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A B S T R A C T

Trees offset many challenges endemic to developed areas, like the urban heat island effect and stormwater 
runoff. Research has shown that urban areas are racially segregated, and there are broad inequities in the dis
tribution of trees; minoritized neighborhoods have less tree canopy (“canopy”). Most research focuses within 
major city boundaries, while the majority of Americans live in the broader metropolitan region in suburban or 
exurban communities. While suburbs and exurbs are growing faster than cities and becoming more demo
graphically diverse, little is known about metropolitan canopy equity. This research focused on the seven-county 
Chicago metropolitan region, which spans from highly urban to agricultural lands with economically and racially 
diverse suburbs in between. We separated the region into urban, old suburban, new suburban, and exurban 
groups, and found that racial segregation varied across the groups as did the extent to which socioeconomic and 
ecological characteristics correlated with canopy cover. Canopy inequity was lower in exurban and urban areas 
and highest in the suburbs. We also found that the distribution of canopy in urban areas was mostly explained by 
housing density and racial and ethnic makeup, while historic land cover and housing age explained more in 
suburban and exurban areas. Understanding the factors that drive variation in canopy cover across the wide 
spectrum of community types commonly found in metropolitan regions may assist in drafting effective strategies 
to increase canopy equity.

1. Introduction

Trees are critical infrastructure in cities; they reduce the urban heat 
island effect and stormwater runoff (Livesley et al., 2016; Ziter et al., 
2019). People who live near trees tend to have better physical health, 
and walking in areas with trees reduces stress and improves impulse 
control (Wolf et al., 2020). The benefits that trees provide are particu
larly needed in minoritized communities, which are often hotter 
(Hoffman et al., 2020), more prone to flooding (Faber, 2015), and res
idents who live in these areas are more likely to have heart disease and 
report poorer mental health (Swope et al., 2022). In North American 
cities, wealthier, Whiter communities tend to have more tree canopy 
cover (“canopy”) than minoritized ones, meaning that the 

neighborhoods that would benefit most from tree-related ecosystem 
services have the least access to them (Gerrish and Watkins, 2018; 
Watkins and Gerrish, 2018). The bulk of the research quantifying can
opy inequity and its causes has been conducted in core urban areas (e.g., 
Hoffman et al., 2020; Locke et al., 2021). However, nearly 
three-quarters of Americans live in suburban and exurban areas (Grant 
et al., 2013), and these numbers are expected to increase (White et al., 
2009). There is currently a dearth of knowledge about whether can
opy inequity exists in suburban and exurban areas of the United States, 
and the factors that explain the spatial distribution of canopy cover 
across broader metropolitan regions. The need to expand our knowledge 
of social-ecological systems beyond the urban core has recently been 
highlighted by Pickett et al. (2026).
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Canopy cover is a commonly used metric to explore relationships 
between trees and social equity, the urban heat island effect, air quality, 
water management, and many other urban phenomena. Canopy can be 
measured in a variety of ways. This includes ground-based methods like 
extrapolating plot measures across a broader region (i-Tree, 2020). 
Satellite remote sensing data also can be used, as demonstrated by the 
30-m annual canopy cover layer created by the US Geological Services 
(Dewitz, 2024). However, the course resolution of this product has been 
demonstrated to underestimate canopy cover in urban areas, where tree 
canopy is more dispersed than in forested ecosystems (Browning and 
Locke, 2020; Smith et al., 2010). High-resolution (usually 1 m or less) 
land cover products are increasingly used to calculate the extent of 
canopy cover. These products are generally produced using 
airplane-based remote sensing incorporating both aerial imagery and 
Light Detection and Ranging (LiDAR). High resolution aerial imagery 
allows modelers to detect green vegetation, and LiDAR is used to 
calculate vegetation height, making it possible to differentiate between 
trees and other vegetation; combining these data allows for nearly 99% 
correct identification of tree canopy (O’Neil-Dunne et al., 2013). Early 
versions of high-resolution tree canopy data layers were laborious, time 
consuming and, therefore, fairly expensive to produce. However, im
provements in the collection of LiDAR data, remote sensing methods, 
and computing power has made it more cost effective to produce these 
data, which are becoming available more often and across more 
metropolitan regions, such as those produced by the Arbor Day 
Foundation (2024).

The current patterns of urban canopy inequity are rooted in the past, 
as trees are long-lived, slow-growing organisms, and their distribution is 
the result of interactions between ecological conditions and sociological 
choices that were made decades ago (Boone et al., 2010; Darling et al., 
2025; Roman et al., 2018). Urban tree canopy cover has been shown to 
be associated with legacies of pre-urban disturbance regimes (natural 
and anthropogenic) and with the underlying edaphic and physiographic 
footprint on which our cities have been built (Roman et al., 2018). Cities 
in the Northeastern United States are in largely forested biomes, and 
they tend to have relatively a high amount of tree canopy (Volin et al., 
2020). In contrast, much of the American Southwest is either desert or 
Mediterranean biomes, where tree canopy was historically sparse, and 
continues to be (Volin et al., 2020). Whereas in the Upper Midwestern 
United States—where prairied and forested ecosystems intersect, the 
distribution of tree canopy was historically spotty, and the distribution 
of tree canopy is currently related to the distribution of forests in the 
pre-colonial era (Darling et al., 2025; Fahey et al., 2012). Across cities, 
the current distribution of tree canopy is related to the ecological past.

Variation in canopy cover within cities is also strongly related to 
human decisions, socio-demographic patterns, and social movements. 
For example, in the United States, Black Americans fled the racism of the 
Jim Crow South in the early 1900s in what is known as the Great 
Migration, but when they arrived in northern cities they were met with 
discrimination through racial covenants that restricted the neighbor
hoods in which they could live (Rothstein, 2017). This de facto segre
gation was codified by the Federal Housing Administration and the 
Homeowner’s Loan Corp (HOLC) in a program that is now colloquially 
known as “redlining”. This program largely denied federal home loans to 
communities of color from 1933 to 1968, and its impacts still exist and 
are observable in those communities. For example, areas that were 
redlined currently have higher temperatures and have less tree canopy 
than other neighborhoods (Hoffman et al., 2020; Locke et al., 2021). 
Canopy inequities are further maintained by a suite of socio-economic 
factors (Logan and Molotch, 2007). Wealthier residents can afford to 
purchase homes in more desirable, tree-filled neighborhoods (Boone 
et al., 2010; Roman et al., 2018). These communities often have more 
connections to political decision makers, are more likely to advocate for 
public investments in their neighborhoods (including parks and street 
trees), and to argue against the siting of industrial infrastructure and 
interstates, which are major drivers of the clearing of trees and 

development of impervious surfaces (Grove et al., 2018; Rothstein, 
2017). Wealthier residents also have the discretionary income to pur
chase trees for their properties (Grove et al., 2014), and may feel pres
sure to landscape their property in the same fashion as their neighbors 
(Locke et al., 2018; Minor et al., 2016). Understanding how this segre
gationist history and contemporary social tendencies have driven can
opy inequities may allow cities to plan for a more equitable future 
(Roman et al., 2018).

While the bulk of research on canopy inequity has focused on urban 
cores (e.g., Gerrish and Watkins, 2018; Watkins and Gerrish, 2018), such 
patterns may extend to suburban and exurban communities, as they 
often have a racial and developmental history that is linked to urban 
centers. Suburban and exurban communities are and have been 
economically and socially linked to the urban core. In the Midwestern 
United States, many suburban communities are nearly as old as urban 
cores, and from the late 1800s to the mid-1900s they were often racially 
and economically diverse (Sies, 2001). The wealthier, Whiter suburbs of 
that era tended to be largely residential, with residents commuting to 
urban areas for work, whereas racially diverse suburbs tended to be 
more industrial or agricultural (Sies, 2001). The population and spatial 
extent of suburbs increased from the 1940s to 1960s, when HOLC loans 
incentivized White families to purchase new homes in these areas 
(Rothstein, 2017). The redlining that guided these loans extended 
beyond city boundaries and included some suburban areas (Nelson and 
Winling, 2023). The trend of wealthy, White suburbanization continued 
into the 1980s and 1990s when the Baby Boomer generation raised its 
children amid a trend of new, large houses and lots (Grant et al., 2013). 
However, considerable diversity existed in suburbs through this era, as 
older, racially-diverse suburbs remained around many cities (Hanlon, 
2008). Currently, suburban communities typically have lower popula
tion density than urban areas, larger homes and lots, and tend to be 
car-centric (Grant et al., 2013). Racial diversity in suburban areas has 
increased in recent decades—fueled by Hispanic and Asian immigration 
(Lichter et al., 2023) as well as by urban out-migration (Behrens and 
Kühl, 2011; Hess, 2021).

Exurban communities lie at the edges of metropolitan regions and 
have lower population densities than urban and suburban areas 
(Theobald, 2005). In the Midwestern United States, they often were 
historically farming communities that sent their products to urban 
centers for broad distribution (Cronon, 1991). In the past several de
cades, these areas have experienced population growth (Lichter et al., 
2023). As interstates and public transportation expanded, people 
began to commute for long distances, lured by the relatively low prices 
of houses on large plots of land (Clark et al., 2009). From 1980 – 2020, 
the exurban area and population grew faster than urban and suburban 
areas (Kotkin, 2022). Again, these communities often started as pre
dominantly White, but have since been diversifying, especially with 
Latino people (Hess, 2021). The diversification of the suburbs and ex
urbs is not happening under the same explicit and codified segregation 
as urban cores, but suburban areas are often still economically inequi
table, with Black and Hispanic communities exhibiting higher levels of 
poverty (Hess, 2021).

This research examined the relationships among canopy distribution 
and socio-demographics, development, and ecology, across urban, old 
suburban, new suburban, and exurban parts of the Chicago metropolitan 
region. We examined relationships among sociodemographic variables 
and tree canopy cover across four development groups, and further 
explored what factors were more likely to be related to canopy cover 
across these same groups. We hypothesized that: 1) segregation and 
canopy inequity would exist across urban, suburban, and exurban 
groups, and 2) that different sociological, ecological, and developmental 
factors would contribute to canopy distribution across the development 
groups. Our research was focused on the seven-county Chicago region, 
which spans urban core to agricultural lands that include economically 
and racially diverse suburbs in between. This metropolitan region is 
ideal for this research because it is racially diverse; contains urban, 
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suburban, and exurban areas; has previously been found to have ineq
uitable canopy distribution (Fan et al., 2019); and is currently engaging 
in regional efforts to increase canopy equity (Scott, 2018).

2. Data and methods

2.1. Study area

The seven-county Chicago metropolitan region centers around the 
City of Chicago (population 2.7 million), the third most populous city in 
the United States. The region contains 284 municipalities and 8.9 
million people (US Census Bureau, 2020). The Chicago region lies at the 
nexus of the tall grass prairies and the eastern deciduous forests. Before 
Euro-American colonization, it was the homeland of the Council of the 
Three Fires, which included the Potawatomi, Ojibwe, and Odawa tribes 
(Lands, 2023). These tribes actively managed the land and used fire to 
encourage the growth of species that were important to them (Pyne, 
1982). Under their management the region was mostly prairie (Fig. 1). 
Forested areas were more common in the northern parts of the region 

and in areas that were protected from fire breaks like rivers (Bowles and 
McBride, 2002). The distribution of precolonial forests has influenced 
current conditions, as historically forested areas currently have more 
tree canopy (Darling et al., 2025; Fahey et al., 2012).

The City of Chicago was founded in 1835 (State of Illinois, 2012). At 
that time, its boundaries contained just 2600 ha. Over the past 180 
years, it expanded and annexed other towns and reached its current size 
of 60,740 ha in 1956 when it annexed the land that made O’Hare In
ternational Airport (Cronon, 1991). Some suburbs were established soon 
after Chicago, for example, the City of Blue Island in 1843, and the City 
of Evanston was founded in 1857 (State of Illinois, 2012). These suburbs 
had their own cultures, residences, businesses, and jobs, but they were 
inextricably linked to Chicago. They produced goods that were sold in 
Chicago and, for the wealthiest Chicagoans, served as refuges away from 
the sewage and disease that was endemic in Chicago in that era (Cronon, 
1991). In the early 1900s, many industrial neighborhoods south of 
Chicago were primarily inhabited by foreign-born populations and 
communities of color. Over the past century, many industries in these 
neighborhoods closed, but the suburbs remained connected to Chicago, 

Fig. 1. The seven-county Chicago region, including notable suburban and exurban municipalities (a). The region is located in the Midwestern United States (b). Its 
tree canopy cover by census block group is shown in (c) and the distribution of precolonial ecosystems in (d).
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with residents commuting into the city for work and entertainment. 
Exurban communities have also long been linked to Chicago. In the 
1800s, these communities were largely agricultural, and they used the 
newly built rail lines to ship their harvests into the Chicago markets 
where they could be moved across the country (Cronon, 1991), as 
exemplified by Elgin (established 1854) and Harvard (established 1867) 
(State of Illinois, 2012). Improvements to interstates and public trans
portation have allowed residents to live further from Chicago but still 
regularly commute into the city. This has resulted in an increasing 
population size of the suburbs and exurbs; a trend which is expected to 
continue (CMAP, 2024). Both Elgin and Harvard lay at the terminus of 
commuter rail lines.

2.2. Data preparation

All data preparation and analyses were completed using the R sta
tistical language version 4.2.2 (R Core Team, 2023). Data and code used 
in this analysis is publicly available (Darling, 2026). Block group-scale 
census data from the 2017 5-year American Community Survey were 
accessed using the TidyCensus package (Walker and Herman, 2021). 
Block groups are the finest scale at which many socio-demographic 
characteristics are aggregated in the US census. They are drawn to 
contain 600 – 3000 people; their spatial size is variable. We selected 
socio-demographic variables that had previously been found to be 
associated with canopy cover, including: race and ethnicity (specifically, 
percent of the population that is non-Hispanic White, non-Hispanic 
Black, and Hispanic) (Watkins and Gerrish, 2018), median household 
income (Gerrish and Watkins, 2018), housing density (Grove et al., 
2014), the average year that houses were built (Grove et al., 2006), 
and educational attainment (the percent of population with a bachelor’s 
degree or beyond for the population that was aged 25 years or older) 
(Schwarz et al., 2015). We used US Department of Commerce Census 
Bureau definitions for race and ethnicity, where race and ethnicity are 
considered as separate entities. Ethnicity refers to a person’s origin, and 
the US Census only includes Hispanic and non-Hispanic values. The 
Census includes estimates for many racial values beyond White and 
Black, including, Asian, American Indian, Pacific Islander, Native 
American, and others. Nearly half of the Chicago region is not munici
pally incorporated, and this may explain patterns of land use and canopy 
distribution (Fig. 1). We calculated the percentage of each block group 
that was within municipal boundaries to help differentiate between 
suburban and exurban areas (Nelson, 1992).

The contemporary condition of forests in the Chicago region is 
related to precolonial ecosystem types, and areas that were forested 
prior to colonization still have more tree canopy (Fahey et al., 2012). 
Accordingly, we also calculated the percentage of each block group that 
was covered by woodlands in the 1830s as identified by McBride and 
Halsey (2015). They mapped the extent of precolonial ecosystem types 
(like woodlands, prairies and wetlands) by georeferencing hand-drawn 
maps from the Pre-Settlement Land Survey. This survey was originally 
conducted with the stated purpose of allowing colonists to identify plats 
of land to settle. Finally, we used a 2017 high-resolution land cover layer 
to quantify the percentage of each block group covered by tree canopy in 
the contemporary era (Morton Arboretum, 2023). This layer was created 
by the University of Vermont’s Spatial Analysis Lab using an 
object-based classification of leaf-off LiDAR and leaf-on aerial imagery, 
both collected in 2017 (O’Neil-Dunne et al., 2013). The layer has a 
1-foot resolution, and these methods have been found to be 99% accu
rate at identifying tree canopy (O’Neil-Dunne et al., 2013). The area of 
canopy coverage within each block group was calculated using the 
tabulate area function in ArcGIS Pro (ESRI, 2022), which was then 
divided by the area of the block group to get percent canopy coverage. 
All variables and sources are further described in supplemental Table 1.

2.3. Cluster analysis

To analyze trends across the urban to exurban gradient, we assigned 
each census block group to one of four categories: urban, new suburban, 
old suburban, and exurban. To do this, block groups within the City of 
Chicago were first categorized as urban. While some areas in Chicago 
are less developed, considering the entire city as urban improves the 
interpretation of the results and recommendations for management, and 
is consistent with literature (Hess, 2021). Then, the other groups were 
identified using two iterations of a spatially constrained clustering 
method leveraged to regionalize geographic areas by building a Mini
mum Spanning Tree from spatial neighbors and removing edges (to 
minimize intra-cluster sum of squared deviations) (Hess, 2021). It re
quires spatially continuous polygons without gaps. This operation was 
completed using Spatial “K”luster Analysis by Tree Edge Removal 
(skater) from the package spdep (Bivand et al., 2017). For clustering 
operations, we used Queen contiguity (where units can be clustered with 
other units that touch them on sides and vertices) and Euclidean dis
tance. Exurban and suburban areas were differentiated using the attri
butes of housing density and the percent area of the block group that was 
municipally incorporated. The cutoffs used to differentiate groups were 
designated by identifying natural breaks in the data after clustering. 
While the goal was to differentiate two groups (suburban and exurban), 
it was necessary to use more groups in the analysis as the groups were 
not contiguous. We ran the model with ten groups, which was chosen by 
increasing the number of groups until the output was reasonable and 
interpretable by regional experts. After clustering, groups were reas
signed to the exurban category if the housing density was less than two 
houses per hectare and suburban if it was greater. Then, new and old 
suburbs were differentiated from each other by running the same clus
tering analysis but using the median year that houses were built. The ten 
clusters were again reassigned into new and old suburbs, with the cut off 
being the median year that houses were built in the region (1967).

2.4. Statistical analyses

Before any statistical analyses, we filtered the data to remove block 
groups with no people (n = 187), as well as one block group that was an 
outlier with high population density (5485 people/ha), leaving 5691 
block groups in the analysis. We quantified racial segregation across the 
urbanization categories using Theil’s entropy (also known as the H 
index) in the segregation package (Elbers, 2023). Theil’s entropy is a 
global measure that identifies segregation across multiple groups; in this 
study we included the number of non-Hispanic Black, non-Hispanic 
White, and Hispanic residents. H can range from zero to one, with an 
area that is completely integrated having a zero value and a totally 
segregated area equaling one. Then, we examined the relationships 
between tree canopy, income, race, education, and precolonial forests 
using a correlation matrix. To simplify interpretation, we only used a 
subset of our socio-demographic variables. Some of these variables had a 
non-normal distribution, and several of the relationships were not 
linear. To account for non-normal, non-linear data, we used generalized 
additive models (GAM) (Wickham, 2016). We tested various numbers 
and types of splines, and found that using four cubic splines had the 
lowest AIC.

Socio-demographic and environmental factors in North American 
cities (and Chicago specifically (Lyall et al., 2025)) are not independent. 
For example, income, race, and education often covary, which can make 
simple regressions misleading. Further, these relationships are not 
necessarily linear. The GAM regressions showed that both collinearity 
and nonlinearity were present in our dataset. To account for this, we 
used the random forest machine learning algorithm to explore re
lationships between socio-demographic variables and canopy abun
dance with the randomForest package (Liaw and Wiener, 2002). 
Random forest is an ensemble-of-trees machine learning algorithm and 
can be used for both regressions and classification (Breiman, 2001; Ho, 
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1995). Random forest algorithm was ideal for this analysis as it is 
insensitive to non-normal data distribution, outliers, and collinear var
iables (Cammarota and Pinto, 2021). Additionally, unlike many other 
machine learning algorithms, the results generated by a random forest 
algorithm are interpretable, which allows for the exploration of factors 
that relate to the distribution of tree canopy (Lyall et al., 2025). We built 
500 trees for each random forest model and used six variables at each 
node. These parameters were selected as the resulting models explained 
the highest variance. We validated model results by comparing the 
predicted and actual values and calculating the root mean square error 
(RMSE) and R2 of these values. We visualized the importance of vari
ables with Variable Importance Plots (VIP) from the vip package 
(Greenwell and Boehmke, 2020). VIPs show the relative reduction in 
model out-of-sample accuracy if a given variable were removed. We 
scaled all VIPs so that the most highly ranked variable was 100 and the 
least important variable equaled zero. We also displayed the partial 
relationships between the four most important variables and canopy 
cover using Partial Dependence Plots (PDP) from the pdp package 
(Greenwell and Boehmke, 2020). PDPs for each variable are plotted by 
keeping all other covariates at their actual observed values, then aver
aging the model predictions at the fixed values.

3. Results

3.1. Cluster analysis

The cluster analysis showed that the exurban block groups (identi
fied by low population density and areas that were not municipally 
incorporated) were predominantly located farthest away from the urban 
City of Chicago (Fig. 2). Cook County, which contains Chicago, had very 
few exurban block groups, and contained the majority of the old sub
urban ones. Other, non-contiguous old suburbs were present in Lake, 
Kane, and Will Counties. New suburbs formed a ring around Chicago, 
and made up the majority of Lake and DuPage Counties. New suburbs 
had the highest number of block groups (2323) followed by urban areas 
(2085) (Table 1). Old suburbs made up the least land area (62,029 ha), 
followed by urban (62,955 ha). While exurban areas made up the most 
land area (489,988 ha), they (by definition) had very low housing 
density (2 houses/ha) and consequently the fewest people overall lived 
in these areas.

3.2. Socio-demographic makeup

Socio-demographic, housing, and canopy characteristics varied 

across the urban to exurban groups, and differences across classes were 
statistically significant for each variable (Table 1). Urban block groups 
were the most racially and ethnically diverse, with the population nearly 
evenly divided among non-Hispanic White, non-Hispanic Black, and 
Hispanic. Percent non-Hispanic White population increased across old to 
new suburbs, and was the highest in the exurbs. Exurbs also had the 
lowest percentages of non-Hispanic Blacks and Hispanics, as well as the 
lowest poverty rates and percentage of residents with a bachelor's de
gree, and also had the highest income. Houses were older in urban areas 
and were progressively newer across old suburbs, new suburbs, and 
exurban areas. New suburbs had the highest percentage of White resi
dents and percentage of residents with bachelors’ degrees. Current 
canopy cover was the highest in suburban block groups; exurban block 
groups had substantially more forest cover in the 1830s.

3.3. Segregation

Thiel’s H index for the overall Chicago region was 0.47, which is 
generally considered moderately segregated (Elbers, 2023). Segregation 
varied across the region, with the urban areas exhibiting the highest 
segregation (H = 0.55), followed by old suburbs (H = 0.40) and new 
suburbs (H = 0.38). Exurban areas had the lowest entropy value (H =
0.21).

3.4. GAM associations

Socioeconomic variables that are frequently related to canopy 
inequity in the broader literature (median income, race, and education) 
(Gerrish and Watkins, 2018; Schwarz et al., 2015; Watkins and Gerrish, 
2018), were positively and significantly correlated with canopy cover Fig. 2. The seven-county Chicago region divided into four block group types.

Table 1 
The mean ± standard deviation of census block-scale data across urban, new 
suburban, old suburban, and exurban block groups, with large standard de
viations suggesting large intra-group variation.

Variables Overall 
N = 5691

Exurban 
N = 291

New 
suburb 
N = 2323

Old 
suburb 
N = 992

Urban 
N = 2085

Socio-economic ​ ​ ​ ​ ​
Percent non- 

Hispanic 
White

50% ±
33%

82% ±
17%

61% ±
28%

53% ±
29%

32% ±
31%

Percent non- 
Hispanic 
Black

20% ±
32%

3% ±
8%

13% ±
24%

11% ±
19%

34% ±
40%

Percent Hispanic 22% ±
26%

11% ±
13%

17% ±
20%

28% ±
28%

27% ±
30%

Percent with 
bachelor’s 
degree

36% ±
24%

32% ±
16%

39% ±
21%

37% ±
26%

34% ±
26%

Median 
household 
income

$73 K ±
$39 K

$86 K ±
$33 K

$83 K ±
$38 K

$78 K ±
$43 K

$57 K ±
$32 K

Percent owner- 
occupied 
homes

45% ±
29%

72% ±
18%

57% ±
26%

52% ±
26%

25% ±
23%

Developmental ​ ​ ​ ​ ​
Median year 

housing built
1962 
± 19

1982 
± 15

1975 
± 14

1953 
± 12

1949 
± 14

Households per 
hectare

20 ± 38 2 ± 2 7 ± 6 13 ± 10 41 ± 56

Environmental ​ ​ ​ ​ ​
Percent 

coverage of 
precolonial 
forests

22% ±
35%

45% ±
34%

22% ±
34%

28% ±
40%

15% ±
30%

Percent canopy 
cover in 2017

26% ±
11%

26% ±
13%

29% ±
11%

28% ±
12%

21% ±
7%

Each variable was significantly different (p < 0.001) across the neighborhood 
types as demonstrated by a one-way ANOVA test.
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across the entire Chicago region and across urbanization classes, with 
the exception of percent non-Hispanic White and median income in 
exurban block groups (Fig. 3, bottom row). Overall, educational 
attainment had the strongest correlation with canopy cover. (Pearson’s 
correlation: 0.718, p < 0.001). The strength of the relationships be
tween socio-demographic variables and canopy was strongest in the old 
suburban block groups, followed by new suburbs, and weakest in the 
exurbs. In urban areas, patterns were significant but much lower Pear
son’s correlation coefficient values than in suburban areas. The 
socio-demographic variables were also strongly correlated with each 
other. In all neighborhood types, census block groups with a higher 
percentage of non-Hispanic White residents also tended to have higher 
percentages of residents with a bachelor’s degree as well as higher 
median income. These positive correlations flat-lined above the median 
income of $125,000 which indicates that the relationship is weaker at 
the high end, but this may be in part due to very few block groups having 
a higher income; uncertainty increases sharply above that value.

The density plots (diagonal of Fig. 3) also illustrated differences in 
the socio-demographics and canopy cover across the neighborhood 

types. For example, there are a large number of census block groups 
whose residents are almost all non-Hispanic White in exurban areas, 
while urban neighborhoods have many block groups with few non- 
Hispanic White residents. There is considerable variation in percent 
canopy cover in suburban and exurban block groups, as shown by the 
broad density curves, but most urban block groups cluster around 20% 
canopy cover. Fig. 3 only included variables that have been found to 
consistently correlate with canopy cover for ease of display and inter
pretation. However, other variables that were used in the random forest 
analysis also had impacts on canopy cover and covaried with each other. 
A correlation matrix of all variables is included in Supplemental 
Figure 1.

The extent of forests in the precolonial era (1830 forest %) was 
positively correlated with current canopy cover across the region 
collectively, as well as in each block group type. The relationship was 
the strongest in exurban areas (Pearson’s coefficient = 0.579, 
p < 0.001) and weakest in urban areas (Pearson’s coefficient = 0.226, 
p < 0.001). However, relationships between precolonial forests and 
socio-demographic characteristics were less consistent. In exurban 

Fig. 3. A correlation matrix of variables associated with canopy equity. Regressions using generalized additive models are on the bottom-left triangle, and they 
broadly show that socio-demographic variables are correlated with each other in all urbanization classes. Density curves of the samples are on the diagonal and show 
that the distributions of variables (especially percent White) vary across classes. Pearson correlations and p values are on the top-right triangle and show the 
magnitude and significance of the correlations. The overall correlation value in gray is for the entire region.
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areas, none of the Pearson correlations between precolonial forest and 
socio-demographics were significant. The opposite trend existed in 
urban areas where all were positive and significant. In the two suburban 
block group types, the extent of precolonial forests was non-linear with 
median income and higher levels of education, with more precolonial 
cover being associated with both high and low values of these variables.

3.5. Random forest analysis

The random forest model performed best in the old suburban areas, 
where it explained 64% of variance and the worst in urban areas, where 
it explained 36% of variance (Fig. 4; see supplemental figure S7 for more 
information on model fit). The variable importance plots show which 

Fig. 4. Variable importance and partial dependence plots for the top 4 variables across urban to exurban block groups. Variable importance shows which variables 
most strongly influence canopy cover, and was scaled to 100. The most important variable was not the same in any of the urbanization classes. Partial dependence 
shows how canopy varies with the given variable while controlling for all other variables. For example, canopy cover increased from 26% to 33% in old suburbs while 
the percentage of the population with a bachelor’s degree went from 0% to 100%. Ribbons on partial dependence plots denote 95% confidence intervals (α = 0.05).
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variables were most related to canopy distribution, and are scaled with 
the highest variable equaling 100 and the lowest 0. None of the block 
group types had the same most important variable, though the extent of 
precolonial forests was highly ranked in both the suburban and exurban 
block groups (Figs. 4 and 5). However, this variable was one of the 
lowest in urban areas where the highest was housing density. Race and 
ethnicity were not the most predictive variables in any case; Together, 
they were highest in urban areas, where Hispanic percentage was the 
second most highly ranked variable. The only variable consistently 
among the top three most important in all four regions was the per
centage of the population with a bachelor’s degree or higher (see vari
able importance and partial dependence plots for the entire region in 
supplemental figure 6).

Partial dependence plots (PDP) show the relationship between each 
variable and canopy cover while controlling for the other variables in 
the model. In urban areas, canopy cover declined steadily as housing 
density increased. The percentage of a block group that was Hispanic 
had a strong relationship with canopy cover—there was 4% less canopy 
cover in areas with the highest percent Hispanic population. The per
centage of the population with a Bachelor’s degree or beyond was 
positively associated with canopy cover, but that largely crested at 50% 
of the population. Median year that houses were built (median housing 
age) had the largest effect size, with block groups that had houses built 
after the year 2000 having roughly 4% less canopy than block groups 
with houses that were built in the 1940s.

In old suburban areas, all of the four most predictive variables 
(percent of population with a bachelor’s degree or beyond, percent 
precolonial forest, median household income, and percent of the 

population that is non-Hispanic White) were positively associated with 
canopy cover. The percent coverage of precolonial forests had the 
largest effect size; block groups that did not have precolonial forests had 
24% canopy cover and those that did had 33% cover.

Canopy cover in new suburban areas was most strongly related to the 
year that houses were built (newer housing had less tree canopy) fol
lowed closely by the extent of precolonial forests, which had a positive 
association. The strengths of both of those relationships was relatively 
strong; areas with the newest housing had around 20% canopy cover but 
areas with the oldest housing had 34% while the extremes of precolonial 
canopy extent showed current canopy differences of around 10%. Both 
the percentage of White residents and areas with more residents had 
bachelor’s degrees were also positively associated with canopy extent, 
but the relationships were not as strong.

In exurban areas, the extent of precolonial forests had a large impact 
on the extent of current canopy; block groups without forest were 
modeled to have half the canopy cover as those that were completely 
forested. Areas with low housing density had less tree canopy, but once 
there were more than two houses per hectare that relationship pla
teaued, likely because there were very few block groups with higher 
housing density as that variable was used to identify exurban areas. 
Block groups where greater than 40% of the population had a bachelor 
degree or beyond had slightly more canopy cover, and the relationship 
between housing age and canopy was the same as in new suburban block 
groups but not as pronounced.

Most of the variables had consistent patterns across the block group 
types (Fig. 5). One notable exception was housing density. While that 
relationship was negative in urban and suburban areas, it was positive in 
exurban areas where it was also one of the most important variables. 
Note that many of these relationships were non-linear and do not have 
consistent positive or negative associations across their entire spectrum, 
and that these assignments are a simplification of the overall relation
ship (to compare all PDPs, see supplemental figures 2 – 5). The per
centage of the population that was non-Hispanic White also did not have 
consistent trends; the correlation was positive in suburban and urban 
block groups, but negative in exurban (although it was third least 
important variable in the exurban block groups). The percent of the 
population that was non-Hispanic Black was consistently one of the least 
important variables, and it had a positive association with canopy cover 
across the region.

4. Discussion

Canopy equity varied across the Chicago region, as did the impor
tance of the variables that were predictive of canopy distribution. Un
derstanding the variables that are associated with canopy inequity may 
help provide guidance for strategies to reduce disparities in mental 
health, asthma rates, and exposure to extreme heat that are endemic to 
cities across the United States (Swope et al. 2022). In our study, some 
measures were consistently important, such as the extent of 1830s for
est, which was on average the most important predictor of current 
canopy extent across the region. In suburban and exurban block groups, 
the extent of precolonial forests had a stronger association with current 
canopy cover, but that relationship was weaker in urban areas (Fig. 4
and Supplemental Figure 1). Only 15% of the Chicago region’s urban 
core was covered in precolonial forests (Table 1); the city was mostly 
prairies and wetlands (Fig. 1) (Bowles and McBride, 2002). Over two 
centuries of intense development, more forested area was lost in urban 
block groups (Fahey and Casali, 2017). This has resulted in precolonial 
conditions having little impact on current canopy in urban areas. There 
were more precolonial forests in suburban and exurban block groups, 
and the distribution of that canopy may have influenced development 
and current tree canopy patterns.

Our results also suggested that suburban block groups were racially 
segregated and that the relationships between canopy and measures of 
socio-economic status were strong, which could indicate that wealthier 

Fig. 5. Summary of random forest results. The colors represent the overall 
pattern of the partial dependence plots (PDP), with orange signifying negative 
association and blue positive. The shading shows the variable importance, with 
darker shading equaling higher variable importance. The patterns were usually 
consistent across urbanization classes (with housing density being a notable 
exception). Numbers in the boxes are the rank from the variable importance 
plots for each model. All variables were sorted by the average importance 
across all regions.
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residents were more able and willing to purchase homes in areas that 
were already forested, as described by Boone et al. (2010) and Roman 
et al. (2018). Further, these areas often have larger lots, which can 
allow for the planting of new trees and the retention of existing ones. 
These patterns were consistent with what has been broadly observed in 
urban areas (Gerrish and Watkins, 2018; Watkins and Gerrish, 2018), 
but to the authors’ knowledge have not been documented in suburban 
areas nor across a broad metropolitan region. Much of the overall can
opy in these wealthier, Whiter areas is often still in forested natural areas 
(Darling et al., 2025). Afforestation projects in under-resourced com
munities may create more ecological parity; however, it is important for 
planners to ensure that these forests are well stewarded and achieve the 
goals of the people who live in these neighborhoods (Riedman et al., 
2022). Planting along streets and in parks may be an effective strat
egy; targeted tree planting projects at the site and municipal scale can 
help achieve health and climate goals and increase social cohesion 
(Pataki et al., 2021).

A non-significant relationship between canopy and socio-economic 
variables could occur in two situations: 1. if socio-economic groups 
were homogeneously distributed (i.e., not segregated) variations in 
canopy cover were not related to socio-economics, or 2. if an area was 
segregated but canopy is distributed without relation to that segregation 
or is evenly distributed. While the urban block groups were the most 
segregated in the region, the magnitude of the relationships between 
canopy and socio-economic status was less pronounced (though still 
significant and positive) than the two suburban classes (Fig. 2). How
ever, in exurban areas, only the relationship between education and 
canopy was significant; Pearson’s correlation coefficient values were 
lower for all other relationships. We suspect that this may be related to 
exurban areas being not as racially diverse (Table 1), subsequently they 
were not segregated, and therefore exhibited weaker correlations be
tween canopy and socio-economic variables. Both new and old suburban 
block groups were relatively segregated and exhibited strong relation
ships between variables associated with higher socio-economic condi
tions and canopy. Given the high level of segregation and strong 
correlations between canopy cover and socio-economic variables, it is 
important to consider interventions in suburban areas to address tree 
inequity. Further research on other metropolitan regions could deter
mine if the patterns that were observed in the Chicago region exist more 
broadly. If this is the case, it may indicate that national-scale in
terventions may be helpful in achieving canopy equity in the suburban 
communities where the plurality of Americans live.

The less pronounced relationship between canopy inequity in urban 
areas was surprising, as many manuscripts have defined this relationship 
across North America and beyond (e.g., Gerrish and Watkins, 2018; 
Watkins and Gerrish, 2018). To the authors’ knowledge there are no 
studies that quantify canopy inequity strictly inside of Chicago’s 
boundaries as this study did, but several documented it in Cook County 
(Fan et al., 2019; Lyall et al., 2025). The random forest model did not 
perform as well in the urban, Chicago areas—it only explained 36% of 
variation. Together, these findings suggested that Chicago proper may 
contrast patterns of canopy inequity, and that the factors that influence 
canopy distribution are not restricted to socio-economic or ecological 
conditions alone.

Across the Chicago region, areas with newer housing had less canopy 
cover; the median year that housing was built was one of the strongest 
predictors of canopy cover and was negatively related. While develop
ment in areas that are naturally forested nearly always comes at the cost 
of removing trees (Morgenroth et al., 2017), much of the new devel
opment in the region (especially in exurban and new suburban areas) is 
occurring in areas that were previously agricultural fields–and prairie 
before that. Recent development in these areas has trended towards 
lower-budget, starter homes (Grant et al., 2013), and rate of develop
ment in these areas is likely to increase in the coming decades (CMAP, 
2024; White et al., 2009). If municipalities and counties draft ordinances 
that encourage tree plantings and ongoing tree maintenance within 

these new developments, it could facilitate lower-income areas devel
oping equitable tree canopy, especially if suburban and exurban areas 
become more diverse. In urban and old suburban areas, development is 
more likely to lead to the removal of existing trees (Morgenroth et al., 
2017). Tree ordinances that mandate the protection of trees, levy fees 
for their removal, and require replanting are possible mechanisms to 
help preserve existing trees and encourage regrowth when trees are lost 
(Pike et al., 2021). Maintaining current tree canopy is one of the most 
effective ways to grow overall canopy cover (Lyall et al., 2025). This 
involves the protection and maintenance of existing trees, while adding 
new trees and caring for them as they become established (Vogt et al., 
2015).

Across urban and suburban areas, canopy cover was negatively 
associated with housing density. This is expected, as housing and other 
development reduces the amount of space where trees can be planted. 
However, this relationship was the opposite in exurban areas, and it was 
one of the most predictive variables. In Chicago region exurban areas, 
block groups with very low housing density are likely agricultural fields. 
While a few trees may be planted around homesteads and between 
fields, these places are largely devoid of tree canopy. In areas with more 
housing, more trees are planted, although this relationship largely levels 
out at three houses per hectare. Again, if these agricultural areas are 
developed into housing, it may be important to ensure that tree plant
ings align with development to protect canopy equity in exurban areas.

In the Chicago region, targeted efforts to expand canopy in Hispanic 
communities would have the biggest impact on increasing tree equity as 
percent Hispanic was the most important race and ethnicity variable and 
was consistently negatively correlated with canopy. This is especially 
true in urban areas, where it was the second most important variable for 
the prediction of canopy cover. Lack of Spanish language outreach has 
been found to be an important barrier to tree plantings in Hispanic 
communities (Riedman et al., 2022), consistent with language barriers 
with other green infrastructure efforts (Everett et al., 2023). Increasing 
canopy cover in Hispanic communities will likely depend on Spanish 
language outreach as well as working with neighborhood organizations 
in those communities to ensure that trees are wanted and taken care of. 
We suspect that the association between Hispanic communities and low 
canopy is not unique to the Chicago region, and highlights the impor
tance for other metropolitan regions to identify where canopy inequities 
exist and what communities they impact. Doing this will enable effective 
outreach tailored to the needs and priorities of diverse communities.

Addressing inequity outside of urban cores may be particularly 
challenging because these areas are often managed by multiple, and at 
times overlapping, entities. In the Chicago region, there are 294 mu
nicipalities, with 135 in Cook County alone. Additionally, nearly half of 
the region is unincorporated, and these areas may be managed by 
counties, townships, non-governmental organizations, individuals, or 
some combination thereof. Similar patterns of forest management across 
government and non-governmental organizations exist in metropolitan 
regions across the United States (Morzillo et al., 2022). There are often 
socio-economic disparities among municipalities, which may have 
contributed to persistent disinvestment in municipalities that lack a tax 
base to fund forestry operations. Within cities, redistribution of funds 
and resources between affluent and under-resourced areas would in
crease equity. However, distributing funding to smaller, 
under-resourced entities may depend on involvement of governmental 
or organizational levels beyond individual municipalities. Examples of 
this include the longstanding urban and community forestry funding 
that is allocated by the United States Department of Agriculture’s Forest 
Service and distributed by individual state’s Departments of Natural 
Resources or their equivalents (USDA Forest Service, 2026).

There are limitations to this study that can inform future research. 
The correlation-based methods employed did identify varying patterns 
of inequity across the Chicago region, but cannot identify what caused 
these patterns. Also, the pre-colonial data were originally recorded at 
half-mile intervals and then interpolated using GIS. These methods are 
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accurate at a landscape scale, but less so at fine scales (Manies and 
Mladenoff, 2000), and could introduce some errors when calculating 
the percentage of each block group that was forested in the 1830s. 
Census block groups are the finest scale that these socio-demographic 
data are available. However, there can be considerable variation 
within block groups. Block groups are drawn to contain similar numbers 
of people, and they can be relatively large in areas with low population 
density. We calculated tree canopy cover across the entire block group, 
which could mask finer scale variation in the demographics-canopy 
cover relationships. Further, public and private tree canopy can pro
vide different types and levels of ecosystem services (Kardan et al., 
2015), and this study did not consider ownership. Finally, this work 
focused on a single metropolitan region. While patterns of tree canopy 
inequity have been consistently demonstrated in urban areas (Gerrish 
and Watkins, 2018; Watkins and Gerrish, 2018), it is unclear if the 
patterns observed in Chicago’s suburban and exurban areas would be 
consistent elsewhere.

Sustained efforts to plant and care for trees beyond the urban cor
e–including across municipal boundaries, within under-resourced 
communities may help improve canopy equity in the places where the 
majority of Americans live. The ecological and sociological variables 
that were associated with canopy cover varied across the Chicago re
gion, and would likewise differ across other metropolitan regions. The 
region-wide high-resolution imagery that was used in this analysis is 
becoming increasingly available across the United States (Claggett et al., 
2025; Freese, 2024). Replicating this sort of analysis in other regions 
may identify consistent trends or variation in how canopy distribution 
changes across metropolitan regions. This, along with expanding other 
ecological studies beyond the urban core could extend our under
standing of, and thereby our ability to address green equity.
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