents,
if a continent did not have at least 1,000 points, additional random
points were laid so that each continent had 1,000 points. With 1,000
points, the standard error of the estimates will be less than 1.6 %.
Occasionally points could not be assessed due to cloud cover or poor
imagery, so some continents ended up with less than 1,000 interpreted
points.

Each point was overlaid on Google Earth imagery and the most
recent date of the image pair was determined by finding the most recent
image that had high-resolution, interpretable imagery (mostly leaf-on,
sub-meter resolution). The second older image paired-point was de-
termined by finding high-resolution, interpretable images as close to
five-years prior to the recent date image. The average date of the ear-
liest photo was 2012 in all continents except for Europe (average start
date = 2011); average second date for all continents was 2017. The
average time difference between images was 5.1 years. Overall, 70 % of
the points were 5 years apart, 22 % were either 4 or 6 years apart, and 5
% were either 3 or 7 years apart. The remaining 3 % had differences
that varied between 1 year (0.1 % of points; 10 points) and 14 years
(0.03 % of points; 2 points).

Each point was overlaid in the same geographic position on both
sets of temporal images and paired-image interpretation was conducted
(i.e., interpreter classified each point pair by contrasting and classifying
the image points side-by-side). In cases of mis-registration of the image
or point (i.e., the point had a slight change in location between images),
the interpreter corrected the point location to ensure the exact same
location was interpreted. In addition, interpreters could correct ap-
parent false changes due to image parallax and seasonal changes

Table 1
Studies of urban tree cover change.

Location Years Tree Cover Changea Methodsb Reference

Atlanta, GA 1951–2010 −2.1 % (53.3–51.2 %) PIp Merry et al. (2014)
Baltimore, MD 1999–2004 +0.2 % (34.3–34.5%) DI Zhou et al. (2008)
Canada (urban areas) 1990–2012 −1.5 % (27.6–26.1 %) PIp McGovern and Pasher (2016)
Detroit, MI 1951–2010 −1.5 % (32.3–30.8 %) PIp Merry et al. (2014)
Los Angeles, CA (coastal area) 2009–2014 −0.3 % (14.5–14.2 %) DI Locke et al. (2017)
Melbourne, Australia (6 suburbs) 2010–2015 5 suburbs (+), 1 suburb (−)c PIp Kaspar et al. (2017)
Minneapolis, MN area 1937–2009 +16 % (17–33 %) PI Berland (2012)
Oakland, CA 1850–1988 +16.7 % (2.3–19 %) PI, MI Nowak (1993)
Portland, OR 2000–2015 +3.4 % (27.3–30.7 %) PIp DiSalvo et al. (2017)
Seattle, WA 2002–2007 +0.4 % (22.6–22.9 %) DI Parlin (2009)
Syracuse, NY c. 1996–2009 −0.6 % (27.5–26.9 %) PIp Nowak et al. (2016)
U.S. (20 cities) c. 2004–2009 17 cities (−); 1 city (+)d PIp Nowak and Greenfield, 2012a
U.S. (urban areas) c. 2009–2014 −1.0 % (40.4–39.4 %)e PIp Nowak and Greenfield, 2018a
Worcester, MA area 2008–2010 −2 % (na) DI Hostetler et al. (2013)

a Net change in tree cover. Values in parentheses indicate tree cover values in the first and second time period respectively.
b Methods of change detection: DI – change analyzed by comparing digital tree cover maps; MI – historical map interpretation; PI – photo-interpretation; PIp –

photo-interpretation using paired points through time.
c 4 suburbs had a statistically significant increase in tree cover; one had a non-significant increase, and one had a statistically significant decrease.
d 17 of the 20 analyzed cities had statistically significant declines in tree cover, one city had a statistically significant increase in tree cover.
e 23 states/districts had statistically significant declines in tree cover, 25 states had non-significant decreases or no change in tree cover, and three states showed a

non-significant increase in tree cover.

D.J. Nowak and E.J. Greenfield Urban Forestry & Urban Greening 49 (2020) 126638

2



between images and record them as without change as appropriate.
A trained photo-interpreter classified each point as to whether it fell

on: trees/shrubs (“trees”), grass or herbaceous cover (“grass”), im-
pervious cover (i.e., buildings, roads, other impervious), agricultural
areas (i.e., soil or herbaceous cover in crop areas) or other (i.e., bare
soil, water). A five-percent random sample of points was reinterpreted
by another trained photo-interpreter to check for classification accu-
racy. Overall, the interpreters were in 100 % agreement on the change
estimates and 96 % agreement on cover class designations. This 4 %
disagreement on classes does not mean that there is an absolute 4 %
error as the misclassifications could and often compensate (e.g., some
tree points may be classified as grass, but also grass points are classified
as trees), which would reduce overall misclassification error.
Differences in interpretation could occur due to image quality (atmo-
spheric haze, image darkness) affecting interpretation, mis-registration
of points between original and second interpretation, and/or inter-
preter error in classification or recording from the original interpreter
or quality check interpreter.

2.1. Cover estimates

Within each biome or continent, the percentage of each cover class
(p) was calculated as the number of sample points (x) hitting the cover
attribute divided by the total number of interpretable sample points (n)
within the area of analysis (p = x/n) × 100. The standard error of the
estimate (SE) in cover class j was calculated as SEj = [pj(1-pj)/n]0.5 ×
100 (Lindgren and McElrath, 1969). This method has been used to as-
sess canopy cover in many cities (Nowak and Greenfield, 2012a, Nowak
and Greenfield, 2012b, Nowak and Greenfield, 2018a).

2.2. Changes in tree and other cover

As changes were observed, it is known that cover classes are
changing. However, as a cover class can both gain and lose cover
through time and space, the McNemar test (Sokal and Rohlf, 2003) was
used to determine if the proportion of positive and negative changes are
significantly different from each other (alpha level = 0.05), thereby
indicating a statistically significant net change. This process of change
detection for urban tree cover was originally developed in Nowak and
Greenfield, 2012a, but has been used in subsequent analyses (e.g.,
Kaspar et al., 2017; Roman et al., 2017; Nowak and Greenfield, 2018a).
As the overall time frame of change in cover varied among locations,
change in percent cover was annualized for comparative purposes

among areas.
To determine overall global urban tree cover and tree cover change,

the tree cover estimates for each continent were weighted by the urban
area in each continent. To determine if the net change was statistically
significant among all urban areas globally, the 95 % confidence interval
around the global change estimate was calculated. If the 95 % con-
fidence interval (SE * 1.96) around the change variable did not contain
zero, the change estimate was statistically significant at alpha 0.05. The
95 % confidence interval was calculated by weighting the variance of
each continent change estimate by the square of the urban area in each
continent. For contrasting differences in cover classes among con-
tinents, a 95 % confidence interval comparison was used.

2.3. Urban population change

The human population within the delimited urban area was esti-
mated using 30 arc (approximately 1 km at the equator) resolution
population data for 2012 and 2017 (WorldPop and CIESIN, 2018). Total
population density and change in density was calculated for urban areas
in each continent. Spearman correlation (alpha = 0.05) was used to
test for associations between population density change and tree /
impervious cover changes among continents and for associations be-
tween population density and tree / impervious cover.

3. Results

3.1. Tree and impervious cover

Among the continents, tree cover (c. 2017) in urban areas (c. 2010)
varied from 19.9 % in Africa to 31.1 % in North America; impervious
cover varied from 19.6 % in Europe to 35.8 % in South America. Europe
and North America had statistically greater urban tree cover than
Africa, Asia, and South America (Fig. 2, Table 2). Urban tree cover in
forest biomes averaged 30.4 %, which was significantly greater than in
grassland biomes (18.2 %), which was significantly greater than in
deserts (12.0 %) (Table 3). Average global urban tree cover was 26.5 %,
while urban impervious cover averaged 25.9 % (Fig. 2, Table 2). Urban
tree cover had a non-significant negative correlation with population
density (r = −0.77), while urban impervious cover had a non-sig-
nificant positive correlation with population density (r = 0.49).

Fig. 1. Biome classifications among continents (Bailey, 1995; Olson and Dinerstein, 2002; Nature Conservancy, 2018).
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3.2. Urban land and population

Urban land area was greatest in Asia, followed by Europe, North
America, Africa, South America, and Oceania. Total urban land
amounts to 106 million ha or 0.72 % of the land area in these con-
tinents. Europe had the highest percent urban land, followed by Asia,
North America, South America, Africa, and Oceania (Table 4).

Forest biomes had the highest percent urban land (1.3 %), followed
by grassland (0.43 %), deserts (0.39 %), and rock/ice/tundra (0.002
%). Most urban land (75 %) is found in forested biomes, followed by
grasslands (14 %), deserts (11 %), and rock/ice/tundra (0.003 %).
Europe had the highest proportion of its urban land in forested biomes,
followed by Oceania, North America, Asia, South America, and Africa
(Table 4).

3.3. Urban tree and impervious cover change

The world’s urban tree cover had a slight but statistically significant
decline (−0.2 %) between c. 2012 and 2017. All continents exhibited a
decline in tree cover, except for Europe, which exhibited 0.3 % in-
crease. Only Africa had a statistically significant decline in tree cover.
Globally, urban impervious cover increased significantly from 24.3 % to
25.9 % between c. 2012 and 2017. All continents exhibited statistically
significant increases in impervious cover except for Europe and North
America, which exhibited a non-significant increase. Grass, agriculture
and other land cover types exhibited statistically significant declines
globally (Table 2; Supplemental Table 1). All biomes exhibited a non-
statistically significant decline in tree cover (range: −0.6 % to −0.2 %)
and statistically significant increases in impervious cover (range: 1.4
%–2.8 %) (Table 3).

Urban tree cover change had a non-significant negative correlation
with population density change (r = −0.37), while urban impervious
cover change had a non-significant positive correlation with population
density change (r = 0.66). The greatest urban population density in-
creases occurred in Africa, South America and Asia (Table 5). Urban
population density increases were greatest in desert biomes (265
people/km2; 11.3 %), followed by grasslands (225 people/km2; 11.3
%), and forests (180 people/km2; 7.3 %).

4. Discussion

The global pattern of higher urban tree cover in forested regions
(30.4 %) vs. grassland regions (18.2 %) vs. desert regions (12.0 %) is

comparable to findings of urban tree cover across the United States:
forest = 31 %; grassland = 19 %; desert = 10 % (Nowak et al., 1996).
Along with biome effects, tree cover is also affected by population
density. Studies have shown that percent green space in Europe (Fuller
and Gaston, 2009) and Asia (Richards et al., 2017) declines with in-
creasing human population density. Percent tree cover in the United
States also declines within increasing population density (Nowak et al.,
1996; Nowak and Greenfield, 2012b).

A dominant factor affecting the amount of local tree cover is the
local environment as forested regions typically have ample precipita-
tion and seed sources to sustain forest cover. While tree planting plays a
role in the amount of local urban tree cover, natural regeneration is
likely a strong force in establishing new trees, particularly in forested
regions worldwide. In the U.S. and Canada, natural regeneration ac-
counts for about 2/3 of the urban forest population (Nowak, 2012). In
forested regions, vacant or unmanaged lands will tend to regenerate
with trees and increase tree cover. In drier grasslands and deserts, these
unmanaged lands will often not readily regenerate with trees, and will
tend to have lower tree cover unless tree planting and watering pro-
grams are established to enhance tree cover (e.g., Nowak, 2012; Nowak
and Greenfield, 2012b). The percentage of the tree population planted
was greater in cities developed in grassland areas as compared to cities
developed in forests and tended to increase with increased population
density and percent impervious cover in cities. The proportion of trees
planted also tended to increase on more human-dominated land uses
(e.g., residential and commercial/industrial).

Various actions tend to restrict tree establishment (e.g., impervious
surfaces, mowing, agriculture). Increases in impervious cover, which
increases with population density (Nowak and Greenfield, 2012b), tend
to lower tree cover in heavily populated areas. These actions, in con-
junction with the local environment, lead to varying amounts and
patterns of tree cover. Thus the mix of land uses (managed and un-
managed), population density and interactions with the local environ-
ment all affect local tree cover amounts. In addition, financial resources
dedicated to management can affect local tree cover amounts. Land
managers can work with local natural regeneration tendencies and tree
planting efforts to establish tree cover levels appropriate to their local
conditions and desires.

As most urban land globally is within forested regions, most cities
will have the opportunity to use natural regeneration to help sustain
tree cover. However, urban tree cover is constantly changing as a
consequence of many natural (e.g., regeneration, growth, storms) and
anthropogenic (e.g., development, planting, tree removal) forces. These

Fig. 2. Tree and impervious cover (c. 2017) in urban areas (c. 2010), with 95 % confidence intervals, by continent.
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forces change through time, but it is evident that within already es-
tablished urban areas that development is increasing impervious cover.
This new impervious cover may not necessarily reduce tree cover (e.g.,
new impervious cover on previously grass area), but it will limit the
potential for future natural regeneration.

Globally, impervious surfaces are increasing at a rate of 326,000 ha
per year (0.3 % per year) while tree cover is decreasing at about 40,000
ha per year (0.04 % per year). Global urban tree cover loss is relatively
small, with changes varying at the local scale and some areas showing
net urban tree cover increases. A previous study with a similar time
period found that tree cover losses in the United States to be 0.2 %
annually, a rate 5 times higher than the global average (Nowak and
Greenfield, 2018a). Tree cover change in U.S. cities has also been
shown to vary from −2.5 % per year (New Orleans, LA; impact of
hurricane Katrina) to +0.2 % per year (Syracuse, NY), with 17 of the 20
analyzed cities exhibiting statistically significant declines in tree cover
(Nowak and Greenfield, 2012a). The gain in tree cover in Syracuse was
mainly due to natural regeneration (Nowak, 2012; Nowak and
Greenfield, 2012a; Nowak et al., 2016).

While this study focused on net changes, it is important to note that
cover classes are constantly swapping. Most of the urban tree cover
losses converted to either grass (51 % of loss) or impervious cover (32
%), while most of the tree cover gains came from grass covered areas
(65 %). Most of the impervious cover gains came from previously grass
(47 %) or treed (23 %) areas. In most continents, urban impervious
cover is greater than tree cover. However, at the global scale, urban
impervious cover (25.9 %) is slightly less than urban tree cover (26.5
%). As tree cover is declining and impervious increasing, urban im-
pervious cover will likely be a more dominant cover type than trees
globally by 2020. As trees can cover impervious surfaces, the im-
pervious cover estimates are conservative.

This paper only addressed cover changes within existing urban
areas. However, urban areas will expand through time and likely in-
crease overall tree cover in urban areas as urbanization expands and
includes former rural trees. Globally, urban land is projected to nearly
triple in area between 2000 and 2030 (Seto et al., 2012). As urban areas
and populations expand in the coming years, management of urban
forests will become increasingly more essential to sustaining the health

Table 2
Change in cover classes in urban areas between c. 2012-2017 by continent and worldwide.

2012 2017 Diff.c p-value Ann. n

Areaa Area Diffb Cover % SE % SE Diff.d

AF EU,NA Tree 21.5 1.3 19.9 1.3 −1.5* 0.0039 −0.31 993
NA,OC,SA Impervious 19.5 1.3 21.7 1.3 2.1* < 0.0001 0.43
AS,EU,NA,OC,SA Grass 41.2 1.6 40.9 1.6 −0.3 0.5900 −0.06
AS,EU,NA,OC,SA Agriculture 13.0 1.1 13.1 1.1 0.1 0.7815 0.02

Other 4.8 0.7 4.4 0.7 −0.4* 0.0455 −0.08
AS EU,NA Tree 24.3 1.0 24.2 1.0 −0.1 0.8927 −0.01 2,016

EU,NA,OC,SA Impervious 23.6 0.9 26.0 1.0 2.4* < 0.0001 0.48
AF, OC Grass 27.4 1.0 26.4 1.0 −1.0* 0.0272 −0.20
AF,NA,OC,SA Agriculture 18.9 0.9 18.1 0.9 −0.8* 0.0052 −0.17

Other 5.8 0.5 5.3 0.5 −0.5 0.1048 −0.10
EUe AF,AS,SA Tree 29.7 1.2 30.0 1.2 0.3 0.4795 0.05 1,373

AS,NA,OC,SA Impervious 19.3 1.1 19.6 1.1 0.3 0.2850 0.05
AF,OC Grass 26.8 1.2 26.7 1.2 −0.1 0.8788 −0.01
AF,NA,OC,SA Agriculture 20.2 1.1 19.6 1.1 −0.6* 0.0209 −0.11

Other 4.0 0.5 4.1 0.5 0.1 0.7389 0.01
NA AF,AS,OC,SA Tree 31.7 1.5 31.1 1.5 −0.6 0.2207 −0.12 995

AF,AS,EU Impervious 33.1 1.5 33.8 1.5 0.7 0.0707 0.14
AF,OC Grass 26.7 1.4 26.5 1.4 −0.2 0.7055 −0.04
AF,AS,EU,SA Agriculture 2.3 0.5 2.3 0.5 0.0 1.0000 0.00

Other 6.2 0.8 6.3 0.8 0.1 0.7055 0.02
OC NA Tree 25.5 1.4 24.9 1.4 −0.5 0.2253 −0.10 990

AF,AS,EU Impervious 29.7 1.5 31.7 1.5 2.0* < 0.0001 0.40
AF,AS,EU,NA Grass 34.6 1.5 32.9 1.5 −1.7* 0.0016 −0.34
AF,AS,EU,SA Agriculture 4.1 0.6 4.2 0.6 0.1 0.3173 0.02

Other 6.1 0.8 6.2 0.8 0.1 0.6547 0.02
SA EU,NA Tree 21.9 1.3 21.5 1.3 −0.4 0.4652 −0.08 974

AF,AS,EU Impervious 32.4 1.5 35.8 1.5 3.4* < 0.0001 0.68
AF Grass 29.4 1.5 27.7 1.4 −1.6* 0.0237 −0.33
AS,EU,NA,OC,SA Agriculture 10.1 1.0 9.0 0.9 −1.0* 0.0016 −0.21

Other 6.3 0.8 6.0 0.8 −0.3 0.3657 −0.06
World Tree 26.7 0.6 26.5 0.6 −0.2* na −0.04 7,341

Impervious 24.3 0.6 25.9 0.6 1.6* na 0.31
Grass 28.3 0.6 27.7 0.6 −0.6* na −0.12
Agriculture 15.4 0.5 14.8 0.5 −0.6* na −0.10
Other 5.3 0.3 5.1 0.3 −0.2* na −0.04

n = sample size.
na – not analyzed as McNemar test was not performed due to weighting of continental urban areas (confidence internal analysis was performed to determine
statistical significance).
Tree – tree/shrub, Impervious – buildings, roads and other impervious cover, Grass – grass/herbaceous, Agriculture: grass or soil areas used for agriculture, Other –
bare soil and water.

a Area of analysis: world or continents: AF = Africa, AS = Asia, EU = Europe, NA = North America, OC = Oceania, SA = South America.
b Letters indicate which continent that the 2017 cover class is statistically different from based 95 % confidence interval comparisons.
c Net difference between c. 2012 and 2017.
d Annualized difference between c. 2012 and 2017.
e Average starting year in Europe was c. 2011.
* Statistically significant change in cover class at α = 0.05.
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and well-being of urban residents and local environments.
While overall urban tree cover (i.e., hectares of cover) will likely

increase as urban areas expand, more research is needed as to how
percent tree cover will change within urban areas due to urban

expansion. Monitoring of urban forests globally is also needed to better
understand not only how tree cover is changing, but also tree compo-
sition and health. More consistent classifications of urban land globally
would also help with classifying and monitoring urban forests. Global
estimates of urban land vary from 276,000 km2 to 3.5 million km2

based on assessment methods (Schneider et al., 2009).
It is clear from this assessment that impervious cover is increasing

globally within urban areas, but changes in tree cover are varied,
trending downward overall. These changes will alter environmental
conditions within cities. Impervious surfaces provide essential services
related to sustaining urban functions (e.g., transportation, housing) and
higher population densities in cities. However, the loss of leaf area and
expansion of impervious surfaces can lead to increased air temperatures
(Oke, 1989; Akbari et al., 2001) and storm water runoff (National
Research Council, 2008). The pattern of decreasing tree cover and in-
creasing impervious surfaces indicate a synergistic pattern of loss of
environmental benefits (e.g., air temperature cooling and air pollution
removal by trees) and increased environmental issues (e.g., increased
air temperatures, air and water pollution, thermal stress, energy use,
and runoff). These changes can affect human health and well-being, as
well as infrastructure management costs.

5. Conclusion

Urban trees provide numerous benefits to society, but the amount of
tree cover in cities varies globally based on local environmental con-
ditions, development patterns and management / policies related to
sustaining tree cover. In Europe, urban tree cover is trending upward,
while tree cover is trending downward in the rest of the world. Overall
tree cover change globally has exhibited a slight, statistically significant
decline. In contrast, impervious surfaces are on the rise in urban areas
across the world with an average increase in impervious surfaces about
eight times greater than the average loss in tree cover.

As human populations increase, so will urban development pres-
sures. These pressures can alter tree and impervious cover within urban
and urbanizing areas, and their associated environmental benefits and
costs. Local policies related to urban development, conservation of the
natural environments and enhancing tree planting and/or regeneration

Table 3
Change in cover classes in urban areas between c. 2012-2017 by biome type.

2012 2017 Diff.b p-value Ann. n

Biome Area Diffa Cover % SE % SE Diff.c

Desert For, Grs Tree 12.6 1.5 12.0 1.4 −0.6 0.2568 −0.11 509
Impervious 20.8 1.8 23.6 1.9 2.8* 0.0010 0.54

For Grass 40.3 2.2 38.7 2.2 −1.6* 0.0455 −0.31
For, Grs Agriculture 19.4 1.8 19.1 1.7 −0.4 0.4142 −0.08

Other 6.9 1.1 6.7 1.1 −0.2 0.7055 −0.04
Forest Des, Grs Tree 30.6 0.8 30.4 0.8 −0.2 0.4904 −0.04 3,732

Impervious 25.1 0.7 26.5 0.7 1.4* < 0.0001 0.27
Des, Grs Grass 24.0 0.7 23.6 0.7 −0.4 0.1669 −0.08
Des Agriculture 14.9 0.6 14.3 0.6 −0.6* 0.0014 −0.11

Other 5.4 0.4 5.2 0.4 −0.2 0.2059 −0.04
Grassland Des, For Tree 18.5 1.5 18.2 1.5 −0.3 0.5930 −0.06 672

Impervious 21.6 1.6 23.7 1.6 2.1* 0.0010 0.41
For Grass 40.8 1.9 40.0 1.9 −0.7 0.3173 −0.15
Des Agriculture 12.9 1.3 12.4 1.3 −0.6 0.1025 −0.12

Other 6.3 0.9 5.8 0.9 −0.4 0.3657 −0.09

n = sample size.
Tree – tree/shrub, Impervious – buildings, roads and other impervious cover, Grass – grass/herbaceous, Agriculture: grass or soil areas used for agriculture, Other –
bare soil and water.

a Letters indicate which biome that the 2017 cover class is statistically different from based 95 % confidence interval comparisons (Des - desert, For – forest, Grs -
grassland).

b Net difference between c. 2012 and 2017.
c Annualized difference between c. 2012 and 2017.
* Statistically significant change in cover class at α = 0.05.

Table 4
Summary of urban land and population by continent.

Urban Land Urban Population

Continent %a (ha x106) %GlobUrbb %Forc Total (x106)d Densitye

Europe 2.87 29.7 28 91 333 1,171
Asia 0.98 43.7 41 72 1,484 3,376
North America 0.74 18.0 17 78 309 1,717
South America 0.35 6.2 6 48 265 4,354
Africa 0.24 7.3 7 44 301 4,196
Oceania 0.18 1.4 1 81 18 1,302
World 0.72 106.3 100 75 2,711 2,580

a Percent of continent classified as urban.
b Percent of global urban land within continent.
c Percent of urban land in forest biome.
d Total population in 2017.
e People/km2 (2017).

Table 5
Cover and population density changes (2012–2017) by continent.

Tree Impervious Population

Continent %a Chgb %a Chgb DenChgc DenChg%d

North America 31.1 −0.6 33.8 0.7 91 5.6
Europe 30.0 0.3 19.6 0.3 26 2.2
Oceania 24.9 −0.5 31.7 2.0* 7 0.6
Asia 24.2 −0.1 26.0 2.4* 274 8.8
South America 21.5 −0.4 35.8 3.4* 324 8.0
Africa 19.9 −1.5* 21.7 2.1* 573 15.8
World 26.5 −0.2* 25.9 1.6* 195 8.2

a Percent cover in 2017.
b Change in percent cover.
c Change in population density (#/km2).
d Percent change in population density.
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can guide future landscapes to desirable societal outcomes. Continued
and expanded monitoring of global changes within cities, particularly
ground-based monitoring that can capture details on changes in tree
species, health and densities, will be important for setting policies and
actions to sustain human health and well-being in these areas where an
increasing majority of the world’s population lives.
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