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Residential housing segregation and urban tree canopy in
37 US Cities
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Christopher G. Boone 6 and Jarlath P. M. O’Neil-Dunne7

Redlining was a racially discriminatory housing policy established by the federal government’s Home Owners’ Loan Corporation
(HOLC) during the 1930s. For decades, redlining limited access to homeownership and wealth creation among racial minorities,
contributing to a host of adverse social outcomes, including high unemployment, poverty, and residential vacancy, that persist
today. While the multigenerational socioeconomic impacts of redlining are increasingly understood, the impacts on urban
environments and ecosystems remain unclear. To begin to address this gap, we investigated how the HOLC policy administered
80 years ago may relate to present-day tree canopy at the neighborhood level. Urban trees provide many ecosystem services,
mitigate the urban heat island effect, and may improve quality of life in cities. In our prior research in Baltimore, MD, we discovered
that redlining policy influenced the location and allocation of trees and parks. Our analysis of 37 metropolitan areas here shows that
areas formerly graded D, which were mostly inhabited by racial and ethnic minorities, have on average ~23% tree canopy cover
today. Areas formerly graded A, characterized by U.S.-born white populations living in newer housing stock, had nearly twice as
much tree canopy (~43%). Results are consistent across small and large metropolitan regions. The ranking system used by Home
Owners’ Loan Corporation to assess loan risk in the 1930s parallels the rank order of average percent tree canopy cover today.
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INTRODUCTION
Spatial, social, and environmental inequities pose significant
challenges for American cities1,2. Urban inequity is the result of
historical and systemic forces, including structural racism and
segregation, which have enduring effects on the ways cities
function socially, economically, and ecologically3–5. For instance,
decades of racial discrimination in housing policy created barriers
to homeownership, employment, and access to quality education
for people of color, making it difficult to build wealth across
generations6–8. While the mechanisms linking structural racism to
wealth creation and socioeconomic status are well understood9, it
is less clear how housing segregation may have played a role in
shaping urban ecosystems.
This paper investigates how the historic practice of redlining,

one of the most consistent, wide-spread, spatial, and racial forms
of US housing practices, relates to the contemporary distribution
of urban tree canopy, commonly understood as a vital component
of urban ecosystem health and sustainability10,11. Trees provide a
host of ecosystem services and social benefits, including heat
island mitigation12,13. In the United States, ~1500 heat-related
deaths occur each year14, and the impact of heat stress is likely to
increase given current climate projections15. Existing tree canopy
cover13 and the replacement of impervious surfaces with tree
canopy can lower urban temperatures12 and save lives. But trees
and tree canopy are not distributed equitably16–18. Recent meta-
analyses show that lower-income urban areas16 and areas
with more racial minorities17 have less tree canopy cover, an
environmental injustice that can exacerbate health problems for
already disadvantaged groups.

These racial and geographic disparities in urban tree canopy
parallel other striking patterns of racialized environmental
inequity documented by environmental justice (EJ) research. For
more than three decades, EJ researchers have developed an
enormous body of evidence highlighting the disproportionate
concentration of environmental hazards and burdens in commu-
nities of color, and conversely, the privileged access to environ-
mental amenities in predominantly white communities19–22. More
recent waves of this scholarship have begun to explicitly connect
racial disparities in environmental “goods” and “bads” to structural
racism and discrimination in policy23,24. Institutionalized policies
and practices intended to racially segregate (and concentrate
wealth in white communities) have been increasingly shown to
produce racially uneven landscapes of environmental privilege
and risk, even decades later2,25–27.
In thinking about urban tree canopy, the space to plant trees is

often a legacy of the urban built environment, which in the
United States stems from histories of deliberate and systematic
racial discrimination in housing and urban development26,28. In
1933, the US Congress created the Home Owners’ Loan
Corporation (HOLC) to assist Americans struggling to pay their
mortgages in the wake of the Great Depression. To guide lending
criteria, the HOLC developed neighborhood appraisal maps for
239 urban areas, ranking the perceived risk of investing in
particular neighborhoods using a color-coded scale of “A”
(green), “B” (blue), “C” (yellow), and “D” (red)29. Appraisals were
based primarily on an area’s demographic characteristics and the
age and physical condition of its housing stock. Areas with
predominantly U.S.-born, white populations, and newer housing
stock were often codified as the “safest” places for banks to
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invest and were graded “A” and “B.” Meanwhile, areas with
somewhat older structures and/or a presence of foreign-born
residents were commonly ascribed a “C” grade, while areas with
significant numbers of racial and ethnic minorities, foreign-born
residents, families on relief, and having older housing were
almost always viewed as “hazardous” and given the lowest
grade, “D.” The term “redlining” is used because areas graded “D”
were shaded red on the HOLC maps. In effect, while race was not
the only criterion considered in designating grades, the maps
formally embedded race into neighborhood appraisal processes
by systematically factoring in the race of an area’s occupants into
the perceived long-term value of an area30,31.
Some context is important to better understand HOLC’s

residential security maps and its practices from 1934 to 1951.
While the HOLC created uniform guidelines for neighborhood
appraisal, because appraisals were produced in direct consulta-
tion with local municipal officials, loan officers, appraisers, and
realtors, evidence suggests some variation in the grading across
cities32. Still, these agents were familiar with their city’s specific
patterns of residential segregation. More importantly, many
local actors were already part of the power structures that
had created, maintained, or profited from the prevailing racist
housing policies and practices. These policies and practices
included segregation ordinances, racially-restrictive deed cove-
nants, and zoning plans that promoted their agendas of racial and
immigrant exclusion33–37. Thus, the HOLC maps helped codify the
local real estate industry’s consensus of perceived neighborhood
value, which often institutionalized existing local inequities in
borrowers’ access to credit31,38.
The extent to which the HOLC’s maps, guidelines, and

practices influenced the actual distribution of mortgages remains
uncertain. Some evidence suggests that lending practices varied
by lender and geography, despite the HOLC’s systematic
guidelines32. In addition, some have argued that it is unlikely
that the Federal Housing Administration (FHA), which issued
long-term mortgages, cooperated directly with the HOLC32. Yet it
has been demonstrated that the FHA overwhelmingly prioritized
granting mortgages for new homes, which would have been
located in areas graded “A” by the HOLC. For instance, between
1934 and 1962, the FHA and the Veterans Administration lent
over $120 billion for new housing, and 98% of this money was
distributed to white residents compared to <2% for African
Americans and other people of color39,40. During this period,
African Americans represented ~10% of the US population41.
Studies in Houston and Boston show that even when controlling
for income, whites were nearly three times as likely to receive a
mortgage loan3,42.
A large consensus among housing policy scholars is that the

federal government helped institutionalize a two-tiered, racialized
lending system. One tier provided federally-backed mortgages to
higher-graded neighborhoods with predominantly U.S.-born,
affluent, white populations occupying newer housing stock.
A second-tier subjected residents in the “yellow” and “red”
neighborhoods, which housed predominantly low-income African
Americans and immigrants in older buildings. Homeowners in the
second tier experienced predatory lending schemes or no
mortgage lending at all35,43. For decades, many whites benefited
from privileged access to credit, home ownership, and wealth
accumulation based on home equity, while African Americans
were largely denied this route to economic prosperity3,33,44–46.
Redlining created systematic disinvestment in minority commu-
nities that were located in the denser, older urban core while
protecting the property values and resources of white commu-
nities moving into desirable homes in the suburbs. Indeed, the
post-World War II suburban development supported by federal
subsidies created new, exclusively white geographies that
generated enormous new wealth31,47.

Although Congress officially outlawed racial discrimination in
housing with the Fair Housing Act of 1968, studies continue to
document its enduring effects. Many formerly redlined areas
continue to struggle with segregation, poverty, unemployment,
low educational attainment, and poor health outcomes
today3,48,49. Research shows that compared to areas receiving
higher grades by the HOLC, lower-graded areas exhibit declines in
home ownership, housing value, and credit scores50.
Despite the abundance of evidence on the social and economic

impacts of racist housing policy, little is known about the
relationships among redlining, social disadvantage, and environ-
mental quality. It is well-documented that various social dis-
advantages are bundled in racially segregated urban areas (3), and
environmental justice scholars have demonstrated that these
outcomes are the product of profound historical and present-day
racist and discriminatory policies and institutions, such as
redlining, blockbusting, and zoning51–55. Environmental justice
scholars and activists have convincingly argued that fair processes
governed by just institutions are equally if not more important
than equitable environmental outcomes because process change
can lead to enduring systemic change56,57.
It has also been documented that lower-income areas16 and

areas with more racial minorities17 tend to have less tree canopy
cover. However, the relationships among long-term discriminatory
housing practices and contemporary environmental conditions
remain poorly understood. The distribution of current urban tree
canopy cover offers one perspective on environmental inequities
related to housing segregation.
Research in Baltimore, MD has shown that redlining and other

racially-biased housing practices have historically shaped the
location of investments in environmental amenities such as trees
and parks and the allocation of environmental disamenities via
non-conforming zoning2,38,58,59. Redlined, African American
neighborhoods of East and West Baltimore, graded D in the
HOLC system, had overcrowded and poor quality housing and
higher exposure to noise and other pollution from nearby
industries2. These denser, D-graded areas had less available
space for trees and tree planting, while A-graded areas
comprised of single-family homes on larger lots could maintain,
grow, and plant additional trees. Race-based evaluations of
credit-worthiness also shaped access to wealth accumulation
and related political power. Residents in A-graded areas directed
municipal investments into street tree plantings, creating public
parks with trees, and invested their own resources into trees on
their private lands26,59. At the same time, residents in D-graded
areas had less access to public investments and were more likely
to spend their lower wages on other necessities such as rent,
food, or transportation. Thus, differences in lot sizes, money, and
access to power along HOLC neighborhood lines played an
important role in shaping the distribution of Baltimore’s urban
tree canopy over the long term2.
Our goal in this paper is to examine whether there are similar

patterns in the distribution of tree canopy by HOLC-graded
neighborhoods in other cities. These analyses are possible
because redlining was a national process, initiated by the
Federal government in collaboration with state and local
governments. It was a practice that was spatially-explicit and
applied to 239 cities in the same time period throughout the
country. These characteristics make the practice of redlining
particularly well-suited for within- and cross-city comparisons.
We examined whether historic redlining is statistically associated
with contemporary spatial distributions of tree canopy for a
range of metropolitan areas across a spectrum of area,
population, and climate. This paper assesses whether there are
differences in current tree canopy cover among historic HOLC
classes and whether differences among HOLC classes are
consistent among cities.
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RESULTS
There is a strong relationship between HOLC grades and tree
canopy: areas formerly graded D have 21 percentage points less tree
canopy than areas formerly graded A. One-way ANOVA showed
significant differences in tree canopy by HOLC grade [F(3, 3184)=
253.9, p < 0.001]. Post hoc comparisons using the Tukey HSD test
indicated that the same hierarchical ranking system used by HOLC
to assess loan risk in the 1930s is paralleled by the rank order of
average percent tree canopy cover today. Areas formerly graded D
have significantly less tree canopy (M= 20.9 percentage points,
SD= 12.2), than areas graded C (M= 24.6, SD= 10.9), B (M= 32.4,
SD= 13.8), or A (M= 41.1, SD= 14.7). All six pairwise combinations
were significantly different at the p < 0.0001 level. The same model
was re-fit as a linear regression so that areas graded A are the
reference, with differences in means as estimated coefficients, as a
baseline model (Table 1, Model 1).
To test for unobserved city-specific factors, a separate

unconditional one-way ANOVA was performed. This second
ANOVA showed significant differences in tree canopy by city
[F(36, 3151)= 21.60, p < 0.001]. The intraclass correlation coeffi-
cient (ICC) indicated that 23% of the variance in tree canopy cover
was from city to city (Table 1, Model 2). A mixed effects model
with fixed effects for HOLC grade and random effects for city
(Table 1, Model 3) showed that the areas given less-favorable
grades by HOLC have significantly less canopy cover than their
higher-graded counterparts, with overlap between C and D areas
(i.e., D ≤ C < B < A). Comparing the three model specifications
(fixed effects for HOLC grade only, random effects for city, and a
specification with both HOLC fixed effects and city random
effects) with an AIC-minimization criterion showed that Model 3’s
added complexity provided the best fit (Table 1). Model 3’s
regression-adjusted estimates of tree canopy cover suggest that
areas formerly graded D had 21 percentage points less tree
canopy (γ30=−20.79, 95% [−22.27, −19.31]) (or 22% cover) than
areas formerly graded A (γ00= 43.44, 95% [40.80–46.07]) and the
HOLC categories explained 19% of the tree canopy variance while
city-to-city variation explained an additional 25%.

Results of further tests and robustness checks
A-graded neighborhoods were often the rarest, making within-
city analyses under-powered statistically. In cities with 10 or
more A-graded neighborhoods (Fig. 1), within-city analyses of
tree canopy cover by grade confirmed the pooled analyses’
findings (Fig. 2). Wilcoxon tests showed lower median tree
canopy in D neighborhoods compared to A neighborhoods,

except in Seattle (p= 0.093). Although the sample sizes for many
cities do not permit statistical analyses of within-city analyses of
canopy by HOLC grade, the boxplots in Fig. S1 illustrate variation
among classes within each city. Tree canopy today is almost
always in rank order of HOLC grades.
It is possible that the main results reported in Model 3 are

driven by the patterns and sample size in the largest 16 cities with
at least 50 HOLC-defined neighborhoods. We therefore re-fit
Model 3 excluding the largest 16 cities and the results were
substantively the same (Table S1); formerly D-graded areas have
about 23% tree canopy, while formerly A-graded areas have nearly
twice as much canopy today (43%). Therefore, the findings are not
attributable to the patterns found in the largest cities.

DISCUSSION
The link between redlining and socioeconomic outcomes such as
poverty and home foreclosure has previously been documen-
ted3,29,33,44–46,48–50,60. The lack of access to wealth via home-
ownership had a powerful influence on real estate markets. People
of color were deprived of an important path to wealth
accumulation in many urban areas across the US29,33,34. However,
the relationships among historic discriminatory housing practices
and current environmental conditions remain poorly understood.
Redlining was one of the most consistent, wide-spread, spatial,
and racial forms of US housing practices. The relationship between
redlining and the current distribution of urban tree canopy cover
offers a preliminary window into these larger, long term, and
complex dynamics. Our research supports prior work on social
disparities corresponding to redlining grades by adding evidence
pertaining to environmental inequities.
Trees are an important component of the urban environment.

They reduce the urban heat island effect12,13 and provide a
number of other public health benefits61 such as crime reduc-
tion62. In order to consider whether historic social disparities are
paralleled by contemporary disparities in tree canopy, this paper
examined variations in tree cover by HOLC-defined neighbor-
hoods and the metropolitan regions containing those neighbor-
hoods. The difference was significant: formerly D-graded areas
have about 23% tree canopy today while formerly A-graded areas
have nearly twice as much (43%). We found that just two variables,
HOLC neighborhood grade and city, explained 43% of the
variance (Table 1).
To be very clear, this study used a cross-sectional, observational

quantification of social-ecological patterns that is fundamentally
incapable of finding, identifying, and/or ascribing causality for

Table 1. Regressions, for % tree canopy cover, by Home Owners Loan Corporation and metropolitan region.

Model 1: Fixed effects of HOLC grade Model 2: Random effects of city Model 3: Mixed effects

Estimates 95% CI p Estimates 95% CI p Estimates 95% CI p

Fixed effects

(Intercept) HOLC Grade A: “Best” (γ00) 41.04 39.64 to 42.45 <0.001 29.31 27.03 to 31.59 <0.001 43.44 40.80 to 46.07 <0.001

HOLC Grade B: “Still Desirable” (γ10) −8.66 −10.31 to −7.02 <0.001 −9.06 −10.51 to −7.61 <0.001

HOLC Grade C: “Definitely Declining” (γ20) −16.41 −17.96 to −14.85 <0.001 −16.83 −18.21 to −15.45 <0.001

HOLC Grade D: “Hazardous” (γ30) −20.11 −21.77 to −18.44 <0.001 −20.79 −22.27 to −19.31 <0.001

Random effects

σ2 153.42 116.42

τ00 46.45 city 50.88 city

ICC 0.23 city 0.30 city

Observations 3188 3188 3188

R2/adjusted R2 0.193/0.192 0.000/0.232 0.187/0.434

AIC 25,084.874 25,202.044 24,336.329
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complementary or competing explanations of the process.
The findings are consistent with other recent examinations of
HOLC grades and vegetation cover63, the urban heat island
effect64, and even premature births65: formerly D-graded areas on
average have less vegetation, are hotter, and are associated with
statistically significantly more preterm births65. The determinants
of tree canopy cover in urban areas are complex28. Our paper
highlights one possible factor that may have played a role while
also ruling out random chance. We argue that redlining is an
understudied process in urban ecology and that our findings
suggest that the role of redlining in shaping tree canopy, in
concert with other explanatory factors, warrants further process-
based research. HOLC’s redlining was a moment in a long-term
history of discriminatory housing practices in the United States31.
Thus, in-depth and comparative research is needed to understand
the systemic processes among long-term discriminatory housing
practices and contemporary environmental conditions2.
There may be several systemic explanations for our pattern-

based results. If redlining reflected existing differences in lot size
and reinforced those differences through preferred investment
over the long term, we could expect to see more extensive
contemporary tree canopy within formerly A-graded areas. This
contemporary distribution of canopy cover may be due in part to
the fact that residential lots in these areas would have been larger
and had more space for trees. A-graded areas were also more
affluent, and households may have had higher disposable
incomes to invest in landscaping such as trees. Further, because
redlining helped shape wealth accumulation and related political
power by race and geography, the privilege of those living in
formerly A-graded neighborhoods may have served to direct
public investments in tree canopy over the long term for street
trees and trees in parks or through continued private household
investment in landscaping on their own larger residential proper-
ties66–69. In this way, complex and reinforcing positive feedback
loops may have occurred, perpetuating relationships among
housing markets, affluence, race, and trees. Such a positive
feedback loop may have also been mirrored in formerly D-graded
areas with lower tree canopy today due to smaller lots, industrial

land uses not conducive to tree canopy cover, fewer resources for
maintaining trees on properties, and less influence over public
investments over the long term. Our results are consistent with
both of these rationales. A process-based study is beyond the
scope of this paper, but our findings provide a robust starting
point to examine the longitudinal dynamics between redlining
and tree canopy cover.
Our results point to at least three other areas that could benefit

from further research. First, more research may be needed to
understand the mechanisms for why the strong association
between HOLC categories and urban tree canopy exists some
80 years after the HOLC maps were drawn and the roles that
different actors may have played to maintain these differences.
Many A-graded areas were suburban areas that had been zoned
for single-family housing with large lot sizes70. D-graded areas had
denser housing stock, but they may have also contained non-
residential land uses, such as industrial sites, which might have
been unfavorable for trees. A next step could be to examine
different residential densities, land uses associated with different
jurisdictions, policies, and tree planting programs in the different
cities over time. For example, D-graded areas could have been
more susceptible to urban renewal projects, supporting highways,
and other large-scale infrastructure projects that could have
required tree removals or made space for new trees. Analyses of
changing land uses, local policies, demographic trends, or historic
aerial imagery could enable a greater understanding of the extent
to which HOLC grades ‘locked in’ urban forms that are more or
less amenable to tree canopy.
A second approach would be to examine areas that do not

match the overall pattern. So-called statistical “deviant case
analyses”71 may help to build better theory about spatial, social,
and environmental inequities, including historic processes of
urban renewal and contemporary processes of gentrification and
climatic conditions. For example, tree canopy cover in Seattle, WA
in formerly A-graded neighborhoods is generally greater than in
formerly D-graded neighborhoods (Fig. 2), but the differences
were not statistically significant (p= 0.093). Moreover, the two
areas with the highest percent of tree canopy cover in Seattle

Fig. 1 The distribution of HOLC neighborhoods by type and city shows the overall within-city and across-city patterns. Larger and more
segregated metropolitan areas tend to have more HOLC-defined neighborhoods. Cities are sorted by the number of A-graded
neighborhoods. Only eight cities have ≥10 Grade-A neighborhoods (left) to permit within-city analyses. In the main analysis, all
neighborhoods are used. *Johnson City/Birmingham, NY; **Holyoke/Chicopee, MA.
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were graded D and are now public parks. The distribution of tree
canopy in Gary, IN appears relatively invariant to HOLC grades and
may warrant further investigation, too (Fig. S1). Third, additional
research may disaggregate redlined neighborhoods by race and
ethnicity to examine whether there are significant differences
between neighborhoods with larger numbers of African-American
residents, US-born white residents, and white immigrant residents,
including Irish, Italian, Polish, German, and Jewish communities.
A methodological challenge would be to identify realistic
counterfactuals for analyzing the spatial distribution of urban tree
canopy across metropolitan areas that were not redlined.
Canadian cities may offer a point of comparison.
While urban trees provide ecosystem services such as urban

heat island mitigation, it is important to acknowledge that trees
can produce disservices72,73. Not everyone wants trees, so their
absence may be a desired condition for some residents74–78. In
addition, a pixel of tree canopy cover cannot reveal whether a tree
was purposefully planted or sprouted through seed dispersal.
Given the long history of disinvestment in African-American

communities in the United States, we sought to understand the
extent to which a program in the 1930s that altered the
distribution and flow of land and capital along racial lines is
associated with contemporary tree canopy cover in urban areas.

Our investigation into 37 cities reveals a strong association
between HOLC grades inscribed on maps roughly nine decades
ago and present-day tree canopy. The study design cannot
identify causal pathways, but the inequity invites careful scrutiny
of the social, economic, and ecological processes that have
created the demonstrably uneven and inequitable distribution of
urban tree canopy in the United States.

METHODS
Sample and data
Two hundred and thirty-nine cities were redlined. As part of the Mapping
Inequality project, the University of Richmond’s Digital Scholarship Lab
georectified and digitized more than 150 HOLC maps where HOLC-defined
neighborhoods are represented as polygons79. Shapefiles for areas with
available land cover data, described below, were downloaded.
The heterogeneity of urban environments necessitates high-resolution

and high-accuracy measures of tree canopy. 30 m2 resolution datasets
such as Landsat scenes or derivative products such as the National Land
Cover Database (NLCD) are insufficient for mapping trees in a way that
effectively operationalizes lived experience in cities80,81. For consistency,
high-resolution tree canopy data were obtained from eleven sources.
Land cover data for 23 areas were downloaded from The Spatial Analysis

Lab (The SAL, http://gis.w3.uvm.edu/utc/, Table S2) at the University of
Vermont. The SAL routinely maps large spatial extents such as counties

Fig. 2 Within-city analyses of tree canopy: formerly A-graded areas have statistically significantly greater tree canopy cover today than
their lower-graded areas. Seattle is an exception, where two formerly D-Graded neighborhoods have the most tree canopy today and are
public parks. The number of A-Graded neighborhoods constrains analyses within cities; only cities with ≥10 A-graded neighborhoods are
shown. See Fig. S2 for the distribution of tree canopy for all cities Note that the rank order of tree canopy cover mirrors the HOLC grades A
through D. Significance tests for A to D provided via two-sample Wilcoxon test (aka Mann–Whitney test). # end August 13, 2020.
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and their methods are detailed elsewhere82–84. Next, tree canopy data for
the entire state of Pennsylvania were obtained for all HOLC-mapped cities
in Pennsylvania from SAL (Altoona, Johnstown, New Castle, Philadelphia,
and Pittsburgh, http://letters-sal.blogspot.com/2015/09/pennslyvania-
statewide-high-resolution.html). Tree canopy data for eight cities (Balti-
more, MD; Johnson City-Binghamton, Syracuse, and Utica, NY; Lynchburg,
Norfolk, Richmond, and Roanoke, VA) were obtained (Chesapeake Bay
Program, https://chesapeakeconservancy.org/conservation-innovation-
center/high-resolution-data/). Data for New Jersey (Atlantic City, Camden,
and Trenton) were obtained (Pennsylvania Spatial Data Access, http://
www.pasda.psu.edu/uci/DataSummary.aspx?dataset=3193). Finally, a lit-
erature review was used to identify (n= 8) sources for additional land
cover data overlapping HOLC-graded areas and corresponding authors
were contacted for data access (Los Angeles and Sacramento, CA; Denver,
CO; Miami and Tampa, FL; Hollyoke-Chicopee, MA; Toledo, OH; and Seattle,
WA). In total, there were 3188 HOLC-defined neighborhoods, from 37
cities, in 16 states from 11 sources (Table S2). Statistical analyses were
conducted in R v. 3.6.185 using the tidyverse86, simple features87, ggpubr88,
lme489, sjPlot90, and sjstats91 packages.

Dependent variables
The dependent variable was the percentage of tree canopy cover within
each HOLC zone. Consistent with previously published literature18,92, we
define and operationalize tree canopy as “the layer of leaves, branches,
and stems of trees that cover the ground when viewed from above”93.
After projecting the HOLC polygons obtained from the Mapping Inequality
Project to match the land cover data, the Tabulate Area tool was used in
ArcMap Version 10.2.2 (ESRI, 2014) to calculate the percent of tree canopy
cover for each polygon. In seven cities (Boston, Denver, Detroit, New
Haven, New York City, Seattle, and Toledo), tree canopy data were not
available for the entire extent of the HOLC-defined neighborhoods, which
occasionally extended into suburban areas surrounding the municipalities
of interest and 156 polygons had to be omitted. This represents 4.67% of
the dataset and was unavoidable. As a robustness check, described below,
our main regression model was re-fit with those seven cities entirely
removed.

Empirical strategy
We conducted two analyses of variance (ANOVA) with tree canopy as the
dependent variable. In the first ANOVA, the independent variable was the
HOLC categories in order to test our main hypothesis that mean canopy
cover varied by grade. A post hoc Tukey HSD was then used to examine
which pairs of grades differed from each other. This initial ANOVA was re-
fit as a linear regression model so that Grade A would be the base-case for
comparison, and letters B, C, and D would be estimated as differences in
means from A. This is Model 1.
In the second ANOVA, the independent variable was the city in which

each neighborhood was located (hereafter Model 2). This analysis was
conducted because we were concerned that unobserved city-specific
characteristics pertaining to such things as land use policy, urban form,
climate, and other factors may have influenced tree canopy cover. The
purpose of Model 2 was to test whether tree canopy cover varied across
each study city.
As anticipated, tree canopy varies significantly by city. We therefore fit a

mixed-effect model with the four-category HOLC grades as the fixed
effects, with random intercepts for city, as shown in Eq. (1) and termed
Model 3.

ηij ¼ γ00 þ γ10HOLCgrade B þ γ20HOLCgrade C þ γ30HOLCgrade D þ μ0j þ eij

(1)

Where ηij is tree canopy as a percentage land area for HOLC polygon i in
city j. HOLC grade A is the reference, and γ00 is the intercept and mean
value of percent tree canopy cover in formerly A-graded neighborhoods.
γ10, γ20, γ30, are the coefficients of interest, which represent the differences
in mean tree canopy from A by HOLC grades B, C, and D, respectively. μ0j
represents the city-specific random intercept, which was included to
capture unobserved aspects of each city, eij is the observation-level
residuals, σ2 is the within-city variance, and τ00 represents the variance
across cities. The variance partitioning coefficient, also known as the
intraclass correlation coefficient (ICC) is “a population estimate of the
variance explained by the grouping structure”94, which was calculated as
the between-group-variance (τ00, random intercept variance) divided by
the total variance (i.e., sum of between-group-variance τ00 and within-

group σ2 residual variance), shown in Eq. (2).

ICC ¼ τ00= τ00 þ σ2
� �

(2)

T-statistics were treated as Wald Z-statistics for calculating the
confidence intervals and p-values, assuming a normal-distribution. An
approximate R2 was computed as the proportion of variance explained in
the random effect after adding the categorical HOLC fixed effect to the
model. This is computed as the correlation between fitted and observed
values95. AIC minimization was used to compare Models 1, 2, and 3, and to
determine the best fitting model96.
Cities with enough A- and D-graded neighborhoods were examined in

order to determine if the patterns from cross-city, pooled analyses hold
within individual cities. D-graded areas are common, but A-graded areas
were limiting. For each city with ≥10 HOLC-defined A-neighborhoods (n=
8: Los Angeles, Chicago, Cleveland, New York City, Lynchburg, Seattle,
Pittsburgh, Philadelphia), Wilcoxon rank-sum tests were used to compare
pairwise differences in tree canopy cover from A to D neighborhoods. All
other pairwise tests were omitted for parsimony (Fig. 2).

Methods for further tests and robustness checks
Four types of checks were conducted: one set to assess the potentially
undue influence of cities with many HOLC-defined neighborhoods, a
second to assess the influence of metropolitan areas with partially missing
data, and a third to examine the sensitivity of grouping the five boroughs
of New York City, and Chelsea and Cambridge with Boston, and a fourth to
examine data from different sources.
Two strategies were used in order to evaluate whether the results of

Models 1, 2, and 3 were driven by the metropolitan areas with the most
HOLC-defined neighborhoods. First, the boxplots for all cities are
provided in Fig. S1 so that the within-city patterns can be examined
visually. Second, as a robustness check, Model 3 was re-fit without data
from the metropolitan areas with ≥50 neighborhoods to see if the
patterns would still hold (Table S1). The inferences from this smaller
model remain unchanged, however, the confidence intervals are larger
by construction.
Tree canopy data were not available for the entire extent of the HOLC-

defined areas in seven metropolitan areas. The missing data are usually at
the edges of the geographic extent, and therefore non-random.
Specifically, tree canopy data were not available for the entire extent
HOLC-defined neighborhoods in Boston, Denver, Detroit, New Haven, New
York City, Seattle, and Toledo, which collectively represent 4.67% of the
total dataset’s observations. To address non-random, partially missing data
at the edges of these metropolitan regions, Model 3 was re-fit with these
cities removed entirely (Table S1, Model 5). Model 5 provides substantively
similar results and interpretation to the main Model 3 and the point
estimates remain within the bounds of Model 3’s confidence intervals.
The sensitivity of the analytical decision to group the five boroughs of

New York City, and Chelsea and Cambridge with Boston was also
examined. A version of Model 3 (Table S1, Model 5) was fit without
grouping, which adds 6 additional random intercepts. Again, no
substantive changes were observed.
Finally, land cover data for Sacramento, Denver, Miami, Tampa, Holyoke-

Chicopee, Toledo, and Seattle all came from different sources (Table S1,
Model 6). It is possible that data from those cities may have influenced the
results if the land cover data were not comparable to those produced by
SAL. Based on Model 6, no substantive changes were observed. All
robustness check models supported the inferences of the main results:
formerly D-graded areas had roughly half as much tree canopy as formerly
A-graded areas.

Limitations
Cross-city analyses97 and meta-analyses16,17 have demonstrated inequi-
table distribution of tree canopy by already disadvantaged groups. This
paper builds on those studies by using a consistent approach across 37
cities. These 37 cities (or ~15% of all redlined cities) were chosen based on
availability of data. However, this convenience sample nevertheless covers
a range of characteristics in population from ~42,000 people (Lynchburg,
VA) to ~7.2 million people (New York City) at the time they were redlined
in 15 states. When they were redlined, these 37 urban areas analyzed
housed ~28.7 million people.
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DATA AVAILABILITY
All data generated and analyzed as part of this study are openly available from the
Environmental Data Initiative (EDI) Data Portal via the following https://doi.org/
10.6073/pasta/4ccbc7087959dc2a25063e589dee7718 98. The data are as follows: (1)
City-specific file geodatabases with feature classes of the HOLC polygons obtained
from the Mapping Inequality Project https://dsl.richmond.edu/panorama/redlining/,
and tables summarizing tree canopy, and in some cases other land cover classes. (2)
An *.R script that replicates all of the analyses, graphs and tables in the article
describing the related study. Other double checks, exploratory and miscellaneous
outputs can also be created by the script. (3) A *.csv file containing city, the HOLC
grade, and the percent tree canopy cover. This can be used to create the main
findings of the article and this flat file is provided as an alternative to running the R
script to extract information from the geodatabases, combine and analyze them. The
intention is that this file is more widely accessible; the underlying information is
the same.
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