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Abstract: Access and exposure to urban green space—the combination of parks and vegetative
cover in cities—are associated with various health benefits. As urban green space is often unequally
distributed throughout cities, understanding how it is allocated across socio-demographic popula-
tions can help city planners and policy makers identify and address urban environmental justice
and health equity issues. To our knowledge, no studies have yet combined assessments of park
quality, park availability, and green cover to inform equitable urban green space planning. To this
end, we developed a comprehensive methodology to identify urban green space inequities at the city
scale and applied it in Portland, OR, USA. After auditing all public parks in Portland and gathering
green cover data from publicly accessible repositories, we used a suite of statistical tests to evaluate
distribution of parks and green cover across Census block groups, comprising race, ethnicity, income,
and educational attainment characteristics. Right-of-way tree canopy cover was the most significant
urban green space inequity identified in bivariate analysis (rs = −0.73). Spatial autoregressive models
identified that right-of-way, private, and overall tree canopy cover (Nagelkerke pseudo-R2 = 0.66, 0.77,
and 0.67, respectively) significantly decreased with the proportion of minoritized racial population
and increased with median income. The results were then used to identify priority locations for
specific urban green space investments. This research establishes a process to assess intra-urban
green space inequities, as well as identify data-informed and spatially explicit planning priorities to
promote health equity and environmental justice.

Keywords: environmental justice; urban forestry; parks; recreation; neighborhood characteristics;
health equity; built environment; public health; spatial modeling; urban planning

1. Introduction

The enjoyment of the highest attainable standard of health is one of the fundamental rights
of every human being without distinction of race, religion, political belief, economic or
social condition. [1]

Urban areas are now home to a majority of the world’s population and are projected
to continue increasing in proportion to the global population through at least 2050 [2].
Understanding how urban landscapes affect human health is imperative to effective public
policy and land use planning. Urban environments have been linked to serious public
health concerns, such as increased air pollution concentrations [3], extreme heat [4,5], poor
mental health outcomes [6–8], and physical inactivity [9,10], all of which are risk factors for
premature mortality [11–14]. Yet, urban green spaces (i.e., park amenities and vegetation
cover across all land uses in cities) can mitigate these issues by providing numerous
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ecosystem services, including temperature regulation [15–17], flood mitigation [18,19], air
pollution reduction [20,21], mental health benefits [7,22,23], and opportunities for physical
activity [24]. As such, the design, planning, and distribution of urban green spaces are
important public health considerations.

Revelations regarding the health benefits of urban green space coincided with an
expansion of the environmental justice discourse to include equity assessments of envi-
ronmental benefits in addition to environmental burdens [25–30]. Studies investigating
urban green space distributional justice (i.e., the equitable distribution of environmental
benefits in cities) have focused predominantly on equity assessments of green cover (i.e.,
tree canopy and all other vegetation cover), park availability (i.e., number of parks and
park area), and park quality.

The distribution of urban green space, as well as the localized benefits provided,
varies from city to city. It is important to note that because our selected case study is
the City of Portland, Oregon, USA, our literature review focuses almost exclusively on
North America. Therefore, the discussion of distributional green space justice should be
considered within that socioeconomic context. Recent meta-analyses of the urban forest
equity literature identified significant inequities in urban tree canopy cover based on both
race and income, though the association with income was nearly twice as strong as the
association with race [31,32]. In urban areas across the states of Oregon and Washington,
USA, tree canopy cover increased with median household income [33]. From 2014 to 2020,
lower income communities, as well as communities with greater non-white population
densities, experienced significant decreases in tree canopy cover compared to whiter and
wealthier communities in Portland, Oregon, USA [34]. In Wisconsin, USA, individuals
in the lowest income bracket—those making less than $20,000 per year—had the highest
likelihood of living in neighborhoods with less than 10% tree canopy cover [35]. In Montreal,
Canada, neighborhoods with greater low-income and minoritized racial populations had
significantly less tree canopy cover overall, as well as along rights-of-way [36]. These
findings present clear evidence of disparities in tree canopy cover across various land uses
based on race and income.

Although park equity studies have yielded mixed results, there are consistent pat-
terns of race-, ethnicity-, and income-based disparities in park availability and park qual-
ity [37,38]. An urban park equity literature review found that non-Hispanic/Latino/a/x
(hereafter referred to as “Latinx”) white people had the greatest park access, determined by
number of parks and park area, in eighteen of twenty papers examined [29]. Furthermore,
all national-scale studies in the United States found that people of color in lower-income
brackets had access to fewer parks and less total park area than white and higher income
demographics [29]. Though park inequities have been identified consistently, inter-urban
park access variability demonstrates the importance of considering park access equity for
each city independently.

Distributional justice assessments have also considered various aspects of park quality,
as they may influence park use and physical activity [39,40]. Park quality assessments
have found that more affluent communities, and those with higher proportions of non-
Latinx white residents, frequently have access to better quality parks than communities
with higher proportions of people with low-incomes and people of color [29]. Addition-
ally, Rigolon’s review of park quality literature identified several common inequalities,
including park safety, park maintenance, and diversity of park amenities (e.g., trails and
playgrounds) [29]. These factors may all influence park perception, park usage, and park-
based physical activity with the potential to exacerbate existing race- and income-based
health disparities [41].

Numerous studies have investigated equity concerns related to urban green cover,
park availability, or park quality. Such work has led to the concept of urban green space
equity and calls for the development of standards or rules, recently including the 3-30-300
rule [42–44]. While there is still some debate as to the exact definition of urban green
space equity, for this paper we define it as a measure of the equitable distribution of urban
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green space among different spatial units, income levels, racial groups, and marginalized
populations [43,45,46]. To our knowledge, few have sought to include park and green
cover assessments into a unified methodology to assess urban green space equity; see [47].
Additionally, while numerous city- and national-scale assessments have consistently found
evidence of urban green space inequities, they stop short of providing data-informed,
spatially explicit recommendations for addressing existing disparities. To address these
gaps, we propose a multi-step process to identify green space equity planning priorities at
the city scale:

1. Conduct comprehensive data collection of park quality, park availability, and
green cover.

2. Identify urban green space access and exposure inequities specific to marginalized
communities.

3. Develop data-informed recommendations for urban green space planning priorities.

In this study, we developed a methodology for identifying specific urban green space
distributional justice concerns based on socio-demographic characteristics (i.e., race, ethnic-
ity, income, and education) while controlling for landscape variables and spatial clustering
(Figure 1). We then implemented this methodology to inform equity-focused urban green
space planning priorities in Portland, OR, USA.
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Figure 1. Schematic diagram depicting the methodology used to identify systemic inequities in urban
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2. Materials and Methods
2.1. Site Context

This study was conducted during 2021 in Portland (Figure 2). The City of Portland has
demonstrated a dedication to equitable and inclusive urban forest planning, as illustrated
by its racial equity plan for parks (2017) and its equity-focused tree planting strategy
(2018) [48,49]. As of 2021, the city of Portland had a predominantly white population
(75.3% identifying as “white alone”) with 9.8% Latinx, 8.7% Asian, 5.9% Black/African
American, 0.8% American Indian and Alaska Native, and 0.7% Native Hawaiian and other
Pacific Islander populations [50]. Between 2000 and 2015, Portland’s citywide tree canopy
cover increased from 27.3% (10,258 hectares) to 30.7% (11,517 hectares) but decreased
to 29.8% by 2022 [51]. Tree canopy cover has not been evenly distributed throughout
Portland with over 50% of the city’s tree canopy cover concentrated west of the Willamette
River, which comprises less than 30% of the city’s total land area [52]. In this study, we
used the Willamette River and 82nd Avenue as useful lines of demarcation for describing
demographic and green space clustering (Figure 2).
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Figure 2. Context map of Portland, Oregon, USA, depicting city limits and Census block group
boundaries.

2.2. Sociodemographic Variables

We selected a suite of socio-demographic characteristics similar to those used in
previous urban green space distributional justice studies, including variables that account
for population-level race, ethnicity, income, and education [29,31,37,47,53–55]. Race data
were obtained from 2020 Census redistricting data [56]. Income, ethnicity, and education
data were taken from 2016–2020 American Community Survey 5-year estimates [57–59].
As no minoritized racial group accounted for more than 10% of Portland’s population,
race data were used to identify the percent of each block group’s population that did not
identify as “white alone” (i.e., Black or African American, American Indian and Alaska
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Native, Asian, Native Hawaiian and other Pacific Islander, some other race, or multiracial).
Income was defined as block group median household income, and ethnicity was defined
as the percent of block group population that identified as “Hispanic, Latinx, or Spanish
origin”. Educational attainment data were used to identify the percent of block group
population, ages 25 and older, with no postsecondary education.

Sociodemographic data were analyzed using 2020 Census block group redistricting
geometry, the finest spatial resolution for aggregated socio-demographic Census data [60].
Block groups were selected for analysis if their centroids were located inside Portland’s city
limits (n = 497; Figure 2).

2.3. Green Space Variables

We collected a broad suite of urban green space metrics to assess park quality, park
availability, and green cover. No consensus has been reached among researchers regarding
appropriate distance or geographic units when assessing urban green space access [61],
and we chose to adopt several commonly used distances [29,62–65]. We collected green
space data using block group geometry, as well as within 400 and 800 m of block group
boundaries (see Figures S4–S6), because these distances account for the range of most
common walking trip times and distances [66].

Park quality and park availability were measured based on data from a comprehensive
park audit. The first author visited every park, natural area, cemetery, golf course, and
public schoolyard (hereafter referred to collectively as “parks”) within Portland’s city
limits [67–69] and audited all parks that were publicly accessible and did not require
payment to enter (n = 406; Figures S1 and S2). The Natural Environment Scoring Tool
(NEST), a 47-item questionnaire, was used to obtain an overall park quality score for each
park [70]. Additionally, seven NEST domains (i.e., accessibility, amenities, incivilities/safety,
natural and non-natural aesthetics, recreation facilities, and usability) were scored for each
park (for more information on the specific dimensions of the NEST domains, see Gidlow
et al., 2018 [70]). Park quality (i.e., average NEST overall and domain scores), park area,
and the number of parks were calculated based on the parks within each block group and
for all parks within a 400 and 800 m road network walking distance from each block group
boundary (Table 1, Figure S3). Additionally, we measured the percentage of each block
group area within a 400 and 800 m road distance of a park [71].

Green cover variables were measured within each Census block group and within
a 400 and 800 m Euclidean distance of each Census block group boundary (Table 1;
Figures S4 and S5). Green cover variables were calculated using one-meter resolution
urban land cover data from the United States’ Environmental Protection Agency EnviroAt-
las [72] and were categorized by vegetation type (i.e., tree canopy cover and all vegetation
cover types) as well as land use type (i.e., right-of-way, parkland, private land, and all
land uses). Additionally, the cumulative normalized difference vegetation index (NDVI), a
validated measure used as a proxy for green cover, was calculated based on the ratio of red
to near infrared light in high resolution multispectral imagery [73].

Finally, we sought to represent green cover similar to how it might be experienced
when walking on the street (i.e., street-level greenness). To measure street-level greenness,
we first created a network of points spaced 50 m apart along all roadways in Portland,
excluding freeways, private roads, and unimproved roads. We generated 360◦ panoramas
for every point by combining three Google Street View images (each with 120◦ horizontal
and vertical fields of view), taken during leaf-on period (i.e., May-September) from 2007 to
2020 [74]. Finally, we calculated a modified Green View Index (GVI) for each panorama
based on the ratio of green pixels to total pixels [75,76]. We calculated GVI at 49,362 locations
along roadways within Portland’s city limits. Street-level greenness was measured as the
average GVI within each Census block group boundary and for the areas extending between
400 and 800 m road walking distances surrounding each Census block group (Figure S6).
GVI data were collected and processed using modified open-source Python code [77] with
NumPy and PyMeanShift packages [78,79].
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Table 1. Urban green space metrics, measured for each Census block group in Portland, Oregon.

Category Variable Data Source

Park Availability

Number of parks a Oregon Recreation and Conservation Areas [67,68]

Park area (ha) a Oregon Recreation and Conservation Areas [67,68]

Park coverage (percent) Oregon Recreation and Conservation Areas [67,68]

Park Quality Park quality score (Neighborhood Environment
Scoring Tool domain and overall scores) a

Neighborhood Environment Scoring Tool [70];
Oregon Recreation and Conservation Areas [67,68]

Green Cover

Cumulative normalized difference vegetation index
(NDVI) b

National Agriculture Imagery Program (NAIP) 2016
four-band aerial imagery [80]

Green cover—total, park, private, and right-of way
(percent) b

United States’ Environmental Protection Agency
EnviroAtlas [72]

Tree canopy cover—total, park, private, and right-of
way (percent) b

United States’ Environmental Protection Agency
EnviroAtlas [72]

Cumulative Green View Index (GVI) a Google Street View Static API [74]
a within block group, and within 400 and 800 m by rod network of block group perimeter. b within block group,
and within 400 and 800 m Euclidean buffers of block group perimeter.

2.4. Confounding Environmental Variables

Because this study is inherently place-based, as opposed to a multi-city evaluation,
it is important to consider local biophysical and urban form variables that may impact
urban green space characteristics. As elevation has been identified as a potential con-
founding variable when looking at environmental justice implications of urban green
space access/exposure [55,81], we calculated mean elevation for each block group from
a 10 m resolution digital elevation model [82]. Other characteristics of urban form such
as residential and commercial density, land use mix, and street characteristics have also
been found to have significant relationships with vegetation cover [36,55,83]. As such, we
developed an index to measure urban form, which we adapted from Frank et al. [9,84,85].
The urban form index was calculated for each block group by taking the sum of z-scores
for residential density, street connectivity, land use mix, sidewalk-to-road-length ratio, and
bike-infrastructure-to-road-length ratio (Table S1).

2.5. Statistical Analysis

Bivariate and multivariate statistical analyses were conducted to identify environ-
mental justice concerns related to urban green space access and exposure in Portland,
Oregon. Census block groups that did not contain median household income data (n = 25)
or lacked complete green cover data coverage (n = 1) were removed from the dataset,
leaving 471 block groups for analysis. Consistent with methods used by Schwarz et al. [86],
we conducted Spearman’s rank correlation to identify nonparametric bivariate relation-
ships between all green space and socio-demographic variables. We used Spearman’s
rank correlation coefficient (rs) absolute values greater than 0.3 and 0.5 as thresholds for
moderate and strong relationships, respectively [87].

Ordinary least squares (OLS) multiple regression was used to evaluate environmental
justice concerns for each green space variable (i.e., response variable) in relation to race,
ethnicity, income, and educational attainment (i.e., explanatory variables). Models were
generated for each green space response variable with one socio-demographic variable
and with every combination of two, three, and four socio-demographic variables. Mean
elevation and urban form variables were included in each model as potential confounding
variables. Models were excluded if (1) any socio-demographic variable was not significant
(i.e., p > 0.05), (2) the model contained multicollinearity (variance inflation factor ≥ 2), or
(3) any socio-demographic variable coefficient changed sign from its Spearman’s rank cor-
relation coefficient. Response variables were transformed if OLS models did not satisfy the
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residual normality assumption (i.e., Kolmogorov–Smirnov p < 0.05) [88], and models were
removed if the residual normality assumption could not be satisfied after transformation.

To ensure OLS estimated coefficients were not a product of systematic spatial vari-
ation, we measured spatial autocorrelation of model residuals for all models that met
OLS modeling criteria, using Moran’s I for residual spatial autocorrelation [36,54,86,89].
Spatial autoregressive (SAR) models were generated for all OLS models with significant
spatial autocorrelation of model residuals (i.e., Moran’s I p < 0.05). Two SAR models—the
spatial error model and spatial lag model—were developed specifically to handle spatial
autocorrelation of residuals in OLS models [89]. The spatial error model assumes that error
terms are spatially correlated due to omitted factors, while the spatial lag model assumes
that the response variable, as well as explanatory variables and error terms are all spatially
correlated. Lagrange multiplier and robust Lagrange multiplier spatial dependence test
statistics were calculated for OLS models that exhibited spatial autocorrelation of residuals,
and the choice of model (i.e., spatial error or spatial lag) was based on which had more
significant test statistics [36,54,90]. We constructed spatial weights for SAR models using
queen contiguity-based weights, defining neighbors as those that share common edges and
vertices [90]. Spatial autoregressive models were excluded if residuals exhibited spatial
autocorrelation (i.e., Global Moran’s I p < 0.05) or if neither socio-demographic variable
was significant. All statistical analyses were conducted in R [91], and spatial statistics were
generated using “spdep” and “sf” packages [92,93].

2.6. Identifying Priority Block Groups for Urban Green Space Planning

Working to address existing urban green space inequities requires a data-informed
planning strategy. While there are numerous potential approaches for identifying areas
most in need of urban green space investment, we developed an example methodology
for identifying priority locations for specific urban green space investments in Portland.
This methodology did not use any specific urban green space equity standard; however,
the methodology has the potential to be used by other researchers who do want to apply
such a standard.

We identified priority planning locations for each inequitably distributed urban green
space variable identified in SAR models. Priority block groups were defined as those with
the least access to the particular green space variable (i.e., block groups in the lower quartile)
and the largest proportions of marginalized populations for the specific socio-demographic
variables present in the best-fit SAR models (i.e., block groups in the upper quartile for
race, ethnicity, and educational attainment and the lower quartile for median household
income). We further stratified block groups into four priority tiers using the 10th, 15th,
20th, and 25th percentiles as cutoffs for priority block groups based on urban green space
and income. We used the 90th, 85th, 80th, and 75th percentiles for race, ethnicity, and
education variables. Block groups that had differing priority tiers for green space and
socio-demographic variables were assigned to the lower priority tier (Figure 3).



Land 2024, 13, 720 8 of 25
Land 2024, 13, x FOR PEER REVIEW 9 of 28 
 

 
Figure 3. Representation of the example methodology for identifying priority block groups based 
on urban green space and socio-demographic characteristics. 

3. Results 
3.1. Descriptive Statistics 

The 471 Census block groups analyzed for this study had a combined population of 
621,501, or 96.9% of Portland’s estimated 2021 population [50]. Block group median 
household income ranged from under $10,000 to $250,000 with a median of $76,006. Clus-
ters of low-income block groups were identified in central Portland along the Willamette 
River and to the east of 82nd Avenue (Figure 4). The block group percent comprising the 
minoritized racial population ranged from 10.9% to 76.3% (median = 27.1%), with clusters 
of high minoritized racial population block groups in the eastern and northern parts of 
the city (Figure 5). Educational attainment had a strong correlation with race (r = 0.72) and 
exhibited similar spatial clustering (Figure S7). The Latinx population varied between 0% 
and 59.5% at the block group level (median = 6.7%; Table 2), with a large cluster of high 
Latinx population block groups on the east side of the city (Figure S8). 

Green cover varied dramatically across block groups, with total green cover ranging 
from 2.2% to 94.9% (median = 47.4%) and total tree canopy cover ranging from under one 
percent to over 85% (median = 22.1%; Table 2). A large cluster of block groups with high 
tree canopy cover was identified to the west of downtown, while several low canopy cover 
clusters were located in the downtown area, along the Columbia River, and in Southeast 
Portland (Figure 6). Right-of-way tree canopy cover ranged from 0.3% to 61.9% (median 
= 16.0%) with a cluster of high right-of-way tree canopy cover to the west of the Willamette 
River and a large cluster of low right-of-way tree canopy cover across the eastern part of 
the city (Figure 7). The median block group had access to four parks within a 400 m road 
distance of the block group boundary, though six block groups had no such park availa-
bility and 32 block groups had access to only one park. 

Figure 3. Representation of the example methodology for identifying priority block groups based on
urban green space and socio-demographic characteristics.

3. Results
3.1. Descriptive Statistics

The 471 Census block groups analyzed for this study had a combined population
of 621,501, or 96.9% of Portland’s estimated 2021 population [50]. Block group median
household income ranged from under $10,000 to $250,000 with a median of $76,006. Clusters
of low-income block groups were identified in central Portland along the Willamette River
and to the east of 82nd Avenue (Figure 4). The block group percent comprising the
minoritized racial population ranged from 10.9% to 76.3% (median = 27.1%), with clusters
of high minoritized racial population block groups in the eastern and northern parts of the
city (Figure 5). Educational attainment had a strong correlation with race (r = 0.72) and
exhibited similar spatial clustering (Figure S7). The Latinx population varied between 0%
and 59.5% at the block group level (median = 6.7%; Table 2), with a large cluster of high
Latinx population block groups on the east side of the city (Figure S8).

Green cover varied dramatically across block groups, with total green cover ranging
from 2.2% to 94.9% (median = 47.4%) and total tree canopy cover ranging from under
one percent to over 85% (median = 22.1%; Table 2). A large cluster of block groups with
high tree canopy cover was identified to the west of downtown, while several low canopy
cover clusters were located in the downtown area, along the Columbia River, and in
Southeast Portland (Figure 6). Right-of-way tree canopy cover ranged from 0.3% to 61.9%
(median = 16.0%) with a cluster of high right-of-way tree canopy cover to the west of the
Willamette River and a large cluster of low right-of-way tree canopy cover across the eastern
part of the city (Figure 7). The median block group had access to four parks within a 400 m
road distance of the block group boundary, though six block groups had no such park
availability and 32 block groups had access to only one park.
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Table 2. Census block groups socio-demographic and green space characteristics in Portland, Oregon
(n = 471).

Census Block Group Variable Median Range

Median household income a $76,006 $9606–$250,000
Minoritized racial group b 27.1% 10.9–76.3%
Hispanic, Latinx, or Spanish origin a 6.7% 0.0–59.5%
No postsecondary education a 37.9% 2.0–90.4%
Total green cover c 47.4% 2.2–94.9%
Total tree canopy c 22.1% 0.5–85.9%
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Table 2. Cont.

Census Block Group Variable Median Range

Right-of-way green cover c 37.1% 4.8–78.4%
Right-of-way tree canopy c 16.0% 0.3–61.9%
Number of parks d,e 4 0–17
Area of parks d,e 13.9 ha 0.0–2275.1 ha
Neighborhood Environment Scoring Tool (NEST), overall park quality score d,e 43.6 0.0–84.2

a data from 2016–2020 American Community Survey 5-year estimates [57–59]. b data from 2020 Census redistrict-
ing data [56] c based on “within block group boundary” variable. d based on “within 400 m road distance of block
group boundary” variable. e based on free and publicly accessible parks, natural areas, golf courses, cemeteries,
and public schoolyards (n = 406). 

 
Figure 6. (a) Block group percent total tree canopy cover grouped in quartiles (n = 496); (b) cluster 
analysis using Local Moran’s I to identify clusters of high and low total tree canopy cover. 

  

Figure 6. (a) Block group percent total tree canopy cover grouped in quartiles (n = 496); (b) cluster
analysis using Local Moran’s I to identify clusters of high and low total tree canopy cover. 

 
Figure 7. (a) Block group percent right-of-way (ROW) tree canopy cover grouped in quartiles (n = 
496); (b) cluster analysis using Local Moran’s I to identify clusters of high and low right-of-way tree 
canopy cover. 

Figure 7. (a) Block group percent right-of-way (ROW) tree canopy cover grouped in quartiles
(n = 496); (b) cluster analysis using Local Moran’s I to identify clusters of high and low right-of-way
tree canopy cover.
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3.2. Bivariate Spearman’s Rank Correlation

Numerous strong and moderate relationships were identified between block group
socio-demographic characteristics and green cover variables in bivariate Spearman’s rank
correlation. The strongest relationships were observed between race (i.e., percent mi-
noritized racial population) and percent of right-of-way tree canopy cover (rs = −0.73).
The percent of the minoritized racial population was also associated with decreased GVI
(rs = −0.71), right-of-way green cover (rs = −0.65); cumulative NDVI (rs = −0.36); and
percent of tree canopy cover across all land uses (rs = −0.48), on park land (rs = −0.39), and
on private land (rs = −0.31; Table 3; Table S3). Educational attainment (i.e., percent with no
postsecondary education) had strong negative correlations with right-of-way tree canopy
cover and GVI (rs = −0.69 and −0.63, respectively), and moderate negative correlations
with tree canopy cover in parks and across all land uses (rs = −0.33 and −0.32, respectively).
Median household income was positively associated with GVI (rs = −0.50) and cumulative
NDVI (rs = −0.46), as well as tree canopy cover and green cover within the right-of-way
(rs= 0.48 and 0.56, respectively), on private land (rs = 0.40 and 0.36, respectively), and across
all land use types (rs = 0.43 for both). Ethnicity (i.e., percent Hispanic/Latinx) had moderate
negative associations with right-of-way tree canopy cover (rs = −0.34), right-of-way green
cover (rs = −0.33), and GVI (rs = −0.34).

Table 3. Summary of environmental justice concerns based on Spearman’s rank correlation coefficients
(rs) between green space and Census variables with strong and moderate correlations (|rs| > 0.5 and
|rs| > 0.3, respectively).

Green Space
Variable Category *

Race
(Percent Minoritized

Racial Population)

Income
(Median Household

Income)

Education
(Percent with No

Postsecondary Education)

Ethnicity (Percent
Hispanic/

Latinx)

Right-of-way tree canopy cover −0.73 b 0.48 b −0.69 c −0.34 b

Right-of-way green cover −0.65 b 0.56 b −0.49 b −0.33 a

Green View Index (GVI) −0.71 c 0.50 c −0.63 c −0.34 b

Overall tree canopy cover −0.48 b 0.43 a −0.32 b -
Overall green cover - 0.43 a - -
Cumulative NDVI −0.36 b 0.46 a - -
Private tree canopy cover −0.31 b 0.40 a - -
Private green cover - 0.36 a - -
Park tree canopy cover −0.39 c - - -
Park quality, overall score - - −0.31 c -
Park quality, non-natural aesthetics
domain - - −0.34 c -

* rs reported only for variables with the strongest relationship within each green space category. a strongest
correlation measured for “within block group boundary” variable. b strongest correlation measured for “within
400 m of block group boundary” variable. c strongest correlation measured for “within 800 m of block group
boundary” variable.

No park availability variables met the Spearman’s rank correlation coefficient thresh-
old for inclusion. Among park quality variables, only NEST overall score and non-natural
aesthetics domain score (i.e., presence of decorative water fountains, public art, and his-
toric/attractive buildings or structures) had moderate negative associations with educa-
tional attainment (rs = −0.31 and −0.34, respectively; Table 3).

3.3. Multivariate Modeling
3.3.1. Models with One Census Variable

All 103 models that satisfied OLS modeling criteria with one Census variable had
significant spatial autocorrelation of residuals (Moran’s I p < 1.0 × 10−24. In SAR modeling
with one Census variable, 28 models satisfied spatial autocorrelation assumptions (Moran’s
I p > 0.05). Right-of-way tree canopy cover was significantly associated (p < 0.001) with all
four socio-demographic variables (i.e., race, educational attainment, income, and ethnicity)
in SAR models (Tables S6–S9). Right-of-way green cover was significantly associated with
race, ethnicity, and income, while GVI was significantly associated with income, ethnicity,
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and education. Standardized regression coefficients, or beta coefficients (β), for socio-
demographic variables were greater in magnitude than for mean elevation and urban form
in all OLS models of right-of-way tree canopy, green cover, and GVI (Table S5). Addi-
tionally, elevation was not significant in any right-of-way and street-level greenness SAR
model (Tables S6–S9). Significant correlations were identified between socio-demographic
variables and numerous other green cover variables, including tree canopy cover on private
land (race, ethnicity, and income), on parkland (race, ethnicity, income, and educational
attainment), and across all land uses (race, income, and educational attainment), as well as
total green cover (ethnicity), and NDVI (race and income). However, all non-right-of-way
green cover variables had stronger associations (i.e., Spearman’s rank correlation and OLS
beta coefficient magnitude) with mean elevation than any socio-demographic variables
(Tables S4 and S5).

Only four park quality models met SAR modeling criteria. NEST natural aesthetics
and usability domain scores were significantly correlated with educational attainment
(Table S9). In addition, race and income were significantly associated with NEST amenities
domain scores (Tables S6 and S7).

3.3.2. Models with Two Census Variables

A total of 43 models with two Census variables satisfied OLS model criteria, and
the 19 distinct response variables were all related to green cover or street-level greenness
(i.e., tree canopy, green cover, GVI, or NDVI). All 43 OLS model residuals had significant
spatial autocorrelation (Moran’s I p < 1.0 × 10−25), and twenty-five of the 43 SAR models
contained spatial autocorrelation of model residuals, leaving 18 models that satisfied
SAR model criteria. Median household income and race were significantly associated
(p < 0.01) with right-of-way tree canopy, right-of-way green cover, GVI, total tree canopy,
and private land tree canopy in best-fit models (i.e., highest Nagelkerke pseudo-R2 among
models with the same response variable; Table 4). Median household income was the only
significant Census variable in the NDVI model, while ethnicity was the only significant
Census variable associated with either parkland tree canopy or total green cover (Table 4).
Green cover variables had stronger associations with income for all models that included
both race and income.

Neither elevation nor urban form were significant predictors of right-of-way tree
canopy cover. While urban form was significantly associated with both GVI and right-
of-way green cover, combined OLS beta coefficients for race and income were more than
2.5 times larger than elevation and urban form beta coefficients in all three models (Table 4;
Table S10). Best-fit total tree canopy, total green cover, NDVI, and private land tree canopy
models had the highest Nagelkerke pseudo-R2 among all SAR models, although elevation
and urban form were highly significant (p < 0.001). Elevation had stronger bivariate
associations (i.e., Spearman’s rank correlation and OLS beta coefficient) with total tree
canopy, total green cover, NDVI, and private land tree canopy than any significant socio-
demographic variable, and the combined beta coefficients of elevation and urban form
were between 1.8 and 6.2 times greater than the combined race and income beta coefficients
(Tables S2 and S3; Table S12).

SAR model coefficients for transformed variables (i.e., right-of-way tree canopy and
total tree canopy cover) and indices (i.e., GVI and NDVI) are difficult to interpret. Best-fit
models with non-transformed response variables suggest a 1.9% decrease in right-of-way
green cover and 1.7% decrease in private tree canopy cover for every 10% increase in
minoritized racial population (B = −0.19 and −0.17, respectively; Table 4). In the same
models, a 0.75% increase in right-of-way green cover and 0.31% increase in private tree
canopy cover are expected for every $10,000 increase in median household income (B = 0.75
and 0.31, respectively). Additionally, total green cover and parkland tree canopy cover
models revealed expected 1.3% decreases in their respective coverage for every 10% increase
in Latinx population (B = −0.13).
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Table 4. Summary of estimated coefficients for best-fit spatial autoregressive (SAR) models with two socio-demographic predictors and no spatial autocorrelation of
model residuals.

ROW
Tree

Canopy ab

ROW
Green

Cover b
GVI ab

Total
Tree

Canopy ab

Total
Green Cover b NDVI b Private Land

Tree Canopy b
Parkland

Tree Canopy c

Intercept 1.35 *** 16.09 *** 1.51*** 4.06 *** 21.17 *** 0.03 * 17.84 *** 3.77 *
Median household income ($10 k) 0.05 *** 0.75*** 0.02*** 0.04 *** - 3.6 × 10−3 *** 0.31 ** 0.16
Race (percent minoritized racial
population) −0.02 *** −0.19 *** −7.2 × 10−3 *** −0.02 ** - −2.80 × 10−4 −0.17 *** -

Ethnicity (percent Hispanic/Latinx) - - - - −0.13 ** - - −0.13 *
Education (percent no
postsecondary) - - - - −0.04 - - -

Elevation (mean) 1.30 × 10−4 −0.01 1.60 × 10−5 0.01 *** 0.05 *** 3.4 × 10−4 *** 0.15 *** 0.03 *
Urban form −0.01 −0.66 *** −0.02 ** −0.09 *** −1.54 *** −5.7 × 10−3 *** −1.26 *** −0.24
Pseudo-R2 0.66 0.62 0.63 0.67 0.7 0.73 0.77 0.66

SAR Type
(SEM or SLAG) SLAG SLAG SLAG SEM SLAG SLAG SEM SLAG

* p < 0.05; ** p < 0.01; *** p < 0.001. ROW—right-of-way; GVI—green view index; NDVI—normalized difference vegetation index; SEM—Spatial error model; SLAG—spatial lag model.
a response variable transformed (square-root transformation). b measured within block group boundaries. c measured within 800 m of block group boundaries.
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4. Discussion

This study proposed a methodology for evaluating distributional justice concerns
related to urban green space access/exposure and applied it in Portland, Oregon. Urban
green space distributional justice was assessed based on three categories of access/exposure:
green cover, park availability, and park quality. This case study identified distributional
justice concerns at the block group scale in Portland, Oregon based on urban green space
access/exposure and characterized relationships between environmental and social char-
acteristics of the urban environment to inform urban green space planning, policy, and
decision making.

4.1. Green Cover Equity Assessment

Findings from tree canopy and green cover models revealed significant disparities in
tree and green cover access for marginalized communities in Portland, Oregon. Consistent
with the results from other tree canopy cover assessments, we identified tree canopy cover
disparities based on race and income, with a stronger association between tree canopy
cover and income [31,32]. In addition to socio-demographic factors, block group elevation
and urban form were highly significant predictors of total tree canopy cover, total green
cover, NDVI, and private tree canopy cover (Table 4), further reinforcing that urban green
cover distribution may be connected to terrain, development patterns, and community
socio-demographic character [36,55,81,94]. In Portland specifically, the highest elevation
areas are west of the Willamette River where tree canopy cover exceeds 54%, while areas
east of the Willamette River have an estimated 20.5% tree canopy cover [52].

Distributional inequities were most pronounced for right-of-way greenness (i.e., tree
canopy cover, green cover, and street-level greenness). In bivariate analyses, the strongest
race-, ethnicity-, and education-based disparities were detected for right-of-way tree canopy
cover, while the strongest income-based disparity was observed for right-of-way green
cover (Table 3). Multivariate SAR models confirmed the significance of these relationships
(Table 4; Tables S6–S9), and unlike the findings for all other green cover variables, changes
in right-of-way tree canopy and green cover characteristics were more closely associated
with block group socio-demographic characteristics than either elevation or urban form
(Tables S3–S5; Tables S10–S12). These findings mirror outcomes from other studies, which
also identified race- and income-based inequities in right-of-way tree canopy cover [36,54].
Our results suggest that while tree planting in parks and on private land would meaning-
fully contribute to reducing tree canopy disparities, the inequities observed between race,
income, and right-of-way tree canopy cover are the most significant and pressing urban
green space distributional injustices in Portland. Furthermore, these findings clarify the
utility of assessing green cover across different land use types when considering planning
and policy priorities.

Future studies may consider simplifying the number of green cover variables and
the geographic units included in analyses. Overall tree canopy cover, NDVI, and private
tree canopy cover were all strongly correlated (rs > 0.85; Table S2), and models yielded
similar race- and income-based inequities. Right-of-way tree canopy cover and GVI were
also strongly correlated (rs > 0.85), and their respective SAR models identified consistent
inequities. These findings support the use of NDVI and GVI as proxies for overall tree
canopy cover and right-of-way tree canopy cover, respectively. Additionally, all best-fit
green cover models—aside from the parkland tree canopy cover model—used green cover
metrics collected within block group boundaries. As such, future assessments may consider
only measuring green cover within block group boundaries.

4.2. Park Equity Assessment

Reducing disparities in access to parks, natural areas, and services is one of the six
objectives listed in Portland’s Parks and Recreation Five-Year Racial Equity Plan [49].
Our analyses found no race-, ethnicity-, income-, or education-based inequities in park
availability and even identified weak but positive associations between accessible park area,
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block group percent of Latinx, and block group percent with no postsecondary education.
However, we did uncover six block groups with no park access within 400 m of block
group boundaries, two of which were in the lower quartile for median household income
and the upper quartiles for percent population with no postsecondary education, percent
population from minoritized racial groups, and percent of Latinx. In line with the Portland
Parks and Recreation objective to prioritize property acquisition for the establishment of
parks that serve communities of color and low-income neighborhoods [49], these block
groups would be ideal locations for future park development initiatives.

Equitable park availability does not ensure that parks support user needs, and our
assessment of park quality uncovered multiple inequities. Spatial autoregressive models
found that block groups with higher proportions of Latinx residents had significantly
less tree canopy cover on parkland within 800 m of block group boundaries (Table 4;
Table S9). In separate SAR models, park amenities (i.e., seating, trash cans, toilets, shelters,
picnic tables, and drinking fountains) were inequitably distributed based on block group
median household income and percent of minoritized racial population (Tables S6 and S7).
Additionally, block groups with higher proportions of residents with no post-secondary
education had lower natural aesthetics (i.e., the combination of water features, views, tree
cover, and maintained vegetation areas) and usability (i.e., the diversity of active and
passive recreational opportunities) scores based on parks accessible within 400 and 800 m
of block group boundaries, respectively (Table S8).

4.3. Towards Environmental Justice: Urban Green Space Planning Application

In the green cover priorities assessment, we identified 47 priority block groups for
potential tree canopy expansion (i.e., across all land uses, on private land, and on right-of-
way), 45 of which were located east of the Willamette River, mostly concentrated east of
82nd Avenue (Figures 8 and 9). These findings were consistent with resident perceptions
of tree canopy cover; a 2017 survey of approximately 3000 Portland residents found that
residents living east of 82nd Avenue were less likely to believe their neighborhood had
enough trees [48]. While Portland Parks and Recreation set a 35% target for right-of-
way tree canopy citywide [95], the 38 block groups identified for right-of-way tree canopy
expansion range between two and ten percent, indicating a significant need for right-of-way
tree canopy expansion. In terms of tree planting potential, Portland Parks and Recreation
estimated that over 80% of the 8452 hectares of potential tree planting space in the city was
located east of the Willamette River, representing enough area to plant over one million
trees [52]. The block groups identified here as in need of tree canopy expansion can provide
Portland Parks and Recreation with specific locations to apply their potential tree planting
data to better promote equity in urban canopy cover. Although this approach targets only
a small percentage of block groups for urban forest expansion, priority areas could be
expanded by including, for example, all block groups above median percent minoritized
racial population and below median green cover and/or median household income.

For park-based equity considerations, we generated maps locating priority block
groups for improvements based on park tree canopy cover and NEST natural aesthetics,
usability, and amenities domains (Figures 10 and 11). We also created tables of park names
that met the prioritization criteria for each park quality in question (e.g., for NEST amenities,
the list includes parks within 400 m of block groups in the lower quartile for NEST amenities
and the upper quartile for Hispanic/Latinx population; Tables S15–S18). In total, we
identified 117 parks, 48 schoolyards, and 7 cemeteries that should be considered for park
quality improvements. While this analysis provides a basis for assessing park equity and an
example for how to identify priority areas for park development and improvement, greater
insight into relationships between park access, park quality, neighborhood environment,
and park use may arise from further analyses. This includes but is not limited to distribution
of specific park programs and facilities, as well as consideration of potential barriers, such
as street connectivity, traffic speed, sidewalk availability, and perceptions of safety [96,97].
In addition, park improvement planning should meaningfully involve and empower
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marginalized community members throughout decision-making processes and respond to
their social, cultural, and recreational needs [27,98].
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green cover, based on percent of total green cover and of percent Hispanic/Latinx.
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right-of-way tree canopy cover, median household income, and percent minoritized racial population,
and (b) right-of-way green cover based on percent right-of-way green cover, median household
income, and percent minoritized racial population.
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Figure 10. Priority block groups for (a) parkland tree canopy expansion based on block group park-
land tree canopy cover and percent of Hispanic/Latinx, and (b) park amenity enhancements based 
on block group Neighborhood Environment Scoring Tool (NEST) amenities domain scores, median 
household income, and percent of minoritized racial population. 

Figure 10. Priority block groups for (a) parkland tree canopy expansion based on block group
parkland tree canopy cover and percent of Hispanic/Latinx, and (b) park amenity enhancements
based on block group Neighborhood Environment Scoring Tool (NEST) amenities domain scores,
median household income, and percent of minoritized racial population.
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selection based on Neighborhood Environmental Scoring Tool (NEST) usability and natural aesthet-
ics domain scores (a and b, respectively), as well as percent of block group population with no post-
secondary education. 

  

Figure 11. Priority block groups to improve (a) park usability and (b) natural aesthetics; block
group selection based on Neighborhood Environmental Scoring Tool (NEST) usability and natural
aesthetics domain scores (a and b, respectively), as well as percent of block group population with no
postsecondary education.
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4.4. Beyond Distributional Justice: Considerations for Urban Green Space Policy and Planning

The findings and recommendations presented here are only a starting place for ad-
dressing disparities in urban green space exposure and access. We identified citywide
distributional injustices related to urban green space access, as well as locations for potential
urban green space investments to mitigate existing disparities. Yet, careful consideration
of policy, planning, and procedural justice is necessary to identify and avoid potential
unintended consequences of green space enhancement and expansion.

Increasing green space, whether parks or trees, in low-income and minoritized racial
communities may contribute to neighborhood gentrification. The addition of parks and/or
street trees can catalyze the restructuring of neighborhoods by increasing home values
and rent costs, which may shift demographics, and force the displacement of particularly
vulnerable residents [99–103]. Urban green space development may increase benefits for
marginalized communities in the short term, but in the long term, these communities
may face increased hardship associated with rent increases, displacement, relocation,
or alienation. As stated by Gould and Lewis, “without clearly focused public policy
intervention, in situ environmental improvements will tend to increase racial and class
inequality, and decrease environmental justice” [102] (p. 114). These findings suggest the
need to consider how marginalized populations are impacted by urban greening, both in
the short and long term, and how housing policy might be used to protect against green
gentrification.

Even urban greening initiatives intended to provide compensatory equity (e.g., provid-
ing more public tree assets or private tree care subsidies to low-income communities) have
resulted in less equitable outcomes [104,105]. As cities consider implementing programs to
improve tree equity, as is the case in Portland [48], these policies should include need-based
criteria to effectively support low-income and low-canopy neighborhoods.

Finally, adherence to environmental justice requires urban green space planning pro-
cesses to be led by and for the marginalized communities who lack equitable access to
ecosystem services. Cities frequently express the importance of community participation
in planning processes [48,49,106,107], and it is critical that public engagement strategies
are inclusive of and responsive to perspectives from marginalized communities. Portland
Parks and Recreation has made clear efforts to engage marginalized communities in the
urban forest planning process through culturally specific focus groups and public sur-
veys [48]. Results from survey responses and outreach efforts revealed barriers to tree
planting in marginalized communities, which included a lack of accessible educational
information, concerns over damages caused by trees, costs associated with tree planting
and maintenance, and distrust of government agencies [48,108]. Participants and survey
respondents highlighted the importance of culturally and linguistically specific outreach,
using established and trusted community leaders or organizations, as well as financial
assistance with costs of buying, planting, and maintaining trees [48,108]. The assessment
provided in this study, in conjunction with the outreach conducted by Portland Parks and
Recreation, provides an opportunity for more targeted urban green space improvements
that address community concerns and promote urban environmental health equity.

5. Conclusions

This study established a process for assessing distributional injustices across a compre-
hensive suite of urban green space characteristics and tested this methodology to identify
priority locations for specific urban green space investment in Portland, Oregon. Combin-
ing evaluations of green cover, park availability, and park quality into a single analytical
approach allowed for a more complete understanding of urban green space inequities
than if urban green space characteristics were considered independently. Additionally,
generating separate green cover measures based on land-use type allowed for increasingly
specific assessments of urban green space disparities. While our analyses did not reveal
systematic park access inequities, and only minor park quality concerns, we found clear
and compelling evidence of distributional injustices in Portland, Oregon related to tree
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canopy and green cover across various land uses based on race, ethnicity, income, and
educational attainment. The strongest and most consistent urban green space disparities
were associated with right-of-way tree canopy cover, even after accounting for elevation,
urban form, and spatial clustering. These findings provide a foundation for equitable urban
green space planning in Portland, Oregon, as well as an avenue for cities to identify and
address distributional inequities.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/land13060720/s1, Figure S1. All audited parks by park type;
Figure S2. All audited parks by Neighborhood Environment Scoring Tool (NEST) overall score;
Figure S3. Park availability; Figure S4. Green cover variables; Figure S5. Cumulative normalized
difference vegetation index (NDVI); Figure S6. Green view index (GVI); Figure S7. Percent of
block group population and cluster analysis (postsecondary education); Figure S8. Percent of block
group population and cluster analysis (Hispanic/Latinx); Figure S9. Block group mean and cluster
analysis (elevation); Figure S10. Block group mean and cluster analysis (neighborhood walkability
index); Figure S11. Block group percent and cluster analysis (right-of-way green cover); Figure S12.
Block group mean and cluster analysis (green view index); Figure S13. Block group percent and
cluster analysis (total green cover); Figure S14. Block group mean and cluster analysis (normalized
difference vegetation index); Figure S15. Block group percent and cluster analysis (private tree
canopy canopy); Figure S16. Block group percent and cluster analysis (parkland tree canopy cover);
Table S1. Urban form index factors; Table S2. Bivariate Spearman correlation matrix for green cover
variables; Table S3. Summary of Spearman’s rank correlation coefficients (race, income, education,
ethnicity, and green space); Table S4. Summary of Spearman’s rank correlation coefficients (elevation,
neighborhood walkability index, and green space); Table S5. Ordinary least squares (OLS) models
with one census variable; Table S6. Summary of spatial autoregressive (SAR) models with one
Census variable (income); Table S7. Summary of spatial autoregressive (SAR) models with one
Census variable (race); Table S8. Summary of spatial autoregressive (SAR) models with one Census
variable (education); Table S9. Summary of spatial autoregressive (SAR) models with one Census
variable (ethnicity); Table S10. Ordinary least squares (OLS) models with two census variables (both
census variables with greater standardized regression coefficients than elevation and neighborhood
walkability index); Table S11. Ordinary least squares (OLS) models with two census variables (one
census variable with greater standardized regression coefficients than elevation and neighborhood
walkability index); Table S12. Ordinary least squares (OLS) models with two census variables
(elevation and/or neighborhood walkability index standardized regression coefficients greater than
both census variables); Table S13. Summary of spatial autoregressive models (right-of-way green
cover); Table S14. Summary of spatial autoregressive models (total tree canopy cover, green view
index, and normalized difference vegetation index); Table S15. List of parks, schools, and cemeteries
(located within 400 m of block group boundary) for block groups with low natural aesthetic scores
and high percent population with low educational attainment; Table S16. List of parks, schools, and
cemeteries (located within 800 m of block group boundary) for block groups with low parkland
tree canopy within 800 m of block group boundary (i.e., lower quartile) and high Latinx population;
Table S17. List of parks, schools, and cemeteries (located within 400 m of block group boundary)
for block groups with low Neighborhood Environment Scoring Tool amenity domain scores and
high racialized minority population or low median household income; Table S18. List of parks,
schools, and cemeteries (located within 800 m of block group boundary) for block groups with
low Neighborhood Environment Scoring Tool usability domain scores and high percent population
without any postsecondary education.
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