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Executive Summary

Executive Summary
Trees in cities provide multiple social, economic, environmental, and public health benefits called ecosystem
services. Abundant tree canopy cover in cities is associated with better living environments, lower crime rates,
economic improvement, and healthier community development. In 2019, the City of Durham, North Carolina
published its Urban Forest Management Plan, stating the goal of reaching 55 % tree cover by 2040. Because Durham
is a rapidly growing city with limited requirements for tree preservation, it is likely that Durham will lose tree cover
without intervention. This canopy loss makes it critical to reassess the current condition of the Durham’s urban
forest and develop plans to help Durham reach its 55% goal.
In this Master’s Project (MP), we worked for our client, Katie Rose Levin, Executive Director of TreesDurham, to
conduct an assessment aimed at planning a sustainable tree canopy for Durham. This assessment includes a
community survey to understand Durham residents’ attitudes towards trees, a geospatial prioritization to direct
tree-planting efforts based on ecosystem services, and a model for the future of Durham’s canopy based on zoning
and tree preservation code. This project leans on past Nicholas School Masters Projects, specifically “Replanting
Durham’s Urban Forest” from 2016. Our team expands this work by adding a social and political dimension to put
forward a full equity assessment of the state of Durham’s urban forest today, and how decision-makers might
engage it to meet specific goals.
In the first three sections, we introduce our goals for this project, provide an overview of the ecosystem services
that trees provide to city residents, and examine the current state of Durham’s tree canopy and how it is distributed.
According to our review of the scientific literature, to maximize the benefits of urban trees, they should be
distributed throughout the city to provide localized ecosystem services to as many residents as possible. Thus, when
deciding where to plant trees to maximize ecosystem services, we should prioritize areas with low canopy cover
and high population density. This also suggests that using a city-wide percent canopy cover as a goal for urban
forestry may not be sufficient to ensure that the citizens of that city are actually being served by the urban canopy.
The fourth section assesses Durham resident perceptions of trees and their ecosystem services in neighborhoods.
Implementing a community survey, we identify trends in resident understanding of and attitudes toward urban tree
canopy, and where opportunities or challenges exist between tree canopy actions and community involvement.
Overall, Durham residents value a tree’s ability to mitigate extreme heat and lower air pollution. Respondents prefer
trees that provide bird habitat, are native to North Carolina or the Southeast, are large-in-size and low-maintenance
(especially drought-resistant). Respondents want to see more street trees planted, and well-maintained tree cover
in neighborhoods to improve feelings of safety. Finally, groups most vulnerable to environmental hazards – those
who reported lower income, health impairments, or were younger or older – value trees in subtly different ways
than the survey responses broadly, valuing extreme heat reduction over air pollution mitigation, and reporting
lower feelings of safety in neighborhoods with inadequate tree cover.
The fifth section includes a geospatial analysis that combines the needs for air pollution removal, extreme heat
reduction, stormwater mitigation, and crime reduction into a single tree-planting priority score. To calculate the
final tree-planting priority score, we used the results of our community survey to weight the preferences of Durham
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residents regarding the relative importance of each service. In general, tree-planting priority scores are highest in
the most densely developed parts of Durham, where trees and natural landcover have been replaced by buildings,
roads, parking lots, and highway corridors. The resulting map can be used to identify hot-spots in Durham where
new trees could provide the most benefits to the surrounding community
The sixth section models tree cover in the city over time under several scenarios simulating changes in development
and policy. The tree cover model predicts the extent of Durham’s urban canopy based on the current City of Durham
Unified Development Ordinance (UDO) and analyzes the effect of potential changes in the UDO. Using tree cover
metrics calculated for different scenarios, we assess the potential effectiveness of current UDO requirements in
achieving Durham’s urban canopy goal and consider changes in the code. We conclude that if Durham preserves
all the current trees and replace dead trees, it is possible to reach 55% canopy cover by 2040. However, assuming
that zero tree removal is unrealistic and that the city continues to grow, it is more likely Durham will approach only
10% protected canopy. The main goal of our study is to maintain and preserve current trees while considering
strategies to require or encourage people to preserve trees.
The seventh section shares recommendations that address the social, environmental and built environments in
which Durham’s tree canopy exists:


Prioritize tree plantings along the street (in rights-of-way) and in medians. This action is under direct control
of the City of Durham's Urban Forestry division.



Negotiate with tree nurseries for tree species that better fit the profile that respondents outline: large,
native, drought resistant, low-maintenance and providing habitat for birds.



Prioritize tree plantings in neighborhoods with very low tree cover. This will address resident concerns and
can increase feelings of safety in these areas.



Encourage greater community involvement in tree maintenance to alleviate resource constraints on the
City's Urban Forestry division and non-profits dedicated to Durham's tree canopy, by planting trees that
align with community preferences including tree profiles, locations and density.



Prioritize tree plantings in areas with high ecosystem service priority scores. Our tree-planting prioritization
assigned scores from 1 to 10 indicating where the combined need for four ecosystem services provided by
urban trees is greatest. We recommend using this data to target parcels, U.S. Census blocks, or
neighborhoods with the highest scores for plantings.



Advocate for increased tree preservation standards in Durham's UDO, especially in rural and suburban
zones. Increasing preservation requirements to 50% in suburban residential and 40% in suburban nonresidential increases total protected tree canopy from 3% to 32% of Durham.
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1. Introduction

1. Introduction
Trees in cities provide multiple social, economic, environmental, and public health benefits known as ecosystem
services. Abundant tree canopy cover in cities has been associated with a better living environment, lower crime
rate, economic improvement, and healthier community development (Durham City-County EAB, 2015). With this
Master’s Project, our mission is to help the city of Durham, North Carolina to expand and maintain a robust urban
forest that provides essential benefits to all its residents.
The City of Durham, which is in a period of rapid growth, has recognized the benefits of maintaining tree canopy
coverage. From 2015 to 2016, the city undertook two information-gathering initiatives: a selective street tree
inventory to record the species and condition of many of the city’s trees, and a Tree Canopy Assessment to map
tree canopy and develop a better understanding of the extent and condition of Durham’s urban forest. Results from
these initiatives showed that in 2015 Durham had 36,600 acres of tree canopy, covering about 52% of the area
within city limits (City of Durham, 2019).
In 2019, the City of Durham published its Urban Forest Management Plan (UFMP), which set a goal of increasing to
55 % tree cover by 2040. However, Durham is a rapidly growing city, and urban development combined with limited
regulations on tree preservation makes it likely that tree cover in the city will decline in the coming years. In
addition, a large cohort of oak trees planted in greening initiatives in the 1930’s is reaching the limit of its lifespan,
and will likely die or be removed in the near future (City of Durham, 2019). This projected tree canopy loss makes
it critical to reassess the current condition of the tree canopy and develop plans to help Durham reach its 55% goal.
In this Master’s Project (MP), we worked for our client Katie Rose Levin, Executive Director of TreesDurham, to
conduct an assessment aimed at planning a sustainable tree canopy for Durham. This assessment included (1) a
community survey to understand Durham residents’ attitudes towards trees, (2) a geospatial prioritization to direct
tree-planting efforts based on ecosystem services, (3) and a model for the future of Durham’s canopy based on
zoning and tree preservation code.
TreesDurham is a non-profit organization whose mission is to create a healthy, sustainable, and socially just urban
forest that will improve the health, wealth, and happiness of all Durham residents. TreesDurham seeks to
understand the current status of the City of Durham’s urban tree canopy cover, understand the attitudes of
Durham’s residents towards these trees, and use this information to generate policy recommendations to meet the
City’s goal increasing tree canopy cover to 55% by 2040.
This project leans on past Nicholas School Master’s Projects, specifically “Replanting Durham’s Urban Forest”
(Cooper, Liberti, & Asch, 2016). That MP team assessed the history, distribution, and species composition of trees
in Durham. They showed that Durham’s tree canopy is inequitably distributed, especially between street trees in
poor and affluent neighborhoods. Their recommendations to the City of Durham were to reassess tree-planting
protocols to encourage equitable tree distribution, to focus on native species for street tree plantings, and to adopt
a multi-criteria decision framework to help prioritize future planting projects. Our team expands this work by adding
a social and political dimension to put forward a full equity assessment of the state of Durham’s urban forest today,
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and how decision-makers might engage it to meet specific goals. We also use updated landcover data and Durham
zoning codes to reassess the present and future of Durham’s urban forest.
In Section 2, we review the scientific literature for evidence describing the many beneficial ecosystem services that
urban trees provide to city residents. In Section 3, we examine the current state of Durham’s tree canopy and how
it is distributed.
In response to TreesDurham’s goals of engaging communities and partnering with the City and other community
groups to build a robust tree canopy, Section 4 provides information to understand Durham residents’ attitudes
towards trees and support community advocacy. This section, led by Grace Hancock, includes an assessment of
Durham resident perceptions of trees in their neighborhoods and the ecosystem services they provide. Through
focus groups and a community survey, we identified trends in the population’s understanding of and attitudes
towards the urban tree canopy, and where opportunities or challenges exist for tree canopy actions and community
involvement.
Section 5 describes a geospatial analysis conducted by Alex Vanko to create a tree-planting prioritization map based
on the need for four critical ecosystem services provided by trees within Durham. This analysis combined the needs
for air pollution removal, extreme heat reduction, stormwater mitigation, and crime reduction into a single treeplanting priority score. The resulting map identifies hot-spots in Durham where new trees could provide the most
benefits to the surrounding community.
To plan for the future and provide more information for policy recommendations, Section 6 includes a tree cover
model developed by Mingfei Xiong to predict tree cover in the city over time under several scenarios simulating
changes in development and policy. The tree cover model predicts the extent of Durham’s urban canopy based on
the current City of Durham Unified Development Ordinance (UDO) and analyzes the effect of potential changes in
the UDO. Using tree cover metrics calculated for different scenarios, we assessed the potential effectiveness of
current UDO requirements in achieving Durham’s urban canopy goal and how changes in the UDO might help reach
that goal.
Finally, in Section 7, we conclude by offering recommendations for TreesDurham and the City of Durham based on
our findings. These recommendations and our supporting data can help Durham reach its urban canopy goal and
move towards a robust, sustainable, and equitable urban forest.
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2. Why Cities Need Trees – Literature Review
City residents have long valued trees for their natural beauty and the habitat they provide for wildlife like songbirds.
However, within the relatively new field of urban ecology and in the eyes of the public, trees are increasingly
understood to be a vital part of a city’s natural infrastructure. City trees are part of a fragile and critical ecosystem,
the urban tree canopy. This ecosystem is not only aesthetically valuable, but also provides a variety of beneficial
ecosystem services that directly improve the experience of living in a city. These services range from physical
benefits, like air pollution removal and stormwater mitigation, to social effects, like increased psychological wellbeing and decreased local crime rates. In this section, we examine some of the most important ecosystem services
that urban trees provide and the scientific evidence behind them.

Trees reduce man-made air pollution
Air pollution is a major problem in cities, where traffic is high and human populations are dense. There are many
types of air pollutants, including fine particulate matter and gases emitted by gas-burning vehicles, power plants,
and other manufacturing facilities. Pollution is especially high near major roads, where the ambient concentrations
of harmful small particulate matter can be elevated as far as 150 meters away (Hitchins et al., 2000), causing
measurable impacts on human health. For example, air pollution from major roads increases the risk of wheezing
illnesses and asthma in children who live within that 150-meter buffer (Venn et al., 2001; Maantay et al., 2005).
Urban trees directly reduce the concentration of harmful air pollutants in cities and raise overall air quality (Nowak
et al. 2006, Jim et al. 2008, Akbari et al. 2002, Nowak et al., 2014; Bolund et al., 1999; Givoni et al., 1991; McPherson
et al., 1997). Trees reduce gaseous pollutants including CO2, ozone (03), NO2, and S02 by uptake into the stomata of
their leaves, where the gases are stored or metabolized into less harmful products (Nowak et al., 2006; Salmond et
al., 2016). Particulate matter is also intercepted from the air by leaves, although it is deposited on the leaf surface
rather than absorbed. Some of that particulate matter may be blown back into the air by wind or washed to the
ground by rain (Salmond et al., 2016).
A tree’s effect on urban air quality can depend heavily on species. Both absorption of gas and deposition of
particulates are greatly affected by tree species and the physical properties of their leaves; a species with large leaf
area can absorb up to 70 times more gaseous pollutants than one with small leaf area (Salmond et al., 2016), and
a pure spruce forest (for example) may filter three times as much particulate pollution as a mixed-species forest
(Bolund et al., 1999). On the other hand, some trees can actually cause air pollution by emitting biogenic, volatile
compounds that can contribute to formation of ozone and particulate matter (Donovan et al., 2005; Salmond et al.,
2016). Thus, it is important to consider the trade-off between a tree species’ potential for pollutant removal versus
pollutant emission, which is not always greatly understood (Salmond et al., 2016). Some environmental scientists
have devised methods for ranking tree species for air pollution based on their absorption versus emission potential,
but such rankings are region-specific and apply only to species local to the area (Donovan et al., 2005).
Although a single tree’s capacity for absorbing air pollution may seem insignificant, collectively the urban canopy
has a significant positive impact on air quality. Large-scale modeling studies have shown that urban trees remove
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hundreds of thousands of metric tons of pollution in the United States each year, providing a multi-billion-dollar
benefit to public health (McPherson et al., 1997; Nowak et al., 2006; Nowak et al., 2014). A similar study of a city in
China, which has some of the worst urban air pollution in the world, also found that urban trees can significantly
improve air quality, especially for particulate matter (Jim et al., 2008).
Ultimately, the goal of reducing air pollution in a city is to protect the health of its residents. Although using
geospatial research methods to study health outcomes is very difficult due to data limitations, there is evidence
that directly links proximity to trees with reductions in health impacts related to air pollution. Using hospitalization
rates for asthma as proxy data to represent the health impact of air pollution, one study shows that the distribution
of asthma prevalence is related to the density of urban trees in the Bronx, New York City (Maantay et al., 2005). A
second study confirmed that the prevalence of asthma in New York City children was significantly lower in areas
with more street trees (Lovasi et al., 2008). Overall, the evidence is strong that city trees can have a real impact on
air quality and the health of city residents.

Trees reduce extreme summer heat in cities
As cities develop, natural open and vegetated spaces are often removed and replaced with impervious surfaces,
consisting of man-made materials that do not allow water to flow into the ground. These include buildings, roads,
parking lots, or anything else made of concrete, cement, compacted earth, or similar materials. In general,
impervious surfaces absorb energy from the sun and radiate heat at much higher rates than natural materials such
as grass, shrubs, trees, or even bare soil. This causes cities to have warmer and drier climates than surrounding
suburban or rural areas, a phenomenon known as the urban heat island effect (Salmond et al., 2016). As the amount
of impervious surface increases in a city, local temperatures also increase (Bauer et al., 2007; Wang et al., 2016).
Less vegetation and more impervious surface means city residents experience hotter, drier air than surrounding
areas.
In the summer, the difference in temperature caused by the urban heat island effect can be extreme. Hong Kong,
which has an extremely dense urban center, can have temperatures about 7°F higher than its surroundings (Tan et
al., 2016). This extreme heat can have health impacts on vulnerable populations, particularly during heat waves. A
study of the 2003 heat wave in Paris, France, which killed 241 people over age 65, showed that those who lived in
the hottest parts of the city faced the highest risk of death (Laaidi et al., 2012).
Fortunately, trees have proven to be a powerful tool in combating extreme urban heat. Trees use a process called
evapotranspiration to absorb water from the ground into their roots and up to their leaves, where the water is
released as vapor. This process is driven by heat energy. One large tree can absorb up to 450 liters of water a day
through evapotranspiration, thus consuming about 1,000 millijoules of heat energy. This causes the tree to lower
the temperature and increase the humidity of the air around it. The combined effect of all the trees in a city can
significantly reduce extreme summer temperatures (Bolund et al., 1999; Givoni, 1991).
Trees also dramatically cool the ground beneath them by shading, as anyone who has found shelter under a tree
on a hot summer day can attest. When trees cast shade over impervious surfaces and buildings, they prevent those
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surfaces from absorbing and radiating the sun’s heat, resulting in less extreme local temperatures in the summer
(Givoni, 1999; Salmond et al., 2016; Bowler et al., 2010; Armson et al., 2012; Maco et al., 2002). Measurements
from Hong Kong found that road surfaces beneath trees could be as much as 32°F cooler than roads exposed to
the sun (Tan et al., 2016).
Geospatial studies have confirmed the cooling effect of trees at the city-wide level. As vegetation cover (and
especially tree canopy) increases in an area of the city, the average temperature of that area decreases significantly
(Wang et al., 2016; Yuan et al., 2007; Bowler et al., 2010; Salmond et al., 2016).
As a bonus benefit to reducing extreme heat, trees can also reduce the cost and emissions of energy use. Buildings
shaded by trees absorb less heat from the sun, and thus require less energy consumption for air conditioning in the
summer (Bolund et al., 1999; Givoni, 1991; McPherson et al., 1997; Huang et al., 1990). Depending on factors like
tree placement and climate, planting trees can reduce the energy consumption of buildings for air conditioning by
15-90% (Givoni, 1991; Huang et al., 1990; McPherson et al., 1997). In the winter, trees can act as windbreaks that
reduce convective cooling of buildings, cutting energy requirements for heat (McPherson et al., 1997; Bolund et al.,
1999; Givoni, 1991; Huang et al., 1990). This results in lower electricity bills for residents. If that electricity is
generated by fossil fuels, those energy savings can also result in reduction of greenhouse gas and air pollution
emissions. This is just one example of how urban trees can provide multiple co-benefits simultaneously.

Trees absorb and treat urban stormwater runoff
As areas become more urbanized, they often degrade the streams and the waters that flow through them. The
combination of vegetation removal, increased impervious surfaces, and stormwater infrastructure designed to
move water into streams as quickly as possible causes urban streams to become eroded, polluted, and hotter than
undisturbed streams. This well-documented process is known as “urban stream syndrome” (Walsh et al., 2005).
Protecting and restoring the quality of urban streams requires slowing stormwater flows and preventing pollutants
from entering streams. Trees can help.
A tree can directly and indirectly slow and reduce stormwater flows in several ways. First, during rainfall, the leaves
of the tree intercept precipitation and hold it for some amount of time before it reaches the ground. Once the
precipitation reaches the ground, it may be directly absorbed by the tree through its roots. The soil beneath the
tree is also able to absorb more water than bare soil, because the tree dries out the soil on clear days and improves
the permeability of the soil with its growing roots (Salmond et al., 2016). As a result, less water runs off towards
the nearest stream, and at a slower rate, than if the tree were not there.
Trees can also absorb pollutants in stormwater before it reaches a stream. Their roots can filter out nutrients like
nitrates, phosphates, and sediment, all of which can damage the health of a stream in excessive amounts (Salmond
et al. 2016, Wenger 1999). Trees are most effective at protecting streams when they are part of the riparian buffer,
a corridor of vegetation bordering both sides of a stream that protects it from stormwater runoff and provides
natural habitat. Riparian buffers are very effective at trapping sediment, controlling streambank erosion, and
reducing nutrient pollution (Wenger, 1999; McMillan et al., 2014; Hession et al., 2000). Unfortunately, in cities,
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stormwater flows often bypass the riparian buffer, either through city infrastructure such as pipes or through
channels cut into buffers by intense storm flows (McMillan et al., 2014; Leavitt, 1998). However, even in these cases
riparian trees can benefit the health of a stream by shading it to reduce water temperature and through input of
woody debris and other organic matter that supports aquatic ecosystems (McMillan et al., 2014; Leavitt, 1998;
Wenger, 1999; Hession et al., 2000).

Trees are linked to lower crime rates
One of the most exciting potential benefits of urban trees is their ability to prevent crime. This is one of the least
intuitive benefits of trees, and as such may not yet be widely accepted or understood. In fact, trees and other types
of vegetation are often thought of as supporting crime by offering concealment for criminals. However, while it is
very difficult to establish a causal relationship between planting trees and reducing crime, a growing body of
evidence shows that significantly fewer crimes occur in parts of cities with greater tree cover, even after other
socioeconomic factors that may affect crime rates are accounted for (Kuo & Sullivan, 2001; Donovan & Prestoman,
2010; Schusler et al., 2018; Snelgrove et al., 2004; Troy et al., 2012; Wolfe & Minnis, 2012; Gilstad-Hayden et al.,
2015; Chen et al., 2016).
Support for the link between urban trees and decreased crime has been growing since a 2001 landmark case in
Chicago, Illinois. This study examined nearly 100 similar public housing blocks that differed greatly in the amount
of vegetation present in their public spaces. The authors found that buildings with high amounts of vegetation had
52% fewer total crimes than those with little or no vegetation, even after accounting for other variables like building
size, number of residents, and occupancy rate (Kuo & Sullivan, 2001). A geospatial analysis showed a similar pattern
at the city-wide level in Austin, Texas, where 83% of all crimes occurred in areas with vegetation density lower than
the average for the city (Snelgrove et al., 2004). Studies that modeled the relationship between trees and crime in
Baltimore, Maryland; Chicago, Illinois; and New Haven, Connecticut all found that increasing tree canopy by 10%
was associated with 10-15% reductions in crime rates (Troy at al., 2012; Schusler et al., 2018; Gilstad-Hayden et al.,
2015). Other evidence shows that the relationship between trees and lower crime can be even greater in dense
downtown areas, and when the trees are tall enough to allow full street-level visibility (Chen et al., 2016; Donovan
& Prestoman, 2010).
Several possible mechanisms, both physical and psychological, have been proposed to explain the link between
urban canopy and crime rates. One common explanation is the “eyes on the street” hypothesis. Because trees make
public spaces more desirable, residents are more likely to spend time outside, and thus a potential criminal is more
likely to be observed. Even when no observers are visible, a neighborhood with many trees implies that the
neighborhood is cared for (“cues to care”), and therefore crime is more likely to be observed by an authority. It may
also be implied that a neighborhood with trees has increased social ties among its neighbors, who may intervene
to care for the neighborhood and each other (Donovan & Prestoman, 2010; Schusler et al., 2018; Kuo & Sullivan,
2001; Wolfe & Minnis, 2012).
Another common explanation is that trees may discourage certain types of crime because they have a welldocumented positive influence on human psychology. According to this hypothesis, the healing effects of trees (and
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other natural areas) can mitigate psychological precursors to violence, such as mental fatigue and stress, and thus
on average lower the incidence of violent crime (Kuo & Sullivan, 2001; Schusler et al., 2018).
Whatever is ultimately responsible for the statistical link between increased tree canopy and lower crime rates, the
evidence is strong that this relationship exists. Decreased crime rates can therefore be considered an ecosystem
service provided by trees, and the need for this service should be considered in both environmental and crime
prevention initiatives.

Trees can improve human health and reduce mortality
In addition to providing ecosystem services that affect the urban environment, trees may have direct impacts on
the physical and mental health, well-being, and overall mortality of city residents. A growing body of evidence
describes positive associations between urban trees (or green space) and several different measures of human
health. The physical benefits of living near trees and green space can include better overall health, including
reduced risks of disease (especially cardiovascular diseases), of poor birth outcomes, and of death from all causes
(Kemper, 2019; Donovan et al., 2011). However, some of the evidence is weak, possibly owing to the inherent
challenge of quantifying health benefits (Lee & Maheswaran, 2011). It is also difficult to prove causality, not just
correlation, and to describe the mechanisms by which trees improve human health (Vriesa et al., 2013).

Trees sequester carbon that contributes to global warming
Tree planting is an important tool in the fight against global warming, which is caused by greenhouse gases like
carbon dioxide. As a tree grows, it absorbs carbon dioxide, transforms it into fuel and biomass, and releases oxygen
back into the atmosphere. This process of trapping carbon dioxide into the biomass of living plants is called carbon
sequestration.
A tree planted anywhere in the world will help reduce carbon dioxide in the atmosphere, but urban trees may help
even more. A study that estimated carbon stored in urban trees in the US found that on average, individual urban
trees contain four times as much carbon as individual trees in forest stands (Nowak & Crane, 2002). This is because
urban trees tend to be larger species, and they have relatively fast growth rates due to the more open forest
structure of a city.
Urban trees also reduce new emissions of carbon dioxide by shading buildings that use air conditioning in the
summer, cutting the energy they need to use to maintain a comfortable temperature. In fact, if most of the energy
in a city is generated from fossil fuels, then the carbon avoidance from reduced energy use caused by tree shading
can actually be much greater than the amount of carbon sequestered by those trees (Nowak, 1993).

The location and configuration of trees affects ecosystem services
Where trees are planted greatly affects how efficiently they can provide ecosystem services to a city’s residents.
How well trees are able to provide cooling and air pollution removal especially depends on where they are planted
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within a city and their configuration within a parcel. This is important to consider when prioritizing tree plantings
to provide these services to a community.
While a tree planted anywhere in a city will help to regulate hot summer temperatures, this benefit is usually
localized to within a small distance from the tree. A single tree can only influence air temperature downwind of
where it is planted to a distance of about five times the tree’s height (Tan et al., 2016). For this reason, the effect
of city parks on urban microclimates is limited to a short distance away into the surrounding area, regardless of
how big or small the park is. Because of this, many small parks distributed throughout a city will have a greater
impact on the overall climate of the city than a smaller number of large parks (Givoni, 1991). In fact, small patches
of greenspace can be more effective than a single large greenspace because warm air from the surrounding urban
area flows into the greenspace and drives increased evapotranspiration, the physical process by which plants cool
the air around them (Armson et al., 2012).
Within a single property parcel or neighborhood, the position of trees can greatly impact their effectiveness in
cooling the microclimate. Plants located near a building can lower the air temperature just outside that building
due to shading, and this effect increases the closer those plants are to the building. Trees planted on the west and
east sides of buildings provide the most efficient shade, which helps buildings keep down their air conditioning
costs and emissions. In contrast, trees on the south side could block winter sunlight, which is needed to warm
buildings and reduce heating costs, especially if those trees do not lose their leaves in the winter (Givoni, 1991).
The ability of trees to remove air pollution also depends greatly on their location and configuration. Of particular
concern for air pollution removal is whether or not trees should be planted in so-called “urban canyons,” usually
roadways lined with many tall buildings that may restrict airflow. Some air pollution modeling studies have shown
mixed effects of trees in these environments. In an urban canyon, trees may actually have an adverse effect on air
pollution concentration by trapping pollutants generated by traffic near the road, where pedestrians may be
exposed. However, a dense canopy could also reduce the influx of pollutants from other parts of the city into an
urban canyon (Salmond et al., 2016). A better solution in these areas may be hedges or other low-level vegetation
between roads and sidewalks that blocks pollutants from pedestrians without restricting air from flowing up out of
the canyon (Abhijith et al., 2017).
Air pollution removal by trees is most effective when those trees are positioned to intercept air pollutants at the
source and prevent them from reaching the rest of the city. In a study in Guangzhou, China, trees in polluted,
industrial areas were the most effective in removing pollutants (Jim & Chen, 2008). This suggests the most effective
strategy for air pollution removal is to plant pollution-tolerant tree species in the most highly polluted areas, such
as around industrial emitters or major roadways.
In general, many of the ecosystem services provided by urban trees only benefit residents in close proximity to
those trees. Although tree cover in a city like Durham may remain very high in rural and suburban parts of the city,
those trees provide fewer benefits to residents in more urbanized parts of the city. This is important to consider
when deciding where to plant city trees. A single tree planted on a hot urban street with little vegetation will likely
provide greater benefit than the same tree added to a suburban wooded lot. In addition, urbanized areas with
fewer trees tend to have higher population densities, so a tree planted there benefits more people than a rural tree
(Nowak et al., 2014). Because of this high density of beneficiaries, cost-benefit analyses have shown that the value

12

2. Why Cities Need Trees

of ecosystem services provided by local green infrastructure such as trees can be surprisingly high (GomezBaggethun & Barton, 2013).
Overall, the literature shows that to maximize the benefits of urban trees, those trees should be distributed
throughout the city to provide localized ecosystem services to as many residents as possible. Thus, when deciding
where to plant trees to maximize ecosystem services, we should prioritize areas with low canopy cover and high
population density. This also suggests that using a city-wide percent canopy cover as a goal for urban forestry may
not be sufficient to ensure that the residents of that city are being meaningfully served by the urban canopy.
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3. The Current State of Durham’s Tree Canopy
The City of Durham is located in the piedmont of North Carolina. Before European settlement, this region was a
mosaic of hardwood forest, mixed pine-hardwood forests, prairie, and savannah habitats. Today, despite
increasingly rapid urban development, Durham still enjoys a large amount of tree canopy. However, the overall
percent canopy coverage does not tell the full story. Percent coverage can vary widely across different parts of the
city, especially between rural and urban areas. The uneven distribution of Durham’s canopy also reflects a history
of racial and socioeconomic inequity. How that canopy is distributed can have huge ramifications for the ability of
urban trees to provide ecosystem services to all of Durham’s residents.
We are very fortunate to have access to an incredibly detailed and relatively recent geospatial data layer that shows
the state of Durham’s tree canopy (courtesy of the City of Durham and Jarlath O’Neil-Dunne, University of
Vermont). In 2017, the City of Durham hired SavATree Consulting Group, who worked with the University of
Vermont to develop a high-resolution landcover layer (SavATree Consulting Group, 2017). The University of
Vermont Spatial Analysis Lab used North Carolina Lidar data from 2015, high-resolution airborne imagery, and
machine learning to identify trees, shrubs, grass, roads, buildings, other impervious surfaces, and water within
Durham city limits (Figure 3.1). Because the Lidar and imagery data have such high resolution, the pixels of the
resulting landcover layer are only two feet wide. This allows us to identify individual trees and calculate a very
accurate percentage of the land area of Durham that is covered by tree canopy. Unfortunately, the layer is now five
years out of date, and tree cover in Durham now is probably lower due to increased development, but it is still the
most accurate and current representation of Durham’s urban canopy.
Using the 2015 Lidar-based landcover layer, SavATree calculated that Durham has 36,600 acres of trees, covering
52% of the city. According to the U.S. Forest Service database of tree canopy assessments, this is higher than most
similar cities, including Frederick, MD (14%), Pottstown, PA (25%), Baltimore, MD (27%), Bridgeport, CT (27%), and
Washington, DC (35%) (SavATree Consulting Group 2017).
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Figure 3.1 High-resolution landcover data showing tree canopy cover in Durham in 2015. The University
of Vermont used airborne Lidar, high-resolution airborne imagery, and machine learning to create this
landcover raster with 2-foot cell resolution. Inset shows detailed features including roads, buildings,
individual trees, and the historic Durham baseball diamond.

However, not every part of the city enjoys an abundance of trees. The most heavily urbanized parts of Durham,
where trees and greenspace have been converted to buildings, roads, and other impervious surfaces, have far fewer
trees than rural and suburban areas. At the U.S. Census block level, tree canopy coverage ranges from 0 to 100%;
of the 4,069 Census blocks in Durham, 870 have less than 15% canopy coverage (Figure 3.2).
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Figure 3.2.

Percent tree canopy cover within the U.S. Census blocks in Durham.

The distribution of Durham’s trees is also partially the result of where city trees were planted or preserved
throughout Durham’s history. As in many American cities, that history includes a legacy of racial inequity. In the
1930s, the Home Owners Loan Corporation (HOLC) began a now infamous, racist policy known as “red-lining.” In
cities across America, neighborhoods were designated into “risk” categories, which determined whether residents
in those neighborhoods would be eligible for government home loans. The high-risk neighborhoods (known as “redline districts” for their color on HOLC maps), where the HOLC refused to recommend home loans, were almost
always minority neighborhoods. The result was a racially inequitable distribution of government support that left
red-line districts without access to investments and improvements (Michaels & Stasio, 2014; Mitchell & Franco,
2018).
In Durham, the legacy of red-lining is still clearly visible today, almost one hundred years later, in the distribution
of trees. Using high-resolution 2010 landcover data from the Environmental Protection Agency, a previous Nicholas
School Masters Project showed that neighborhoods designated as red zones in the 1930s still had significantly lower
tree coverage than neighborhoods in lower-risk categories (Cooper, Liberti, & Asch, 2016). We confirmed this
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pattern using the 2015 Lidar-derived landcover data. The average canopy cover within red zones (HOLC Class D) is
about 34%, which is lower than all other HOLC risk classes, and far below the city average of 52% (Figure 3.3).

Average Canopy Coverage
in HOLC Risk Zones
% Canopy Coverage

70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
A

B

C

D

HOLC Risk Class
Figure 3.3. Comparison of tree canopy coverage in 2015 among Durham risk class zones delineated by
the Home Owners Loan Corporation in the 1930’s. Error bars represent standard error of the mean. (Map
of Durham HOLC Zones from WUNC.org)
This environmental inequity is evident in other ways across the entire city of Durham. Using demographic data
about Durham residents from the 2017 American Community Survey, we found that the percent canopy cover
within Census tracts is significantly related to multiple metrics of race and income. On average, tracts with lower
tree cover have (1) a higher percentage of non-white residents, (2) higher percent poverty, (3) lower median
household income, and (4) higher percentage of renters versus homeowners (Figure 3.4). In other words, the parts
of Durham with the least tree cover tend to be poorer, less white areas. Since residents in these neighborhoods
have less access to the ecosystem services provided by trees, this is a problem of environmental inequity and
injustice.
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Figure 3.4. Percent tree cover in Durham Census tracts is significantly correlated with socioeconomic
indicators of race and affluence from the 2017 American Community Survey (Pearson’s correlation).
We established in Section 2 that urban trees are a vital part of a city’s infrastructure because of the multiple
ecosystem services they provide to residents. When those trees are inequitably distributed, the residents living in
areas with fewer trees are underserved. Our project seeks to help Durham maintain and expand a robust urban
forest that provides ecosystem services equitably across the entire city. We do this in the following sections by
understanding Durham residents’ attitudes towards trees, creating a tree-planting prioritization map based on
ecosystem services, and modeling how zoning and tree protections could affect the future of Durham’s canopy.
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4. Durham Resident Attitudes Towards Trees
Introduction
The purpose of this project is to understand the current status of the City of Durham’s urban tree canopy cover,
understand the attitudes of Durham’s residents towards these trees, and use this information to meet the City’s
goal increase tree canopy cover to 55% by 2040.
TreesDurham does not have an understanding, that is rooted in data, of community stakeholders’ experiences with,
attitudes, or opinions toward trees in their neighborhoods. This is essential, though, to achieve TreesDurham’s goals
of engaging communities and partnering with the City and other stakeholders to achieve a robust tree canopy. To
meet this need we created, distributed, and analyzed a community survey to gather and assess resident experiences
and opinions of trees and tree benefits in neighborhoods. In establishing this baseline set of perceptions of
Durham’s urban treescape by community members, we identified trends in respondents’ understanding of and
attitudes toward their urban tree canopy. This survey also illuminates where opportunities or risks exist between
tree canopy actions and community involvement.
Beyond overall survey responses, we wished to understand how these experiences and opinions might differ by
group, based on some measurable characteristics. We gathered data not only on typical demographic
characteristics, but also on social characteristics that are impacted by the ecosystem services that trees can provide.
Our goal was to register how groups in Durham who can benefit the most from tree cover engage the urban forest,
and how future decisions might improve not only environmental but also social outcomes for Durham residents

Summary findings
In all, we found that Durham residents value a tree’s ability to mitigate extreme heat and to lower air pollution.
Respondents prefer trees that provide bird habitat, are native to North Carolina or the Southeast, are large in size
and low-maintenance (especially drought-resistant). More than anywhere else, respondents want to see more trees
planted along streets and in City rights-of-way. They also want well-maintained tree cover in their neighborhoods
to improve feelings of safety. Finally, groups most vulnerable to environmental hazards – those who reported lower
income, health impairments, or were younger or older – value trees in subtly different ways than the survey
responses broadly, valuing extreme heat reduction over air pollution mitigation and reporting lower feelings of
safety in neighborhoods with inadequate tree cover.
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Methods
Tool Creation
To research human subjects, we secured approval by Duke University’s Institutional Review Board (IRB) before any
survey activities began. We developed a draft survey, which was included in the IRB application. Duke’s IRB
approved the research project on August 26, 2019.
To inform survey question content and style, we interviewed subject-matter experts in the following areas:





Social scientist in survey implementation, to ensure questions were reliable and valid;
Social scientist in statistical analysis, to discuss variables and level of measurement in analysis;
Three (3) physical scientists in the forestry field – including one MP advisor and TreesDurham Executive
Director - to agree on which tree characteristics and ecosystem services to test in the survey;
One community leader to advise on question clarity and survey methods to improve resident response
rates.

These expert reviews informed a second survey draft, which was uploaded to Qualtrics survey software and pretested by seven Durham residents from different backgrounds. This draft tested completion time, question order
and clarity, overall survey format, and aesthetics. After pre-testing, we made minor changes to question order and
added survey sections called “At Home,” “In Your Neighborhood,” “In Durham,” and “Demographics.” Pre-testing
concluded at the end of September 2019. The final survey was translated into Spanish. Survey responses were
confidential, with no personally identifiable information collected. The final survey was used in the next phase, Data
Collection.

Data Collection
Sampling Frame:
We aimed to survey residents of Durham, North Carolina. A sampling frame was created using an unstructured
analysis of TreesDurham’s and the MP team’s social networks. Potential respondents were then reached through
convenience and snowball sampling within this frame. Convenience sampling, or “grab sampling,” determines a
research sample by who is “conveniently” nearby in terms of physical or social geography. The snowball sampling
method allows a sampling frame to grow from initial connections to include those connections’ social networks as
well – so the sampling frame grows like a snowball rolling down a hill. Snowball sampling allowed us to connect to
an initial set of community advocates, who introduced us to other community advocates in their network. Each
community advocate connection who allowed us to survey their constituents increased our sample.
Three types of outreach resulted from this frame: two Focus Group locations affiliated with an institution able to
recruit attendees, on-site locations where the survey could be administered using the intercept method, and online
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locations where the survey could be hosted on a website and/or distributed by email. A top-line Outreach Plan is
included in Appendix A.
Focus Groups:
The draft survey was tested a final time through two different Focus Groups in Durham, one in a predominantly
white house of worship north of downtown, and one in a predominantly black community and cultural center in
East Durham. Among other reasons, these two locations were chosen because they are situated in neighborhoods
that either benefitted – like the house of worship north of downtown – or were harmed by redlining practices, like
the community and cultural center in East Durham. Based on focus group feedback, the draft was revised and
translated into Spanish, before going live for the month of November 2019.
The first Focus Group was conducted at Watts Street Baptist Church, centrally located in the Trinity Park
neighborhood. Participants were recruited by a pastoral announcement to congregants in the weeks preceding the
Focus Group. The Focus Group was one hour long and held on a Wednesday evening, in lieu of regular programming
after a weekly meal provided at the location. After the meal, participants were invited to a separate room where
the Focus Group was conducted. 10 participants joined the Focus Group. Ages spanned from early 30s to late 70s.
All participants identified as white, Durham residents, and members of the house of worship. Four participants
were male and six were female. All three MP team members joined the Focus Group, two primarily as note takers
and one as facilitator. The agenda included an overview of the project and the purpose of the Focus Group, a dot
exercise for participants to rank ecosystem services, and review of selected survey questions.
The observations from this Focus Group included the following:
Dot Exercise: rank of ecosystem services – Four poster-sized pieces of paper were hung on the meeting room walls.
Each had a title of an ecosystem service, a few bullet points to describe it, and a map of Durham that was colorcoded to show instances of the environmental hazard, like flooding, extreme heat, crime and air pollution readings.
Participants were given eight colored dots and instructed to place the dots on any of the sheets, placing more dots
on ecosystem services that they valued more and fewer dots for those that they valued less. Participants had around
10 minutes to complete this exercise, and were allowed to speak with each other and ask the MP team clarifying
questions during the exercise. Once the exercise was completed, participants came back together to discuss. During
discussion, participants noted conflicting outcomes of shade trees at home: on the one hand, shade trees can
reduce the need for air conditioning, but on the other shade trees might block solar panels on home roofs. In
describing their ranking, participants also expressed the idea that “air pollution is less localized than stormwater
flooding or heat, thus more important.” One participant noted they added more dots to the heat poster because
of the need for shade trees over impervious surfaces like parking lots and sidewalks, where people walk. Finally,
participants had questions about the correlation between crime and tree canopy, which an MP team member
described.
Selected Survey Question Review – The facilitator first asked participants to read over the whole survey and
comment on format clarity. Participants agreed the format was easy to follow, but suggested delineating sections
and shortening to two pages, front and back. Six questions (out of 36) were then specifically reviewed for question
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and response content, including one Likert scale question, one question with a write-in answer, one ranking
question, and three multiple-choice questions. Upon discussion, more response options were added to each
question, and wording changes were suggested. For instance, to make the questions on time spent outside more
inclusive of those with non-traditional work schedules, “Monday to Friday” was changed to “workday.” For the
question ranking tree characteristics, quality of life characteristics were suggested such as “noise buffer” and
“privacy.” Finally, participants suggested some question re-ordering, beginning survey sections with questions less
“jarring” than one on neighborhood safety, for instance. The Focus Group concluded, and we committed to sharing
the final survey with participants so they could take the survey and have their responses recorded.
The second Focus Group was held at the Hayti Heritage Center in the historic Hayti neighborhood of Durham, two
weeks after the first on October 30, 2019. This Focus Group was held over lunch; thus, one MP team member was
able to attend as a facilitator and the TreesDurham Executive Director attended to take notes. Because the Focus
Group was conducted over lunch during the workday, the Focus Group was allotted 45 minutes rather than the
hour spent with the first Focus Group. This truncated what questions were reviewed, but all other Focus Group
content was identical to the previous Focus Group. There were seven attendees, three males and four females.
Ages ranged from 30s to 60s, and all participants identified as African-American or multiracial.
Dot Exercise – After the exercise and upon discussion, participants expressed that they had not thought about these
benefits of trees before the exercise. One participant shared that the cultural center had in the past removed trees
near the building to mitigate crime. Participants discussed how trees contribute to place-making, saying trees bring
a “homey feel” to an area. Comments were made about shade trees reducing the need for air conditioning, and
noticeable differences in how trees are planted and managed near new developments versus existing ones around
Durham. These comments were in line with those shared in the first Focus Group. In the second Focus Group, there
was more discussion about tree characteristics, their aesthetics and the personal connection to different tree
species. Further, this Focus Group spent time discussing the cultural center and its location on the Ecosystem
Services map shared during the dot exercise. One participant observed that the Heritage Center was a “cool spot”
on the map surrounded by hotspots of urban heat, flooding, crime, or air pollution. The Group drew connections
between this observation and the cultural center’s mission. Finally, the Group discussed their observation that
when crime occurs in an area, police will cut down trees as one tactic to reduce crime.
Selected Survey Questions Review – No changes were made to the draft survey between the first and second Focus
Group. Because of a shortened timeframe, only the Likert scale question and one ranking question on tree
characteristics were reviewed. For the Likert question on neighborhood safety, participants noted that there might
be confusion about what to consider a neighborhood – i.e. should a respondent think of the neighborhood
surrounding their home, or workplace? Participants also suggested adding a response option around tree
maintenance. Regarding the ranking question, no changes were suggested. The Focus Group concluded with shared
anecdotes of childhood memories of trees, which were varied and positive. Since the client attended this Focus
Group as a notetaker, she also provided us with an annotated copy of the survey, which suggested language
changes in some cases and a re-ordering of some questions.

22

4. Durham Resident Attitudes Towards Trees

Focus Group Results – Dot exercise results are the following:

Faith Community

Cultural Center

Figure 4.1. Focus Group Dot Exercise Results
Interestingly, though 80 dots were distributed in Focus Group #1 and 56 dots in Focus Group #2, not all dots were
placed within the allotted time. While both Groups marked Extreme Heat Reduction as their #1 most valued
ecosystem service, in Focus Group #2 Crime was tied as the most valued service while it was the lowest choice for
Group #2.
After both Focus Groups, we made the following changes to the final survey: added section numbers (“Section 1 of
4,” etc.); re-ordered questions within sections and expanded response choices; shortened the survey to two pages
front and back, and updated some wording choices based on Focus Group and client feedback. The final survey was
shortened to 33 questions, estimated to take a respondent 7-10 minutes to complete. One example of question
changes can be seen in Figure 4.2.

Figure 4.2.

Survey question before and after Focus Group Input
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Intercept Surveys:
The first intercept survey took place on the evening of October 30th, 2019, at a neighborhood special interest
reading group. The final intercept survey occurred on November 18 th. In total, we surveyed residents in person
through eight different engagements, with groups identified through the earlier network analysis. Through the
network analysis, we identified community advocates with a constituency who might be interested in taking the
survey. We prioritized sites where the constituents represented traditionally underserved groups. That said, the
intercept hosts were largely interest-based groups, not place-based groups. Thus, neighborhood demographics did
not influence our intercept site locations.
Though each interaction was somewhat different, they followed a similar pattern. Upon identifying a community
advocate, we emailed or called this individual to inquire about presenting at their next community meeting. With
agreement, we attended the community meeting, introduced the survey through a five-minute informal
presentation, and passed out paper versions of the survey in English and Spanish for attendees to complete. In
most cases, the meeting agenda had time for the attendees to complete the survey right then and there, though in
one or two cases attendees completed them after the meeting concluded. Once complete, we collected the paper
responses for later transcription and analysis. 121 complete surveys were gathered in person, across eight intercept
occurrences that spanned community interests from environment, faith, civic, and hobbies like reading groups, or
trivia nights. A list of intercept sites can be reviewed in Table 4.1, and the Engagement Map in Figure 4.3.

Intercept Host
Resident reading group
Christ Central Church
Local business trivia night
Veterans for Benefits and Justice
Partners Against Crime District 3
Partners Against Crime District 4
Partners Against Crime District 1
Partners Against Crime District 2

Table 4.1. Intercept host details.
Engagement Date
October 30th, 2019
November 3rd, 2019
November 5th, 2019
November 5th, 2019
November 9th, 2019
November 9th, 2019
November 16th, 2019
November 18th, 2019

Location
North-Central Durham
Central-East Durham
Central-West Durham
Central-East Durham
South-East Durham
South-West Durham
North-East Durham
North-West Durham

Online Surveys:
The survey went live online on October 30th, 2019, once changes from the Focus Groups were incorporated. The
final response was recorded on December 2nd, 2019. The online survey screened potential respondents with two
questions, to determine eligibility. (1) “Are you 18 years of age or older” – since our IRB approval only allowed
adults to be surveyed, and (2) “Are you a resident of Durham?” to comply with our survey scope.
The online survey was published using Qualtrics software, and emailed to potential participants using a snow-ball
sampling method beginning with the networks of the MP team and TreesDurham’s Board of Directors, as well as
their members who opted in to receive online communication. The survey was also linked on TreesDurham’s
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website. Of the 670 complete responses received, 549 were received online. The survey was disseminated online
from 11 different groups such as environment, faith, civic and neighborhood-level special interest. One property
management group also shared the survey with their residents, who are all renters.
A map of all engagements points is included here, reflecting locations for Focus Groups and intercept sites. Since
the survey asked respondents to identify the nearest cross-street to their home, we also include a data layer
showing where respondents live (Figure 4.3).

Figure 4.3. Map showing resident engagement: Focus Groups, Intercept Sites, Online Respondents
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Analysis
The survey closed on December 2nd, 2019. Data cleaning and coding commenced in December, and analysis took
place in January/February of 2020. The results were analyzed using STATA statistical software.
Data cleaning:
Of the 877 responses were recorded, 670 were considered complete and able to be analyzed. Surveys responses
were considered incomplete if they were ended prior to October 30 th, indicating they were test responses (9
records); if they did not pass the online pre-screen (39 records); or if they were not marked “complete” by Qualtrics
software, meaning the responder did not click through to the end of the survey (163 records). Finally, of the
responses marked incomplete by Qualtrics, any survey that answered up to the Ecosystem Services question,
indicating that the respondent clicked to the final survey section outside of the demographics section and answered
more than 50% of the questions, was added back to the survey response totals (4 records). This data cleaning
resulted in 207 records dropped from analysis as incomplete and 670 records analyzed as complete. For these 670
records, a metadata file was completed, and we geocoded the responses based on cross-street information.
Missingness:
Missingness refers to missing data in a set of survey responses. Usually, this indicates the respondent chose to skip
the question, though it can also indicate an unfinished survey. In our case, since all questions were voluntary,
respondents could skip some questions and still complete the survey. The question with the highest missingness
rate was tree characteristics, which had one option with a 10.45% missing rate (flowers). In demographics, Race
was missing from 4% of the total 670 responses. Of the 28 responses missing a race response, 11 of these did not
answer any Demographics questions. All other questions had at least a 96% response rate.

Results
Descriptive Statistics
The original goal was to reach enough respondents, representative across demographic characteristics, for detailed
analysis. With 670 respondents, we could analyze results within a 99% confidence interval and margin of error of
+/- 5. This means we can be confident that 99% of the population experiences, attitudes, and opinions on Durham’s
tree canopy are captured in these results. The coverage of our results, however, limits analysis given respondent
characteristics that are not representative of the population in key ways, including race, ethnicity, and income.
The 670 respondents live in a variety of neighborhoods in Durham, with 15 respondents reporting intersections
near their homes outside city limits, in Durham County (Figure 4.3). Respondents disclosed a diversity of
demographic characteristics, and roughly one-third rent their homes while two-thirds own. Nearly one-third live in
a multi-family building versus a single-family home. Respondents reported median time lived in Durham of 6-10
years, with a mean of 15 years residency. Compared to the demographic data of Durham, though, the respondents
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more often identified as white or more than one race, reported a higher median household income ($60,000 in the
survey versus $54,284 in Durham; U.S. Census Bureau, 2017), and were slightly older (35-44) than the median
Durham age of 33.6 (U.S. Census Bureau 2017).
Though Census.gov does not delineate these demographic characteristics by race, these broad survey results do
differ somewhat when split by white and non-white respondents. For instance, white respondents reported a
median income in the range of $60-99,999, but the median income for nonwhite respondents was $45-59,999.
Those respondents who chose to identify with more than one race or ethnicity reported a median income of $6099,999. Regarding age, respondents who identified as Black or African American reported a median age higher than
overall survey results of the City of Durham, at 55-64 years old. Respondents who identified as Asian, or Latino or
Hispanic reported a median age closer to the City’s median, at 25-34 years old. White respondents and those who
chose more than one option reported median age in the range of 35-44 years old. Despite these nuances, when
the data is split into white and nonwhite respondents, the median age of each group falls within the 35-44 range.
Concerning the social characteristics tested, there was limited difference between reporting rates by white or nonwhite respondents. Both groups reported an average electricity bill within the $61-110 monthly range. 36% of
nonwhite respondents reported there was a child or senior living at home with them, versus 35% of white
respondents. 26% of nonwhite respondents reported someone at home experiencing respiratory illness, versus
21% of white respondents. Most notably, 19% of nonwhite respondents reported that someone at home had been
diagnosed with diabetes or experienced a stroke, versus just 7% of white respondents.
Table 4.2 and Figures 4.4-4.7 show the demographic statistics of our respondent pool; where Census data exist,
respondent demographics are compared to Durham.
Table 4.2

Summary of respondent demographic & social characteristics compared to the City of
Durham (U.S. Census, 2010 & 2017).
Characteristic
Survey Sample
City of Durham
Median Income
$60,000 – 99,999
$54,284
Median Age
35 – 44 years old
33.6 years old
Gender (F / M / O)
51 / 41 / 8 %
53 / 47 %
Race & Ethnicity (W/non-W)
75 / 25 %
39 / 61 %
Mean Residency Length
15 years in Durham
N/A
Children/Seniors at Home
38 %
33 % (<18 or >65 years old)
Respiratory Illness
22 %
7 – 24 %
Diabetes or Stroke
9%
9.8 %
Average Electricity Costs
$61 – 110 per month
$120 per month
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Income (Before taxes, what is your annual household income?)

Figure 4.4. Income distribution of survey respondents.

Race and Ethnicity (What best describes you? Select all that apply)

Figure 4.5. Race and ethnicity comparison (U.S. Census Bureau, 2017).
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Age (How old are you?)

Durham Median Age = 34 years

Figure 4.6.

Age range distribution of respondents.

Gender (What best describes you?)

Figure 4.7.

Gender distribution comparison (U.S. Census 2010, 2017).

Representativeness – Because our sample is not demographically representative of Durham’s population, questions
of statistical significance cannot be explored here. Instead, we looked at how different respondent demographic
and social characteristics interact with key questions.
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Social Characteristics
In this survey we tested how respondents value the following ecosystem services provided by trees: mitigating
stormwater runoff, reducing air pollution, reducing extreme heat, and reducing instances of crime. We tested
respondents’ understanding of and attitudes toward urban tree canopy, and where opportunities or risks exist
between tree canopy actions and community involvement. Beyond demographics, this analysis stratified results to
analyze how respondents with measured social characteristics responded similarly or differently to key questions
about their experience and opinion on trees in Durham.
We tested the following social characteristics:


Average electricity bill – In 2019, Duke Energy estimated a North Carolina resident’s average electricity bill
was $120.44 (Duke Energy, 2019). 22% of the survey respondents reported electricity bills higher than
$110. We wanted to test, then, for respondents with electricity bills higher than average and incomes
lower than the median (a measure of energy burden), how might their responses to key questions differ
from those who are not considered energy burdened?



Instances of flooding at home – For those residents who reported flooding at home, how do their key
question responses differ from those who did not report flooding? 84 respondents (13%) indicated they
experienced flooding at home, with more than 10% reporting flooding within the last year.



Children or seniors at home – Children and seniors are particularly vulnerable to the effects of air
pollution and extreme heat (Heaviside et al., 2017; Vargo et al., 2016). Thus, we wished to understand
how respondents with children or seniors at home might differ in their experiences and opinions on trees.
162 respondents indicated that at least one child under the age of 18 lived at home (24%), and 92
respondents reported that at least one senior over the age of 65 lived at home (14%). Taken together, we
can surmise that 38% of survey respondents live at home with someone particularly vulnerable to
environmental hazards that trees might mitigate.



Asthma or respiratory illness – Instances of asthma have mixed associations with the presence of
neighborhood trees (Ulmer et al., 2016; Lovasi et al., 2013). 121 respondents reported that someone at
home has at least asthma (18%), and 39 other responses indicating someone at home has another
respiratory illness (6%). Overall, 22% of respondents indicated someone at home lives with a respiratory
illness.



Diabetes or stroke – Like respondents with someone at home who has asthma or other respiratory
illnesses, we wished to test how the presence of health vulnerabilities like diabetes or a stroke impact a
respondent’s opinion on trees in Durham. 62 respondents reported that someone at home had been
diagnosed with diabetes or had a stroke (9%). The Centers for Disease Control (CDC) estimated in 2011
that 9.8% of Durham residents had been diagnosed with diabetes (CDC, 2011), so our survey results are
reflective of the Durham population in this measure.
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Distance from shade trees – For those who don’t live within a 10-minute walk of areas shaded by trees,
how do they feel about our key questions? Easy access to green space is associated with a number of
social and personal health benefits (Benton et al., 2019; Meerow & Newell, 2017).

Key Survey Questions
The key questions were determined through review of survey data and internal conversations among MP team
members and Trees Durham. The responses to these questions were then cross-tabulated with selected
respondent characteristics to explore relationships. These key questions are:


Feelings of neighborhood safety – “This question is about neighborhood safety. Please circle how safe you
feel in each scenario from 1 to 5, where 1 is not safe and 5 is very safe.” Research on the connection
between tree cover and instances of crime is mixed, but there is an established understanding that tree
cover has a calming effect on residents’ psyche (Bratman et al., 2012) and encourages more social
interaction and cohesion (Jennings & Bamkole, 2019) which in turn can reduce crime (Sampson et al.,
1998).



Adequate neighborhood tree cover – “In your opinion, does your neighborhood have enough tree cover
currently?” While tree canopy maps are available to empirically assess a given area’s tree cover, resident
perception and definition of what is enough tree cover may differ. We wanted to understand who
perceives a lack of tree cover, then, and how this perception impacts responses to other key questions.



Ecosystem services ranking – “Trees can provide multiple benefits to city residents. Which of the following
benefits do you think are most important? Please rank 1 to 4, where 1 is most important and 4 is least
important.” The survey tested how residents value four ecosystem services in relation to one another.
These include a tree’s ability to: lower air pollution, lower extreme heat, lower flooding during storms,
and lower crime. We hypothesize that how a resident values a given ecosystem service depends on their
social and demographic characteristics, such as whether they’ve experienced these environmental
hazards in the past.



Preferred tree characteristics – “What characteristics of trees are most valuable to you? Please rank from
1 to 10, where 1 is most valuable and 10 is least valuable.” Given that our client, TreesDurham, hosts tree
plantings and tree giveaways in Durham, we wanted to understand what tree characteristics residents
preferred, beyond the aforementioned ecosystem services. When residents perceive they are capturing
value from a nearby tree, they could be more likely to help maintain it, alleviating the pressure on public
sector or nonprofit groups.



Preferred location of new tree plantings – “Where do you want to see more trees in Durham? Select all
that apply.” Durham’s Unified Development Ordinance specifies different tree preservation and planting
regimes depending on location. Further, given resource constraints that the City and nonprofit groups like
TreesDurham face, prioritizing tree cover where they are most welcome improves the return on
investment.

31

4. Durham Resident Attitudes Towards Trees

Frequency Tables
Frequency tables show us how many people responded to a given question, and what response they chose. For
questions where respondents select just one response, we would expect 670 total responses. Many questions,
however, asked residents to select all that apply, or to rank the potential responses. For feelings of neighborhood
safety, respondents were asked to choose how safe they felt given different neighborhood characteristics. We used
a Likert scale question to test this feeling. A Likert scale is a type of rating scale used to measure attitudes or
opinions. In this case, we asked respondents to rate, on a scale of 1 to 5, how safe they felt in different
neighborhood situations. The mean rank tells us how safe respondents feel in different scenarios, compared to
others. The higher the rank, the more respondents felt safe. Here are the results, in order of where respondents
felt most safe:
This question is about neighborhood safety. Please circle how safe you feel in
each scenario from 1 to 5, where 1 is not safe and 5 is very safe.
Neighborhood Characteristics

Observations

Mean Rank

Spending time inside your home

664

4.74

Sitting outside your home

662

4.45

Areas with well-maintained trees

639

4.28

Walking around your street

662

4.27

Overall neighborhood safety

668

4.22

Areas with dense trees

659

3.79

Areas with no tree cover

640

3.55

Figure 4.8.

Neighborhood safety question results.

These ranking results reflect a different order of neighborhood characteristics than were presented in the survey.
Overall, respondents feel at least “somewhat safe” (rank=4) in all cases except in neighborhood areas with dense
trees or no tree cover. Understandably, respondents ranked neighborhood characteristics most directly related to
their homes (“spending time inside your home;” “sitting outside your home”) highest. Right after these, ranked as
the third safest neighborhood characteristic is “areas with well-maintained trees.” Compared with the two lowest
rankings, areas with dense trees or areas with no trees, we see that the amount and kind (quantity and quality) of
tree cover matters when it comes to feelings of neighborhood safety.
To probe the question of tree cover quantity, we asked respondents whether they thought their neighborhood had
adequate tree cover. Respondents more frequently responded that yes, their neighborhood has enough tree cover,
but 219 respondents report that no, their neighborhood does not have enough tree cover:
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In your opinion, does your neighborhood have
enough tree cover currently?
Response

Frequency

Yes

359

No

219

Figure 4.9.

Neighborhood tree cover adequacy question results.

359, or 54% of respondents hold the opinion that their neighborhood has enough tree cover. 33% of respondents
do not believe their neighborhood has enough tree cover.
For ecosystem services ranking, respondents were asked to rank four ecosystem services, described in the survey
as tree benefits. These ecosystem services were chosen based on the research team’s literature review, and which
services might be most easily mapped and understood spatially. The observations tell us how many respondents
ranked a given tree benefit. The mean rank tells us the average ranking - the lower the rank, the more value
respondents place on a given service:
Trees can provide multiple benefits to city residents. Which of the following
benefits do you think are most important? Please rank 1 to 4, where 1 is most
important and 4 is least important:
Tree Benefits

Observations

Mean Rank

Lowering air pollution

656

1.83

Lowering heat in the summer

661

1.97

Lowering flooding during storms

650

2.74

Lowering crime

647

3.35

Figure 4.10.

Tree service ranking question results.

Respondents ranked tree services in the following order of importance: lowering air pollution, lowering heat in the
summer, lowering flooding during storms, and lowering crime. Interestingly, this is the order in which respondents
were presented with the tree benefits. This could mean that there is some bias in this ranking, and that a future
question on this topic might consider randomizing the order of potential responses for different survey
respondents, using a survey software tool or counting off (essentially, four versions of the survey, each with a
different tree service listed first). Further, these rankings are different than observed in the two Focus Groups,

33

4. Durham Resident Attitudes Towards Trees

especially with Focus Group #2 whose demographics differ more substantially (all Focus Group #2 participants
identified as non-white, versus ~25% of survey respondents and 0% of Focus Group #1). This observation indicates
that this ranking might differ based on a resident’s demographic or social characteristics, including where they live.
Figure 4.11 summarizes this ranking:

Figure 4.11.

Tree service rankings across groups.

To understand tree quality, how residents perceive the current tree canopy health, and what they would prefer in
future changes to the canopy, we asked three questions. One asked residents to describe the trees in their
neighborhood, on a scale of “many big healthy trees” to “few small trees that do not appear healthy.” A majority
of respondents (94%) described the trees in their neighborhood as “There are many big healthy trees” or “There
are many big trees, some not so healthy.” Looking at what tree characteristics residents value, we asked
respondents to rank 10 characteristics. The observations tell us how many respondents ranked a given tree
characteristic. The mean rank tells us the average ranking - the lower the rank, the higher value respondents place
on a given characteristic:
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What characteristics of trees are most valuable to you? Please rank from 1 to
10, where 1 is most valuable and 10 is least valuable:
Tree Characteristics

Observations

Mean Rank

Supports birds

621

3.8

Large Size

614

4.6

Native to North Carolina/Southeast

608

4.8

Low-maintenance

610

4.85

Drought-resistance

613

4.9

Provides noise buffer

619

5.0

Provides privacy

616

5.1

Evergreen/green all year

608

6.3

Flowers

609

6.8

Small size

600

8.3

Figure 4.12.

Tree Characteristics Question Results

Finally, we asked respondents where they would like to see more trees planted. Rather than looking at an average
choice, it is helpful to see which choice was most frequently selected, which indicates where respondents most
prefer new trees. Most respondents indicated they want to see more trees along the street and in medians.
Where do you want to see more trees in Durham? Select all that apply.
New Tree Plantings

Observations

Along the street and in medians

656

548

Around industrial or commercial sites

661

507

In or along parking lots

650

497

Around homes

647

470

Figure 4.13.

Frequency

New tree planting preference question results
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Cross-tabulations
To understand what interactions might exist between respondent characteristics and key questions, particularly
how respondents with different characteristics ranked tree ecosystem services and how their feelings of
neighborhood safety differ related to tree cover, we ran a series of cross-tabulations. Cross-tabulations allow us to
quantitatively analyze the relationship between multiple variables. They present the results of all respondents plus
the results from sub-groups, enabling us to see relationships within the data that are not readily apparent when
analyzing each set of responses on their own.
First, we review how different demographic characteristics interact with a respondent’s ecosystem services ranking.
Residency, or length of time lived in Durham, does not appear to interact with the ranking in a way that’s different
from the ranking overall. Air pollution and extreme heat mitigation rank as the top two ecosystem services that
respondents value.
These remain the top two when results are stratified by income, though the most and least wealthy respondents
rank extreme heat mitigation at least as high or higher than air pollution.
By age, extreme heat reduction is valued at least as much by the oldest (55 years +) and the youngest (18-24 years)
respondents as air pollution mitigation. Otherwise, the rankings remain in line with overall survey observations.
Considering the difference between the two Focus Groups and overall survey response rankings of these services,
we cross-tabbed race and ethnicity with ecosystem service rankings. Again, however, no divergent pattern emerged
– non-white respondents ranked the services in the same order – air pollution, heat, flooding, crime – as white
respondents. The only observation of note is that the spread between heat as #2 most valuable and flooding as #3
most valuable shrinks when delineated by race. That is, when we look at different groups, respondents who
identified as Black or African American, Hispanic or Latino, or as more than one race or ethnicity, flood mitigation
is valued more closely to extreme heat and air pollution management than for other groups. This observation,
though, must remain tempered by the small and unrepresentative sample size of these groups.
For those households with children or seniors, extreme heat mitigation is the most valuable ecosystem service. For
households without children or seniors, air pollution mitigation remains the highest ranked. For households where
residents suffer from asthma or another respiratory illness, those households that report having both asthma and
another respiratory illness rank extreme heat reduction as most valuable. Though close, the other households slimly
rank air pollution reduction higher. The households reporting instances of diabetes or stroke rank the services in
the same order as the survey overall.
For those respondents who said their neighborhood did not have enough trees currently (“In your opinion, does
your neighborhood have enough tree cover currently?”), we wished to test whether they wanted more trees in a
different location (Where do you want to see more trees in Durham? Select all that apply) from the survey overall
(who preferred new trees planted along the street or in medians). While both groups - those who believe they have
enough tree cover in their neighborhoods and those who don’t believe this is the case - indicate by a noticeable
margin they want more trees planted along the street or in medians, the group who did not believe they had enough
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neighborhood trees already ranked new tree plantings around homes as the second most important, while those
with enough trees already ranked plantings around homes last.
This same group, those respondents who said their neighborhood did not have enough trees currently, reported
feeling less safe in their neighborhood overall than respondents who reported having enough trees, and less safe in
areas with no trees than those who reported having enough.
Finally, for this group who said their neighborhood did not have enough trees, the ecosystem services ranking was
the same as the overall survey.
Respondents who live outside a 10-minute walk (6%) from shade trees ranked heat slightly higher than air pollution
(only one more vote). These respondents expressed a desire for more street trees, followed by trees at home and
commercial (tied), then parking lots.
The final social characteristic we tested was energy burden. In this case, we defined an energy burdened respondent
as someone who earned less than Durham’s median income (~$54,000) and paid more than the average electricity
bill (~$120). 7% of respondents fall into this category, earning less than $60,000 and paying more than $110 in
electricity per month. With such a small percentage, we did not test for differences in this group’s preferences
versus the survey overall.
We wished to test how non-white and white respondents might differ in their experiences with Durham’s tree
canopy. Rather than delineating by race, we looked at non-white versus white respondents. First, regarding
response rate, 26% of those surveyed using the intercept method identified as non-white, versus 17% of those
surveyed online. Those surveyed in-person were more likely to be long-time residents (longer than 25 years), at
35% of those surveyed in person versus 16% of those surveyed online, though reported incomes were similar across
both groups. 67% of those surveyed in person identified as white, versus 79% of those online. Interestingly, 71% of
respondents who identified as Black or African American were surveyed in person. A majority of those who
identified as Asian, Hispanic, or more than one race took the online survey, though. Age was somewhat comparable,
though older people were slightly over represented in the intercept pool. Gender splits were similar between
groups.
White respondents report feeling “very safe” more often than non-white respondents. This is also true for those
who feel at least “somewhat safe” in their neighborhoods – a greater proportion of white respondents report
feeling at least “somewhat safe” than non-white respondents. Figure 4.15 shows this slight difference between
groups:
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This question is about neighborhood safety. Please circle how safe you feel in each scenario from 1 to 5, where
1 is not safe and 5 is very safe.
Neighborhood Characteristic

Non-white Respondents

White Respondents

Your neighborhood safety

33 % feel “very safe”

48 % feel “very safe”

Areas with well-maintained trees

42 % feel “very safe”

51 % feel “very safe”

Areas with dense trees

20 % feel “very safe”

31 % feel “very safe”

Areas with no tree cover

15 % feel “very safe”

25 % feel “very safe”

Figure 4.14.

Neighborhood safety question results by race

For ecosystem services, the rankings by non-white respondents are in line with the survey overall. Regarding where
non-white respondents would like to see more trees, street trees tops the list, followed by commercial, parking lots
and home, like the survey overall. In this survey, then, whether a person identifies as white or not does not drive
substantial differences in results.
When testing those with higher electricity bills, they did not rank ecosystem services in a different way than the
survey overall. Nor did those who reported flooding, regardless of how recently the flooding occurred.

Summary of Results
While not demographically representative, our measured social characteristics are more in line with Durham
residents. We surveyed households with similar numbers of residents who are under the age of 18 (24% in our
survey, ~26% in Durham; U.S. Census, 2010) or over the age of 65 (10.8% in our survey, ~9% in Durham; Durham
County, 2017). Further, 18% of our survey respondents reported that someone in their home has asthma,
compared to 13% of adults and 8% of children in North Carolina (U.S. Census, 2010). Given the vulnerabilities of
groups with these characteristics, their opinions and experiences with Durham’s tree canopy are important to
explore.
Overall, respondents feel at least somewhat safe in their neighborhoods, and especially safe in neighborhoods with
well-maintained trees. Respondents feel least safe in neighborhood areas with dense or no tree cover. A majority
of respondents (~53%) feel that their neighborhoods have enough tree cover; a third of respondents do not feel
this way, however. Survey respondents indicated that, taken together, they most value a tree’s ability to lower air
pollution, followed by the ability to lower heat in the summer and lower flooding during storms. Lowering crime
was least valued by respondents, though this could be biased based on lack of understanding or knowledge of the
connection between tree cover and lower crime rates, as well as the demographics of our survey respondents.
Respondents generally agree that trees which support birds, are large in size, native to North Carolina or the
Southeast, are low-maintenance, and are drought resistant are most valuable. Finally, respondents want to see
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more trees along the street and in medians before more are planted in commercial sites, in parking lots, or around
homes.
Within these overarching results, however, are nuances. When the responses to the ecosystem services question
is stratified by social characteristics, the oldest and youngest respondents value extreme heat mitigation at least as
much air pollution reduction. This trend holds when the ecosystem services question results are stratified instead
by respiratory illness responses. Those households that report having both asthma and another respiratory illness
rank extreme heat reduction as most valuable. Thus, while subtle, Durham’s most vulnerable groups seem to value
tree services somewhat differently than the general population, ranking extreme heat reduction the highest, above
air pollution mitigation.
When exploring nuances related to the question of adequate tree canopy, we observed that respondents who did
not believe they had enough neighborhood trees already ranked new tree plantings around homes as second most
important, while those with enough trees already ranked plantings at home last. That said, both groups (with and
without adequate neighborhood tree cover) rank new tree plantings along the street and in medians as their
highest priority. This same group (those indicating they do not have adequate neighborhood tree cover) reported
feeling less safe in their neighborhood overall than respondents who reported having enough trees, and less safe
in areas with no trees than those who reported having enough. What conclusion can we draw here? Trees impact
a resident’s perception of safety in their neighborhood. Without trees, residents feel less safe in their
neighborhoods. And, it doesn’t just impact a resident’s perception of safety near their home. From the preference
for more street trees, we can infer that residents would feel more safe moving around their neighborhood with
more trees along the street and in medians, than simply trees planted in their yard, for instance.

Discussion
670 Durham residents completed a 10-minute survey. More than one third of these respondents shared positive
comments in the final survey question. From this, we conclude that residents think and care about the trees with
which they interact, and about the future of these trees. Respondents highly value not just the ecosystem services
that trees provide them, but the benefits that trees provide to the urban ecosystem writ large as evidenced by their
higher rankings of shared benefits like bird habitat, being native to the region, and resistance to drought over such
personal benefits as noise reduction and added privacy. This bodes well for any community engagement efforts in
caring for the tree canopy through maintenance and education, as well as for community support for policy changes
that favor a healthier and more equitable urban forest.
The groups who stand to benefit the most from adequate tree cover—those who are low-income, are Durham’s
youngest and oldest residents, suffer from respiratory illnesses, or lack tree cover now—value trees differently than
less vulnerable groups. They value a tree’s ability to mitigate extreme heat and its ability to increase feelings of
safety at home. Across the board, though, residents want to realize these benefits through street trees, which rely
on public sector interventions, versus those driven by the private sector like plantings at home, around commercial
sites, or in parking lots.
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These results demonstrate broad support and recognition of the benefits of trees. While Durham’s tree canopy
transitions from 100 year-old willow oaks to new species and younger trees, Durham’s resident characteristics are
also shifting: rates of asthma and diabetes are increasing (Durham County, 2017), population increased by 20%
(from ~228,000 in 2010 to 274,000 in 2018; U.S. Census, 2017), and residents are aging (median age increase from
32.9 to 33.8 from 2010-2018). The growth in vulnerable groups should increase the relative weight of their
experience with Durham’s urban forest, and encourage efforts to ensure they enjoy the benefits that trees provide
in an equitable fashion.
In considering how to manage Durham’s urban forest going forward, these results give us direction for where and
what kinds of trees should be planted.

Limitations:
Durham residents are more racially diverse, earn less annual income, and are slightly younger than this survey’s
sample. Around 50% of Durham residents rent their home, versus one-third of our survey respondents. Given this,
our survey results cannot be analyzed for statistically significant relationships. Specifically, these results cannot tell
us how opinions on neighborhood tree characteristics might differ between racial or ethnic groups. The Focus
Group with all non-white participants ranked lowering crime as one of their most valuable tree ecosystem services
when the survey overall and the other all white Focus Group ranked it last. This result could spur future work in
community engagement on this topic that specifically targets opinions of non-white residents.
Survey responses differed across age groups, income, health, and access to tree cover. Since people do not
generally cluster by age or health factors, this survey does not identify specific neighborhoods for tree planting or
preservation. However, it does show that income and current access to tree cover impacts a person’s value of trees.
Durham neighborhoods are segregated by income, and by race. This survey, coupled with Task 2 and 3, can begin
to add clarity to these detailed questions, however.
Future work could explore spatial relationships more - how does where a survey respondent lives interact with their
responses? Do they live in an ecosystem service hotspot or historically red-lined neighborhood?
While this survey collected resident cross-streets, it did not analyze how responses to key questions differ by
location. Future research could explore this question, which might elucidate tree planting priorities.
Outreach:
The outreach plan was created using an unstructured analysis of TreesDurham’s and our social networks. All
outreach team members and the TreesDurham Executive Director identify as white, and the homogeneity of our
social networks are reflected in the survey results. Future work should dedicate more time to cultivating
relationships outside one’s social network to ensure that all residents of Durham have more equal representation.
Outreach should target underrepresented groups since general sampling does not produce representative results.
Consider the survey tool, and how to continue to mitigate bias (randomize answer options, etc.). The intercept
method could yield more representative results.
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Scope:
The goal of this survey was to set a baseline understanding of Durham residents’ experiences and opinions about
their tree canopy. Future work could limit its scope to explore one key question in more depth, or one key
constituency’s opinions on key questions.

Recommendations
Respondents value a tree’s ability to mitigate extreme heat and lower air pollution. They ranked the need for street
trees above trees planted or preserved at home, around commercial sites, and in parking lots. Respondents want
more trees that provide bird habitat, are native and are resistant to drought. Respondents feel most safe in
neighborhoods that have well-maintained tree cover and feel least safe in neighborhoods with dense or no tree
cover. These results indicate that urban forest practitioners should engage in the following actions:


Prioritize tree plantings along the street (in rights-of-way) and in medians. This action is under direct control
of the City of Durham’s Urban Forestry division



Negotiate with tree nurseries for tree species that better fit the profile that respondents outline: large,
native, drought resistant, low-maintenance and providing habitat for birds. Tree species that are small,
have flowers, or are evergreen can be deprioritized.



Prioritize tree plantings on neighborhood streets that currently lack tree cover. This will address the
concern by those residents who stated they don’t have enough neighborhood trees, and can increase
feelings of safety in these areas.



Maintenance: given that residents feel safer in areas with well-maintained trees versus those with dense
or no tree cover, we contend that there is an opportunity for greater community involvement in tree
maintenance, alleviating some resource constraints on the City’s Urban Forestry division and non-profits
dedicated to Durham’s tree canopy.
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5. Creating a Tree-planting Priority Map Based on Ecosystem
Services
Introduction
We have clearly shown that urban trees provide many benefits to city residents and that many residents of Durham
want more trees in their neighborhoods. However, the capacity of the City of Durham and organizations like
TreesDurham to plant trees is constrained by limited resources. How can stewards of the urban forest maximize
the benefits that newly planted trees will provide to the people of Durham?
Although every single tree added to a city can benefit the community, certain trees may provide more services than
others based on where they are planted. There is evidence supporting the idea that how trees are distributed across
a city can be just as important, if not more so, than the total number of trees. A single tree planted downtown
between a street and a parking lot will have a greater impact than a tree added to a forested suburban lot for
multiple reasons. The downtown tree could help shade the impervious surfaces around it, slow down stormwater
runoff from the parking lot, and absorb air pollution from cars in the road. Plus, because the downtown tree is
located in a more densely populated area, the benefits it provides are multiplied by the number of nearby people
affected (Gomez-Baggethun & Barton, 2013; Nowak et al., 2014).
So how do we decide where to plant? One possible solution is simple: plant trees where there aren’t any. In other
words, prioritize urban tree planting in areas with the lowest density of trees and greenspace. While this solution
could go a long way towards evenly distributing the benefits of urban trees across the city, we can still do more to
narrow down the highest priority sites for planting. Consider two areas in Durham (neighborhoods, U.S. Census
blocks, or property parcels) that both have only 5% tree cover. How do we choose which one to target for tree
planting to make the best use of our limited resources?
Our solution was to create a priority map based on the need for certain ecosystem services. This evidence-based
map was compiled from geospatial data that represent how the need for ecosystem services varies across Durham.
Although trees provide many benefits to the community, as discussed in our literature review in Section 2, this
analysis considered only those ecosystem services that could be meaningfully examined spatially on the scale of a
single city. We excluded ecosystem services like carbon sequestration, which provides more of a global than local
benefit, and general health benefits like reduced disease mortality, which are extremely difficult to represent
spatially. The four key ecosystem services we included in our tree-planting prioritization map were (1) air pollution
removal, (2) extreme heat reduction, (3) stormwater mitigation, and (4) crime reduction.
In a geospatial prioritization that combines multiple factors to generate a priority score, it is critical to consider the
weight given to each factor. In other words, are these four ecosystem services equally important, or is air pollution
removal by far more important than the other services? How do we decide how to attribute importance to each of
the four factors? Our solution was to let the community decide. In our community survey of Durham, each
respondent was asked to rank these four ecosystem services provided by trees (air pollution, heat reduction,
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stormwater, and crime) in order of importance according to their opinion. These rankings were compiled in a way
that produced weights to be used when combining the four factors into a final priority score.
Our final map shows a priority tree-planting score calculated across Durham based on the need for air pollution
removal, extreme heat reduction, stormwater mitigation, and crime reduction, all weighted in a way that directly
reflects the wishes of the Durham community. Using this map, it is possible to choose planting sites based on where
new trees would provide the greatest benefit to the community. In the example above comparing two sites with
5% tree cover, our priority map could reveal that one of those two sites has a greater need for ecosystem services
due to proximity to air pollution sources, higher-than-average summer temperatures, or high crime rates. Our hope
is that this map will inform the tree-planting efforts of TreesDurham and the City of Durham in a way that will
maximize the benefits provided to Durham’s residents.

Summary findings
We used geospatial analysis to generate a tree-planting priority map that can be used to target tree plantings to
areas in Durham that would benefit the most from the ecosystem services trees provide. The priority score was
calculated using data representing the need for four key ecosystem services and weighted by the importance values
obtained from our Durham community survey. The result shows that tree plantings should be targeted to the most
urbanized areas of Durham, especially those near major roads, streams, and high-crime districts. Notable hot spots
for high tree planting priority include downtown Durham, Hayti and the area around North Carolina Central
University, East Durham, Duke University West Campus, Southpoint, South Square, Braggtown, and several highway
corridors.

Methods
Mapping air pollution
To find how the need for air pollution reduction varies across Durham, we attempted to generate an air priority
score based on air quality. Unfortunately, there are few public sources of direct air quality measurements within
Durham. Those that exist are largely from a few monitoring stations outside the city, which even if extrapolated
would not provide a realistic model of air quality on the intra-Durham scale.
The finest-scale air quality we were able to find came from the National Air Toxics Assessment (NATA) by the United
States Environmental Protection Agency (EPA). This online data source uses the database of EPA-permitted emitters
of controlled air pollutants to model the impacts of air pollution at the US Census tract level. Several data layers are
available including overall risk for cancer caused by airborne pollutants and more specific layers for pollutants like
diesel PM10 (particulate matter less than ten micrometers in diameter attributed to burning diesel fuel). The cancer
risk layer was not appropriate for this analysis because the NATA attributes about 50% of that risk to formaldehyde,
which no evidence suggests that trees can remove from the air, and because nowhere within Durham classifies as
having “elevated cancer risk” according to the NATA (over 100 cases per million people).
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We decided to use the diesel PM 10 ambient concentration layer as a proxy for air pollution caused by heavy traffic
and industrial activities. We generated a diesel air score for Durham by converting the diesel PM10 ambient
concentration data from Census tract polygons to a raster (based on the 2-meter Lidar landcover), then reclassifying
the raster (which ranged from 0 to 0.55 µg/m3 within Durham) on a scale of 1 to 10, where 10 indicates the highest
air pollution areas.
We also wanted to include direct or proxy data showing source locations of air pollution. Although the EPA provides
location data for its permitted facilities, several features of this data made it less than ideal for our purposes. The
attribute data for these locations indicated that many of the permitted emitters were defunct, and those that were
still active did not have detailed information about the types or amount of pollution they produced. In addition,
there are no widely accepted standards for how to model the distance away from these facilities that are affected
by pollutant emissions.
Instead, we focused on major roads as sources of air pollution. Previous studies have shown that ambient
concentrations of particulate pollution can be elevated above the background level of a city up to 150 meters (about
492 feet) away from major roads (Hitchins et al., 2000). Correspondingly, the incidence of respiratory illnesses is
greater in people that live within this distance, and even greater within 90 meters (295 feet) of roads (Venn et al.,
2001; Maantay, 2005). Using these studies as our guide, we generated a road proximity score layer for Durham by
creating buffers of 90 meters and 150 meters around all “major roads” (defined here as all Interstate, US, and NC
routes). The area within 90-150 meters of major roads was given a road score of 5, while the 0-90 meter buffer was
given a road score of 10 to reflect the increased ambient pollutant levels and respiratory disease risk within 90
meters. The remainder of Durham had a road score of 0.
Finally, to generate an overall air pollution priority score, we simply averaged the diesel PM10 score and the road
proximity score. The final air priority score represents the combined impacts of diesel PM10 and major road
proximity on air pollution. It assigns highest tree-planting priority to areas of Durham that suffer from elevated
diesel PM10 concentrations that are also within major road buffers.

Mapping extreme summer temperatures
To map how summer temperatures vary on a local scale within Durham, we used thermal remote sensing imagery
to measure land surface temperature, a technique commonly used in the literature to study the urban heat island
effect (Bowler et al., 2010; Laaidi et al., 2012; Wang et al., 2016; Yuan & Bauer, 2007).
We used thermal imagery from Landsat 8 downloaded from the United States Geological Survey (USGS) Earth
Explorer. Landsat 8 has two thermal bands: band 10 (10.6 – 11.2µm) and band 11 (11.5 – 12.5µm), both with 100meter pixel resolution. However, the USGS has recommended against using band 11 for quantitative temperature
analyses, so we used only band 10 (Anderson 2016).
To provide a robust summary of variations in land surface temperature (LST) within Durham city limits, we searched
for as many Landsat 8 images as possible that were taken during peak summer (July and August), from 2015 to the
present, and with minimal cloud cover. We only looked as far back as 2015 to minimize the effects of actual land
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cover changes within this rapidly developing city. This search resulted in seven Landsat 8 images. At the time these
images were taken, air temperatures recorded at Raleigh-Durham International Airport ranged from 88 oF to 97oF
(Table 5.1; National Weather Service).
Table 5.1.

Date, time, and local air temperature measured at Raleigh-Durham International Airport, and
Durham average land surface temperature when Landsat 8 images were captured.
RDU Air Temperature
Average Durham Land
Image Date
Time
o
( F)
Surface Temperature (oF)
7/07/2015
3:52 p.m.
90
81
7/25/2016
3:53 p.m.
96
82
8/26/2016
3:53 p.m.
97
83
7/15/2018
3:52 p.m.
93
72
8/16/2018
3:52 p.m.
90
78
7/02/2019
3:52 p.m.
93
86
8/19/2019
3:53 p.m.
88
81

Three of the thermal images had a few clouds within city limits. Clouds were easily visible as black, low-value (lowtemperature) areas, especially when compared to cloudless images. To remove the clouds, we visually inspected
the values of cloud spots, chose a threshold value below which pixels could be considered “cloud,” and masked out
those pixels. For each image, the threshold was calibrated to fully eliminate the effects of clouds without too much
unintended removal of cloudless, low-temperature areas, but inevitably some non-cloud pixels were also removed.
To obtain LST values from the Landsat 8 thermal imagery, band 10 (stored in digital number format) was converted
to top-of-atmosphere radiance, then temperature in degrees Kelvin, and finally LST in oF according to established
protocol (Butler, 2014; Anderson, 2016). Atmospheric correction was not necessary because the long wavelengths
of thermal imagery experience very little atmospheric interference.
We summarized the relative differences in LST within Durham in two ways. First, we calculated a simple average
LST for each pixel across the seven thermal images (taken on summer days between 2015 and 2019). Because
clouds were removed from three of the images, some pixels represented the mean temperature of fewer than
seven days, and possibly only four days if clouds from the three dates overlapped. The resulting layer showed that
mean summer LST spanned 21.6oF, ranging from 73.8oF to 95.4oF. However, this layer contains several artifacts
where clouds were removed, which can be seen as discrete areas with slightly different temperature values than
their surroundings. This is because although the relative spatial distribution of temperatures was similar between
images, the absolute temperatures varied, as shown by the range of temperatures recorded at Raleigh-Durham
International Airport (Table 5.1). Thus, the mean LST of areas where clouds were removed included a different,
limited distribution of air temperature days than areas where all seven images were included, causing the artifacts.
To solve this problem, we normalized each of the seven images using the mean LST in the city of Durham for each
image. The result was a layer that shows whether each 100-meter pixel is on average higher or lower than the mean
LST of Durham for a given summer day, and by how much. The average difference from mean daily LST spanned
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about 22.5oF, from 6.4oF below average LST to 14.9oF above average. Overall, the spatial distribution of relative
differences in LST appears very similar to the absolute temperature average, except that the artifacts created by
cloud removal are greatly reduced, if they can be seen at all.
Since the goal was to create a layer that identifies urban heat islands within Durham, rather than to accurately
measure absolute LST, this relativized image showing difference from mean LST was well-suited for our analysis.
The resulting image shows how different parts of Durham can vary widely in LST on hot summer days at a relatively
high resolution. As expected, relative LST appears to be highest in areas with dense development, large percentages
of impervious surfaces, and low tree cover, including downtown Durham, Duke University, the South Square area,
and the Research Triangle.
To adapt this layer to our tree-planting prioritization, we reclassified the relative temperature raster to temperature
score on a scale of 1 to 10, where 10 represents highest relative LST. This score assigns the highest tree planting
priority to the hottest parts of Durham, where the shading and convective cooling effects of trees would have the
greatest impact.

Prioritizing stormwater runoff mitigation
Another prioritization factor for tree planting was based on the ability of trees to slow, filter, and cool urban
stormwater flows. We used two factors to generate a stormwater priority score for tree planting. The first gives
high priority to tree planting within riparian buffers around streams and waterbodies in Durham because trees in
the riparian zone can be very effective at removing pollutants from stormwater runoff before it enters waterways.
The second factor assigns priority scores for each sub-watershed within Durham based on the amount of
impervious surface it contains. This reflects the fact that as percent impervious surface increases within a
catchment, stormwater runoff within that catchment increases in speed and intensity and increases the potential
for damaging urban streams (Walsh et al., 2005). These two factors were combined equally to generate a
stormwater priority score raster for Durham.
The riparian buffer priority score was generated by buffering all the streams and waterbodies within Durham to a
certain distance. Although the benefits of riparian buffering on water quality are well supported in the literature,
there is not one single standard that describes how wide of a buffer is adequate or ideal for preserving water quality.
For this analysis, we used the standards set in a report prepared by S. Wenger for the State of Georgia, in which he
reviewed over 140 scientific sources to establish a legally defensible standard for riparian buffer width (Wenger,
1999). Wenger found that under most circumstances, vegetative buffers are very effective at trapping sediment,
nitrogen, and phosphorus when they are 100 feet wide, but 50-foot buffers also provide an adequate level of
protection from these pollutants. We thus created two buffers around the streams and waterbodies of Durham,
one at 50 feet (the “adequate” riparian buffer width) and another at 100 feet (the “ideal” width) on either side. The
area from 0-50 feet was given a riparian priority score of 10, the area in the outer buffer from 50-100 feet was given
a score of 5, and the rest of Durham set to 0.
The second factor prioritized areas within sub-watersheds based on the percent impervious surface within that
catchment. The sub-watersheds used were 12-digit HUC (hydrologic unit code) catchments delineated by the USGS.
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Percent impervious surface was calculated within each 12-digit HUC using the 2-foot resolution Lidar-based land
cover layer from 2015 and output as a raster. The percent impervious raster was then reclassified on a 1-to-10 scale
where 10 represents the highest percent of impervious surface, and thus the highest stormwater priority.
Finally, the two factors were combined into a single layer by simple averaging. The resulting layer is a stormwater
priority score from 0 to 10 that represents the need for stormwater mitigation by trees. The highest scores occur
within 50-foot riparian buffers of streams and waterbodies that are located within the 12-digit HUC catchment with
the highest percent impervious surface (Ellerbe Creek Watershed). This reflects the idea that planting trees to treat
stormwater could do the most good on the border of waterways where flashy, intense stormwater flows are the
most likely.

Mapping crime in Durham
The final factor used to calculate tree-planting priority was crime rates in Durham. Our goal was to identify areas of
the city with high violent and/or property crime rates that might benefit from more trees, which are associated
with less crime.
The crime data we used came from the City of Durham via Esri’s online data portal in ArcGIS Pro. This dataset
contained a list of every crime reported within Durham between January 2014 and June 2019. For each crime, the
dataset listed the address, beat number, and district number within which the crime was reported, the date, and a
code specifying what type of crime.
Durham is divided into five Police districts, which are in turn divided into 35 sub-districts called “beats.” Maps of
the beats for each district from the City of Durham website were used to hand-digitize the beat boundaries as a
feature class in ArcGIS Pro. Although each crime in our Durham dataset was labeled with an address, we were not
able to use the addresses to map the specific locations of each crime due to inconsistencies in the dataset. In
addition, assuming each crime occurred at the exact location given would imply a level of precision that this dataset
likely does not actually have. Instead, we mapped crime in Durham by attributing each crime to the beat in which
it occurred. The resulting spatial crime data layer is much coarser, but it limits the risk of overestimating the spatial
precision of crime data, and it matches existing administrative boundaries used by the Durham Police Department.
The Durham crime dataset contained crimes of all types, from shootings to traffic violations, but the scientific
literature on the relationship between crime and trees focuses mainly on two broad categories of crime: violent
crime and property crime. We used the crime codes to filter the dataset into two subsets for violent and property
crimes, and excluded the crimes that did not fit into either category (Table 5.2). From January 2014 to June 2019,
15,730 violent crimes and 63,165 property crimes were reported in Durham.
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Table 5.2.

Durham Police Department crime codes included in “violent” and “property” crime datasets.
Violent Crime Codes















Aggravated assault
Kidnapping / abduction
Animal cruelty
Disorderly conduct – fighting
Homicide-murder / non-negligent
manslaughter
Human trafficking / involuntary servitude
Intimidation
Offenses against family – child abuse
Rape
Sex offense
Simple assault
Suicide
Weapons violations – using / discharging

Property Crime Codes









Trespassing
Arson
Burglary
Larceny
Motor vehicle theft
Robbery
Stolen property
Vandalism

We then calculated the population of each Police beat to normalize the number of crimes into crime rates based
on population. The population data came from the 2017 American Community Survey (ACS), based on the 2010 US
Census. The ACS estimates the population per square mile of each US Census tract. Unfortunately, the Census tracts
do not line up with the boundaries of the Durham Police beats. To calculate a population value for each beat, we
created a 2-foot raster of population per square mile from the ACS, used zonal statistics to find the average
population per square mile in each beat, and then multiplied that average by the area of the beat to estimate the
population of Durham residents within each beat. The result of this process is not a perfect representation of the
population in each beat because it relies on the false assumption that each US Census tract has its population
distributed perfectly evenly. However, this was the most accurate population count we could calculate with the
data available. Finally, we used the number of violent/property crimes committed in each beat and the estimated
population of that beat to calculate normalized violent and property crime rates (as crimes per 1000 residents).
After summarizing violent and property crime rates within each Police beat, we compared the crime rates with the
percent tree canopy cover within the beats to see if lower crime rates were associated with higher canopy cover.
The relationship was analyzed as a simple linear regression between the two variables, without accounting for any
confounding variables that might also affect crime like population density, income levels, or other socioeconomic
factors.
To create a crime priority score for the tree-planting prioritization map, we created a 2-foot raster (matching the
2015 Lidar-based landcover layer) of violent crime per 1,000 residents, then reclassified that on a scale of 1 to 10,
where 10 represents the highest violent crime rates.
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Combining four factors into one weighted priority score
The priority scores for air, heat, stormwater, and crime were all generated as two-foot resolution rasters on a scale
of 0 to 10. To combine these four factors into the final tree-planting priority score, they were combined by weighted
averaging.
The weights for each factor were derived from preferences expressed by over 600 Durham residents in our
community survey. The question on the survey tasked respondents with ranking these four ecosystem services
provided by trees based on their importance; each was given a rank from 1 to 4, where 1 represented the most
important ecosystem service in that respondent’s opinion.
To convert these rankings into weights, we assigned points to each ecosystem service based on the rank it was
given. The top-ranked ecosystem service (given a 1 on the survey) was awarded 4 points, the second-ranked won
3 points, the third-ranked won 2 points, and the last-ranked received 1 point. All the points for each ecosystem
service were summed, and that sum was divided by the sum of all points to calculate a percent importance for that
service (Figure 5.1).

Figure 5.1.

Importance weights for each ecosystem service derived from resident preferences in our
Durham community survey.

The percent importance of each ecosystem service was then used as the weighting factor to combine all four
ecosystem service priority scores by weighted average. The result was the final tree-planting priority score raster,
in which each pixel has a score from 0 to 10.
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Results
Air priority score shows where we need trees for air pollution reduction
We generated an air quality priority layer that assigns high priority scores to (1) census tracts with elevated diesel
PM10 concentration and (2) areas in close proximity to major roads. The result shows the highest air scores in and
around downtown Durham, where several major roads intersect and ambient diesel PM10 concentrations are
above average for the city (Map 5.1)
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Map 1.

Durham air quality priority score.
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Extreme heat priority score shows where we need trees to prevent urban heat islands
Our heat priority score was derived directly from land surface temperature data extracted from thermal satellite
imagery. In these images, there was a statistically significant positive relationship between increasing percent
impervious surface and hotter summer LST, and a significant negative relationship between increasing percent tree
cover and LST (Figure 5.2). In other words, developed areas with more impervious surface are very likely to be
hotter than average on a summer day, and areas with lots of trees are very likely to be cooler. This is consistent
with the scientific literature, which has shown these strong relationships in other cities (Bauer et al., 2007; Wang
et al., 2016; Yuan et al., 2007; Bowler et al., 2010; Salmond et al., 2016).
The heat priority layer shows high priority scores in areas where the summer LST is higher than the average for
Durham (Map 5.2). Unsurprisingly, the most conspicuous hotspots occur in the most densely developed parts of
Durham, where there is a lot of impervious surface and little tree cover. Noteworthy hotspots include downtown
Durham, Duke University, Southpoint Mall, Braggtown, the Research Triangle, and the South Square commercial
area along US-15/501.

52

5. Creating a Tree-planting Priority Map Based on Ecosystem Services

Difference from Average Land Surface
Temperature (oF)

12

y = 0.0904x - 2.0139
R² = 0.5435

10
8
6
4
2
0
-2
-4
-6
-8
0

20

40

60

80

100

% Impervious Surface

Difference from Average Land Surface
Temperature (oF)

12

y = -0.0785x + 4.0856
R² = 0.4851

10
8
6
4
2
0
-2
-4
-6
-8
0

20

40

60

80

100

% Tree Canopy Cover
Figure 5.2. Relative land surface temperature within U.S. Census blocks in Durham is significantly
correlated with landcover types. Each point represents one census block. Increasing percent impervious
surface is correlated with hotter summer land surface temperatures (R 2 = 0.54, p < 0.001). Increasing
percent tree canopy cover is correlated with cooler summer land surface temperatures (R 2 = 0.49, p <
0.001).
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Map 5.2.

Durham extreme heat priority score.
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Stormwater priority score shows where we need trees to control storm runoff
The stormwater priority layer we created is based on (1) proximity to streams or waterbodies and (2) percent
impervious surface within 12-digit HUC sub-watersheds (Map 5.3). It assigns highest priority to riparian buffers
within the most developed sub-watersheds in Durham, especially the area surrounding Ellerbe Creek and its
tributaries.
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Map 5.3.

Durham stormwater priority score.
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Violent crimes /1000 residents

Our crime priority layer was derived directly from almost five years of Durham crime data. We summarized violent
and property crime rates per 1000 residents within Durham Police sub-districts called “beats.” When the crime
rates of each beat were compared to the percent tree canopy cover within that beat, we found that higher canopy
cover was significantly correlated with lower crime rates (Figure 5.3). However, this correlation was much stronger
for violent crimes, and not significant for property crimes. Thus, we decided to use only the violent crime rates to
determine the crime priority score. It should be noted that this analysis was a simple linear regression between tree
cover and crime rates, and it did not account for any confounding socioeconomic or other factors that relate to
crime.
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Figure 5.3. Violent crime is negatively correlated with tree cover in Durham Police sub-districts. This
relationship is statistically significant (**p < 0.01) when the three beats containing Downtown Durham
(PAC 5) are removed as outliers.
The resulting crime priority layer assigns high priority to the police beats with the highest violent crime rates
between January 2014 and June 2019 (Map 5.4). Crime scores were highest in the beats containing central
downtown Durham, the Hayti neighborhood, the area around North Carolina Central University, and Braggtown.
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Map 5.4.

Durham violent crime priority score.

58

5. Creating a Tree-planting Priority Map Based on Ecosystem Services

Final prioritization map shows where Durham needs trees to provide ecosystem services
The final result is a tree-planting priority score map assembled as a weighted average of the air, heat, stormwater,
and crime scores according to the stated preferences of Durham residents (Map 5.5). This layer was produced as a
2-foot resolution raster matching the 2015 Lidar-based Durham landcover layer, but it should not be considered
accurate to the 2-foot scale because of some of the datasets used to create it were much coarser. For this reason,
we also summarized tree-planting priority as average scores within city parcels (Map 5.6), Durham Police beats
(Map 5.7), and U.S. Census blocks (Map 5.8). These maps should be much more useful in guiding tree-planting
efforts around the city. The parcel map could be especially helpful as a way of identifying particular landowners as
potential partners in tree-planting initiatives.
The tree-planting prioritization gave high priority scores to the most densely developed parts of Durham, including
the center city and several major road corridors. Notable priority hotspots include downtown Durham, the South
Square area, the Hayti district, the area surrounding North Carolina Central University, Braggtown, the Research
Triangle, and several highway corridors (Map 5.5).
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Map 5.5.

Durham tree-planting priority score.
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Map 5.6.

Durham tree-planting priority score summarized by property parcels.
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Map 5.7.

Durham tree-planting priority score summarized by Durham Police beats.
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Map 5.8.

Durham tree-planting priority score summarized by 2010 U.S. Census Blocks.
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Discussion
Our goal was to create a prioritization map that can guide tree-planting efforts towards areas that can benefit the
most from the ecosystem services that trees provide. The resulting prioritization can be used to target specific
parcels, neighborhoods, or Police sub-districts for tree planting.

Assumptions and limitations
Like all geospatial prioritizations, this process relied upon several assumptions. We had to make decisions about
what ecosystem services provided by trees are most important, how to credibly represent the need for those
services spatially within Durham, and how to weight the importance of each service when combining them to
generate the final tree-planting priority score. There are many other ways one could prioritize tree planting in
Durham by considering different ecosystem services, using different sources of data to represent them, and/or
changing how they are weighted.
After extensively consulting the scientific literature about the ecosystem services that urban trees provide to city
residents, we chose to focus on (1) air pollution removal, (2) extreme heat reduction, (3) stormwater mitigation,
and (4) crime reduction. We did not consider carbon sequestration, one of the most widely recognized benefits of
trees, because the carbon sequestration benefits of trees (primarily reducing greenhouse gasses that contribute to
global warming) would not change meaningfully depending on where in Durham those trees were planted. We also
did not include general human health benefits related to trees. Although there is promising evidence for this
relationship, the specific effects on human health are broad and varied (ranging from lower cardiovascular disease
risk to reduced poor birth outcomes), and health metrics such as disease incidence are very hard to represent
accurately as spatial data. Noise control was not included both because spatial noise level data would be very
difficult to generate and because the evidence for the ability of trees to reduce noise is very limited.
Likely the most controversial ecosystem service included in our prioritization is crime reduction associated with
increased tree cover. Unlike air quality, stormwater, and urban heat effects, crime reduction is not widely known
to be a positive impact of urban trees. Many residents we spoke to expressed surprise or skepticism at the idea that
planting trees in their neighborhood might reduce crime rates, which may have contributed to the low weight of
importance crime reduction received from the community survey. However, although the mechanisms for this
relationship are not clear, the scientific evidence supporting the association of more tree cover with lower crime
rates is surprisingly robust from studies across several American cities. Considering the evidence, and the fact that
many Durham residents are concerned about crime in their neighborhoods, we decided to include crime reduction
as a factor in our prioritization.
Once we chose our ecosystem services, we had to decide how to represent the need for those ecosystem services
spatially within the city of Durham. The data used to generate priority scores for each factor were chosen by
consulting the scientific literature and surveying available relevant data sources. The resulting priority score layers
summarized the need for each ecosystem service in a scientifically defensible way without piling on too many
assumptions.

64

5. Creating a Tree-planting Priority Map Based on Ecosystem Services

The air quality priority score was a combination of real data (ambient diesel PM10 concentration from the National
Air Toxics Assessment) and proxy data based on similar studies (buffers around major roads). It was a rough
representation of some of the areas of Durham most likely to suffer from certain types of air pollution, mostly due
to motor vehicle traffic. Future prioritization studies could use different air quality measures, such as the combined
cancer risk from air pollutants layer from NATA, or use more detailed models of air pollution including industrial
emission sources, buffers around all roads based on traffic, and air dispersion modeling that accounts for prevailing
winds. We kept our air quality model simpler due to data availability and to more closely resemble other studies.
The extreme heat reduction priority score was the most straightforward score, based directly on physical data (land
surface temperature from thermal satellite imagery) used in a standard way according to the literature. We
calculated relative average summer LST across Durham to identify the hottest parts of Durham, represented by the
highest scores. Because of the robust relationship between higher tree cover and lower LST in the literature, this
layer is the most strongly supported by evidence of our four priority scores. However, future studies seeking to
improve modeling heat islands in Durham could also consider air temperatures measured at high spatial resolution
across the city.
The stormwater priority score was a combination of two proxy variables: percent impervious surface within 12-digit
HUC sub-watersheds and proximity to streams or waterbodies. The first variable assumes that higher impervious
surface is associated with increased stormflow intensity and decreased water quality. The second assumes that
trees are most valuable for improving water quality when they are part of the riparian buffer bordering streams.
These assumptions are both based on relationships supported by robust evidence in the scientific literature. Future
prioritizations seeking to improve on this model could include field measurements of water quality taken around
Durham to add real data to these proxies.
The crime priority score was based directly on real crime statistics from the Durham Police Department. Although
the almost five-year dataset was suitably large, our priority layer was summarized at a relatively coarse distribution:
the 35 Durham Police sub-districts called beats. This layer would have more accurately represented the distribution
of violent crimes in Durham if we had been able to geo-code each crime as a point based on the address given in
the database. Future prioritizations should seek to represent crime rates at a finer scale to better direct treeplanting.
We made another assumption by using violent crime rates, based on the estimated population of each Police beat,
instead of the raw number of crimes committed. This is because crime rates are usually normalized by population
density; otherwise, high crime areas would just be the same as high population areas. However, in the case of treeplanting, one could argue that total crimes would be the more appropriate statistic to use because it would reflect
the fact that a tree planted in a more densely-populated area could help discourage more people from committing
a greater total number of crimes.
Finally, when we combined our four ecosystem service priority scores into the final tree-planting priority score
layer, we used the results of our community survey to assume the preferences of all the residents of Durham
regarding the relative importance of each service. This assumption could be limited in the future by gathering
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preference information from a greater number and more representative sample of Durham’s residents. Another
option is to change how the weights are determined entirely. We decided to base out weights on resident
preferences, but the results could be recalculated based on strength of scientific evidence, expert opinion,
magnitude of effect, or other factors.

Where Durham needs trees
The results of our tree-planting prioritization were not at all surprising. In general, tree-planting priority scores are
highest in the most densely developed parts of Durham, where trees and natural landcover have been replaced by
buildings, roads, parking lots, and highway corridors. In fact, this suggests that in the absence of a detailed
prioritization like this one, percent impervious surface could be used as a decent proxy for the need for ecosystem
services provided by trees. This is because impervious surface as an indicator is directly related to two of our
ecosystem service factors (extreme heat and stormwater) and indirectly related to the others (impervious surface
is associated with increased pollutant-emitting traffic, and possibly with increased crime via population density).

Recommendations for TreesDurham and the City of Durham
Our tree-planting prioritization assigned scores from 0 to 10 indicating where the combined need for four
ecosystem services provided by urban trees is greatest. We recommend using this data to target parcels and
neighborhoods with the highest scores for voluntary tree planting efforts (by TreesDurham and its partners) and
planting in city rights-of-way (by the City of Durham). We recognize that both TreesDurham and the City have very
limited resources to devote to tree planting and maintenance, but we believe that by targeting tree planting for
ecosystem service provision, they can maximize the return on their investment in the form of tangible benefits to
the community.
As a place to start, here is a list of some areas of Durham with the highest concentration of tree-planting priority
score (Table 5.4):
Table 5.4.

List of notable areas in Durham where the tree-planting priority score is highest.
High-priority Hot-spots for Tree Planting in Durham, North Carolina













Downtown Durham, especially inside and to the North of the downtown loop
The Hayti district and East Durham
North Carolina Central University and surrounding area
Durham Technical Community College, surrounding area, and to the South
Duke University West Campus, near US-15 and US-147
The NC-147 road corridor
The Interstate 85 road corridor
The US-15/501 road corridor
Streets at Southpoint Mall and surrounding area
Braggtown
The Research Triangle
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6. Modeling the Future of Durham’s Canopy
Introduction
According to the city of Durham’s Urban Forest Master Plan (UFMP), the city aims to increase total tree canopy
cover from 52% in 2015 to 55% by 2040. Three potential recommendations were proposed in the UFMP to help
achieve this goal: (1) increase the health and diversity of the City’s street trees through active maintenance; (2)
extend the canopy of street trees over high priority/low canopy areas, and (3) encourage the preservation of trees
on properties not owned or maintained by the City of Durham through partnerships and the re-evaluation of
policies and practices (City of Durham, 2019). To address the first UFMP recommendation focused on tree health,
the City of Durham initiated a Selective Street Tree Inventory and a Tree Canopy Assessment to evaluate current
conditions of trees. The second recommendation focuses on prioritization of tree planting and canopy
enhancement, which is addressed in the previous section by our prioritization model. TreesDurham echoed the
third recommendation concerning tree preservation and requested a study to assess how policy and practices
would affect the canopy coverage, a model that predicts futures of Durham’s canopy, and one that provides
quantitative information for policy recommendations.
Tree planting and canopy cover changes mostly occur during development and follow local regulations and policies.
City of Durham’s Unified Development Ordinance (UDO) is the key policy instrument that provides guidelines on
development in this case. Specifically, UDO Article 8, Section 3: “Tree Protection and Tree Coverage” includes
detailed tree coverage standards for each parcel, as well as guidelines for tree preservation and other management
practices. Other parts of the UDO, such as Article 4, provide additional tree coverage standards and guidelines for
designated neighborhoods in the city, while Article 9 includes regulations about street trees.
Our tree canopy model reveals the current condition of the tree canopy coverage and assesses whether current
conditions allow the City to achieve the 55% canopy coverage goal or not. Multiple scenarios are considered to
simulate how the canopy would change based on changes in policy or land use. The model is based on current
guidelines according to the UDO and sets the current UDO condition as the baseline of the model environment. A
sensitivity analysis of tree coverage standards is incorporated into scenarios to assess the effectiveness of the City’s
current policy and the potential impact of future policy changes.

Summary findings
We found that tree preservation is crucial to achieve the 55% goal proposed in the UFMP. That goal could be
reached by a combination of regulation from the Urban Development Ordinance as well as other policies or
programs. The tree canopy model result indicated that the current tree canopy is already 55% but relying solely on
the preservation regulation in the UDO to reach the goal will require a seemingly impossible 100% preservation.
The sensitivity analysis found that preservation requirements based on zoning districts and development tiers are
directly related to total canopy cover and preservation potential. Suburban (especially suburban residential) and
rural parcels were found to have the most potential for increasing tree preservation that could help maintain a
higher tree canopy coverage.
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Methods
The tree canopy model is geospatially based, where analysis and mapping of Durham’s tree canopy cover were
performed in GIS platforms including ArcGIS Pro. Canopy cover information was also exported into tabular data
sheets for more complex calculations and sensitivity analysis.
Table 6.1 lists data from multiple sources used in the model. Data is processed either using geoprocessing tools
such as ArcGIS Pro or python.
Table 6.1.
Data
City of Durham Boundary
2015 Parcel Boundary
2015 Development Tiers
2015 Zoning District
2019 Parcel Boundary
2019 Development Tiers
2019 Zoning District
2015 High-Resolution Land Use Dataset
2019 Street Tree Inventory
2017 Tree Canopy Assessment
Unified Development Ordinance

Model input and source of input.
Source

City and County of Durham
City and County of Durham
City and County of Durham
City and County of Durham
City and County of Durham
City and County of Durham
City and County of Durham
City of Durham, University of
Vermont
City of Durham
City of Durham, SavATree,
University of Vermont
City of Durham

Format
Polygon shapefile
Polygon shapefile
Polygon shapefile
Polygon shapefile
Polygon shapefile
Polygon shapefile
Polygon shapefile
2 ft resolution raster dataset
Tabular data and online map
Document
Document

Canopy Data
Tree canopy data is usually derived from remote sensing products such as satellite images or Lidar datasets. Since
our study focuses on trees within the City of Durham, we needed data with very high resolution that captures the
change in land cover at a scale that could detect changes as fine as a street corner, or backyards in a neighborhood.
The 2015 High-Resolution Land Use Dataset was created by Jarlath O’Neil-Dunne from University of Vermont Spatial
Analysis Laboratory in 2015 in collaboration with SavATree (SavATree Consulting Group, 2017). The land-use
dataset was derived from the City of Durham’s Lidar dataset with a high resolution of 2 feet. Object-based image
analysis techniques were used to extract land cover information using the Lidar and other vector GIS datasets.
Therefore, it was the best land cover data in both accuracy and resolution. In this section, then, we used 2015 land
cover as a baseline of tree canopy coverage calculation and prediction.
The dataset divides Durham into seven land use types: (1) tree canopy, (2) grass/shrub, (3) bare earth, (4) water,
(5) buildings, (6) roads, and (7) other paved surface. The tree canopy class (1) was extracted to produce a canopyonly raster dataset for the model, shown in Map 6.1 and 6.2. Python code samples for canopy extraction are
included in Appendix D.
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Map 6.1.

Landcover in the City of Durham based on Lidar and high-resolution imagery (O’Neil-Dunne, UVT).
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Map 6.2.

2015 tree canopy cover within Durham property parcels.
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Study Area
The general location of our study area is relatively small (within the City of Durham), so the spatial reference for all
the geospatial analysis in this model was set to NAD 1983 StatePlane North Carolina FIPS 3200 Feet.
The smallest geographic unit used in the 2015 tree canopy assessment was at the parcel scale. Therefore, all tree
canopy cover here is mapped and calculated on a parcel scale to ensure the highest accuracy and make different
levels of data generalization in the future more accurate.
We calculated tree canopy cover using the 2015 high-resolution landcover data within both 2015 and 2019 parcel
boundaries. However, two discrepancies were found between the 2015 and 2019 parcel datasets. First, the 2015
parcel boundary map includes all road rights-of-way as parcels, while the 2019 parcel boundary excludes such road
parcels. We removed road parcels from our study area for a few reasons. Roads do not have a tree canopy coverage
standard in the UDO, as they are usually included in the city’s right-of-way planning rather than development
parcels. Major roads such as interstate or state highways are also prohibited from having any trees planted (North
Carolina General Statutes). Based on the 2015 landcover and 2015 parcel boundaries, road parcels had an average
tree canopy cover of 25%, or less than 2,500 acres of tree cover. Tree canopy over the road, though, does not
indicate a tree is planted along the road, since the shape of the canopy can cover a much larger area. Thus, if we
identify tree canopy on a road section, it’s likely that adjacent non-road parcels also have part of that tree canopy
contributed by the same tree. To keep our model consistent, then, canopy cover within road parcels is not included
in the model for the tree canopy assessment and sensitivity analysis.
Another discrepancy had a large effect on the study area. Because Durham city limits have sprawled since 2015,
there are more parcels covering a larger area in 2019 than in 2015. Since satellite data such as Landsat does not
have sufficient resolution to fill in the gaps and more recent Lidar data is not available, we could not update tree
cover on these new parcels. In addition, ownership changes and development in the past few years changed the
boundaries of some parcels, where some parcels merged into one big parcel while others fragmented into many
smaller units (Map 6.3). As a result, tree preservation requirements for each parcel might be different in 2019 with
the change in zoning districts, development tiers and parcel sizes.
If the 2015 canopy data does not cover the full extent of a parcel, then we do not have sufficient information to
determine tree cover in that zone. The total canopy cover could be biased if we make assumptions of landcover for
that parcel, and since the area affected by parcel boundary change is relatively large, the results would be large
misrepresentation of tree canopy cover. Therefore, we decided to remove new parcels that were not within the
study area of 2015. In addition, if the landcover dataset only covers part of a parcel, such as a parcel in 2015 that
was expanded beyond study area by 2019, we would also remove that parcel from this study.
The final study area reflects where we had full information of land cover in all parcels (Map 6.4). Python codes that
produced the selection of parcels included in the study area are shown in Appendix D. The total study area, which
covers about 55,000 acres, is a subset of the City of Durham, which is about 70,000 acres including roads. In other
words, our study area represents around 78% of the city’s land area.
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Map 6.3.

Changes in parcel boundaries between 2015 and 2019.
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Map 6.4.

Our study area, which covers about 78% of Durham’s 2019 land area.
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Tree Cover Standard Determination
Tree cover standards must be followed when development takes place. Since we are modeling for decades in the
future, we assume that all parcels will undergo some kind of development, which makes the current standard
applicable to all parcels. According to City of Durham’s UDO Article 8, Section 3, Paragraph 1C, “tree cover standards
can be met either by preserving existing trees on the site, by planting replacement trees, or a combination of both.”
Therefore, if current tree canopy for a parcel meets the percentage required by the standard, no action is needed;
but if current tree canopy does not meet the standard, or the removal of current tree cover causes the total tree
cover to fall below the standard, the developer or landowner must plant more trees until tree cover meets the
standard again.
This required tree cover percentage of a parcel depends on the development tier, zoning district, and size of the
parcel. According to the UDO, the development tier reflects the character of the area such as development patterns,
intensities, and densities. Common tiers are the rural tier, the suburban tier, the urban tier and the downtown tier.
Zoning districts are identified using zoning codes, which provide long-range development guidelines for land
intensities; land subdivision; circulation; and community facilities, utilities, and services. There are many zoning
codes such as Residential Rural Districts (RR), Residential Urban Districts (RU-5, RU-5(2), RU-M), or Commercial
Neighborhood (CN). In our study, we group them as Residential Districts, Nonresidential Districts, or Planned
Districts.
In the UDO Article 8, Section 3, Paragraph 4, Tree Cover Standard is listed in tables, with exceptions in paragraphs
for applicable development tier and zoning district combinations. Of note, on November 1 st, 2019, Durham City
Council and the Durham County Board of Commissioners adopted amendments to the UDO, including a large
portion of Tree Cover Standard in Article 8, Section 3, Paragraph 4. In the model, we explore both: the preamendment UDO called “2015 UDO”, and the post-amendment UDO as “2019 UDO” (City of Durham 2019). Table
6.2 lists tree cover standards in the 2015 UDO, and table 6.3 lists standards in the 2019 UDO. We can see that
standards in the 2019 UDO are more refined in each tier, especially in the urban residential tier. Some key
differences include that the exempted threshold for urban areas was four acres in the 2015 UDO, which indicated
no tree cover was required for urban parcels less than 4 acres. This threshold was lowered to only 2 acres in 2019.
In addition, rather than apply the same standard for both urban residential and non-residential parcels as in 2015,
the 2019 UDO introduced several levels of tree requirement for all urban residential parcels from 7% - 10% based
on parcel size. Both standards encourage people to preserve trees rather than remove and replant trees when
developing their lands, because a mature tree offers more canopy coverage than a new one.
These nuances can be explored through an example. Taking the 2015 UDO as an example, assume you have 20
acres of tree canopy in your 100-acre suburban residential land parcel. If you preserve all 20 acres of canopy in
future development, no action is needed as you already meet the 20% tree coverage goal. However, if you only
have 17 acres of canopy at the beginning in the same 100-acre land, that is 17% current tree coverage. Therefore,
not only do you need to preserve that 17% canopy, you would need to plant more trees that yield 6% more canopy
to reach the required 23% tree cover (Table 6.2).
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Table 6.2.
Development Tier

Tree cover standards in the 2015 UDO (Pre-amendment).

Zoning Districts

Residential

Suburban
Non-residential

Urban

SRP-C District
(County Only)
Residential
(Area > 4 acres)

Other

Required Tree Cover (%)

20

20

At least 15 but less than 20

23

At least 10 but less than 15

24

Less than 10

25

10

10

At least 8 but less than 10

13

At least 6 but less than 8

14

Less than 6

15

Any

At least 3

Any

At least 3

Other
Table 6.3.

Development Tier

Current Tree Cover (%)

No requirement

Tree cover standards in the 2019 UDO (Post-amendment)

Zoning Districts

Residential
Suburban
Non-residential

Residential
(Area > 2 acres)
Urban
Non-residential
(Area > 2 acres)

Current Tree Cover (%)

Required Tree Cover (%)

Equal or More than 20

20

At least 15 but less than 20

23

At least 10 but less than 15

24

Less than 10

25

Equal or More than 10

10

At least 8 but less than 10

13

At least 6 but less than 8

14

Less than 6

15

Equal or More than 7

7

At least 5 but less than 7

8

At least 3 but less than 5

9

Less than 3

10

Any

3

(Area < 2 acres)
Other

Other

No requirement
Any

3
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Canopy Cover Metrics Determination and Calculation
To understand tree cover quantitatively across the study area, there are five tree canopy cover metrics that must
be calculated (Table 6.4). All five metrics are calculated in both acres to reflect area, and percentage to reflect
degrees of coverage.
Table 6.4.

Metrics Calculated for each parcel, both in acres and in percentage
Metrics for each parcel

1.
2.
3.
4.
5.

Current tree cover
Tree cover required by UDO
Amount of tree cover required to add (to meet UDO standard)
Tree cover unprotected (tree cover exceeding UDO standard)
Ideal tree cover (required + unprotected tree cover)

The first metric, Current Tree Cover, could easily be calculated by an overlay tree canopy raster dataset on top of
each parcel. This metric calculates how much area is covered by tree canopy. After summarizing it for all parcels,
we find that the current total tree cover in our subset study area is already 55%, the City’s stated goal for 2040. To
understand factors that affect this count, we needed to calculate the other four metrics.
Metrics 2 through 5 are all related to tree coverage standards in the UDO, thus they reflect the standards’
effectiveness and could possibly generate recommendations to update or change the policy. Metric 2 calculates
how much tree canopy is required for each parcel, while Metric 3 calculates the number of tree canopy one parcel
needs to add if its current tree cover does not meet the requirement. Metric 4, though it has no effect on whether
the parcel meets the standard or not, is important for future planning. If a parcel’s tree cover exceeds the standard,
there could be an incentive to remove that extra tree cover to create more space for development without paying
the cost to plant any trees. Therefore, any tree cover that exceeds the UDO standard is considered unprotected as
those trees are susceptible to future removal. This is a realistic scenario, since there is little economic incentive to
preserve trees. If Metric 4 calculates a pessimistic result that assumes total removal of extra trees, Metric 5 is an
optimistic approach that calculates total tree cover by assuming all parcels will keep extra tree cover as well as
meeting the standard. Voluntary tree preservation could happen as landowners prefer to preserve trees from a
cultural or historical interest, or their trees are protected under other requirements such as stream buffer rules or
conservation easement. This gives us an optimistic “ideal” result, maximizing tree cover in Durham.
In order to reflect requirements more accurately and compare policies, two sets of metrics were calculated from
these initial five. The first set takes Metrics 2 to 5 calculated based on the pre-amendment UDO, and the second
set takes metrics 2 to 5 calculated based on the post-amendment UDO.
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Sensitivity Analysis
After calculating results under the 2015 and 2019 UDO standards, we set the most recent 2019 UDO results as the
baseline for further scenario runs. A sensitivity analysis was conducted to identify which tree cover standard, or
development tier and zoning combination, has the most effect on tree canopy cover. This part of the study is
conducted using scenario manager in the What-If analysis in Microsoft Excel, and the Solver add-on to calculate the
metric results for each scenario and differences between each.

Results
After running all the metrics and calculating tree canopy, we find that within our study area, the total current tree
cover is 55.96% based on 2015 land cover data (Table 6.5). This suggests that the City of Durham has already
reached the 2040 goal. Note that our study area is only a subset of all parcels in the City of Durham, which has a
total area of over 70,000 acres. Our data only cover about 55,000 acres. Also, note that the study area has
experienced fast-paced development and expansion in the last 5 years, so we expect current tree canopy to be less
than what we calculated using 2015 landcover data. Therefore, unless we assume unstudied areas in Durham have
the same tree cover trend in our study, it remains uncertain whether the city actually reached the 55% tree cover
goal already or not. We must examine other calculated metrics to find room for improvement and possible effects
of the UDO on the total tree canopy cover.
Table 6.5.

Metric 1 results.

Total number of Parcels

82,941

Total Area of Parcels (Acres)

55,002

Total Area of Tree Cover (Acres)

30,781

Current Canopy Cover (%)

55.96%

Results for all other metrics under 2015 UDO standards are included In Table 6.6 and results under 2019 UDO
standards are included in Table 6.7. The more prevalent and stricter standards in the 2019 UDO increase the
number of parcels that do not meet the standard. This translates to a need for additional tree cover to bring all
parcels into compliance with the 2019 UDO. Though the ideal canopy cover under both 2015 and 2019 UDO
standards well exceeds the 55% goal, the percentage of protected canopy is very low – 4.94% based on 2015 UDO,
and 9.61% based on 2019 UDO.
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Table 6.6.

Results based on the 2015 UDO.

Number of Parcels Not Meeting Tree Standards
Total Tree Cover Required to Add (Acres)

3,521
159

Total Area of Ideal Tree Cover (Acres)

30,941

Total Tree Cover Required to Add (%)

0.29%

Tree Cover Unprotected (Acres)

28,063

Tree Cover Protected (Acres)

2,718

Canopy Cover with Only Protected Canopy (%)

4.94%

Ideal Canopy Cover (%)
Table 6.7.

56.25%
Results based on the 2019 UDO.

Number of Parcels Not Meeting Tree Standards
Total Tree Cover Required to Add (Acres)

4,888
244.41

Total Area of Ideal Tree Cover (Acres)

31,026.28

Total Tree Cover Required to Add (%)

0.44%

Tree Cover Unprotected (Acres)
Tree Cover Protected (Acres)
Canopy Cover with Only Protected Canopy (%)
Ideal Canopy Cover (%)

25,495.15
5,286.73
9.61%
56.41%

The results from the 2019 UDO were used as a baseline layer for sensitivity analysis. Seven scenarios were explored
by changing the tree cover standard, listed in Table 6.8. In each scenario, the targeted standard was increased by
1%, and all other metrics were calculated according to the 2019 baseline. All scenarios increase required tree cover,
protected tree cover and ideal tree cover. Increasing all suburban requirements by 1% had the most improvement
in total required tree cover – from 0.44 % in the baseline to 0.48%. It also had the most improvement in total
protection tree cover – from 9.61 % in the baseline to 10.09%. On the other hand, increasing rural requirements
by 1% had the largest improvement on ideal canopy cover by a 0.48% increment on top of the baseline scenario.
Because the relationship between tree requirements and tree cover is linear, we can quantify impacts of each
scenario on the total protected cover by multiplying the proposed change in percent. For example, the change of
protected tree cover compared to the 2019 baseline for suburban residential is 0.39% for every 1% of UDO change,
which suggests that if we increase the suburban residential tree cover requirement by 10%, we will have a 3.9%
increase (0.39% * 10) in protected tree cover.
Another scenario was also through changes in tier/zoning change (Table 6.9). In this scenario, any land in the city
limits that is zoned for development loses its current canopy—it is cut down and the area is transformed into
apartment complexes. According to the UDO, apartment complexes would be categorized in the nonresidential
category, and while the city is fully developed, we assume all these parcels fall in the urban development tier. The
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impact of this scenario on the protected tree cover is large, dropping from 9.61% in the baseline to a low 2.96%.
The ideal canopy cover in this scenario is still at 56%, but it does not represent the most probable canopy as there
is a high probability of removing all extra trees that are not legally required in the parcels that are developed.
Table 6.8.

Summary of the sensitivity analysis on tree cover standard adjustments.
Higher
Overall
Suburban
Requirement

Higher
Overall Rural
Requirement

Higher Urban
Residential
Requirement

Higher Urban
Nonresidential
Requirement

Higher
Suburban
Residential
Requirement

Higher
Suburban
Nonresidential
Requirement

Scenario

UDO
(Default)

Higher
Overall Urban
Requirement

Detail

Default
scenario
according
to the
most
recent
UDO

Increase all
Urban
Residential and
Urban Nonresidential
Requirement by
1% .

Increase all
Suburban
Residential and
Non-residential
Requirement by
1%

Increase Rural
Requirement by
1%

Increase Urban
Residential
Requirement
by 1%

Increase Urban
Non-residential
Requirement by
1%

Increase
Suburban
Residential
Requirement by
1%

Increase
Suburban Nonresidential
Requirement
by 1%

4,888

4,894

5,126

4,914

4,890

4,892

5,091

4,923

244

246

266

245

245

245

261

250

31,026

31,028

31,048

31,027

31,027

31,027

31,043

31,031

0.44%

0.45%

0.48%

0.45%

0.45%

0.45%

0.47%

0.45%

25,495

25,438

25,231

25,413

25,468

25,465

25,282

25,444

5,287

5,344

5,551

5,369

5,314

5,317

5,500

5,337

9.61%

9.72%

10.09%

9.76%

9.66%

9.67%

10.00%

9.70%

56.41%

56.41%

56.45%

56.41%

56.41%

56.41%

56.44%

56.42%

0.00%

0.10%

0.48%

0.15%

0.05%

0.05%

0.39%

0.09%

Parcels Not
Meeting
Tree
Standards
Total Tree
Cover
Required to
Add (Acres)
Total Area of
Ideal Tree
Cover
(Acres)
Total Tree
Cover
Required to
Add (%)
Tree Cover
Unprotected
(Acres)
Tree Cover
Protected
(Acres)
Tree Cover
with Only
Protected
Canopy (%)
Ideal Canopy
Cover (%)
Increase in
Protected
Tree Cover
vs. UDO (%)
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Table 6.9.

Summary of the sensitivity analysis on the “fully developed” scenario.

Number of Parcels Not Meeting Tree Standards

4102

Total Tree Cover Required to Add (Acres)

19.38

Total Area of Ideal Tree Cover (Acres)

30801

Total Tree Cover Required to Add (%)

0.04%

Tree Cover Unprotected (Acres)

29151

Tree Cover Protected (Acres)
Canopy Cover with Only Protected Canopy (%)
Ideal Canopy Cover (%)

1631
2.96%
56.00%

Discussion
From the 2019 UDO results, we conclude that if we preserve all the current trees and replace dead trees, it is
possible to reach 55% canopy cover in Durham by 2040 (Table 6.7). However, assuming zero tree removal is not
realistic because the city is still growing. As more properties are developed, tree cover is likely to decrease,
especially because only 10% of Durham’s area is covered by trees protected in the current UDO. Planting more
trees in other areas though voluntary programs could somewhat balance the loss of canopy, but this introduces
more complexity and variables in the models, such as tree mortality. In addition, newly planted trees take decades
to grow large enough to provide a meaningful amount of canopy cover, so replacing old trees with saplings would
temporarily diminish the benefits of the urban canopy. Therefore, the main focus in our study is to maintain and
preserve current trees and tree canopy, while looking for opportunities that require or encourage people to
preserve trees.
A change in the UDO that encourages and requires more tree preservation is necessary for Durham to meet its
goal. Comparing the results between the 2015 pre-amendment UDO and the 2019 post-amendment UDO, the 2019
required tree canopy cover is 10%, or about twice of that in 2015. The large change in total canopy cover is mainly
caused by two changes in the urban parcels: (1) a decrease in the canopy cover exemption threshold from parcels
that are smaller than 4 acres to 2 acres, and (2) the introduction of four levels of tree requirements for all urban
residential parcels from 7% - 10% based on the size. This demonstrates the potential of UDO amendments to
positively affect tree preservation. Another example that reinforces this idea of tree preservation is the fully
developed scenario (Table 6.9). With the city’s population projected to increase, it is likely more apartments or
high-density neighborhoods will be developed. As we can see in this extreme scenario, less than 3% of tree canopy
is protected. It is very likely that this 3% of canopy would also be the only 3% that is preserved in the future, as
there is no incentive not to remove other trees for more housing space and other urban utilities.
The sensitivity analysis provides a good overview of how a 1% increment in each tier of the 2019 UDO would change
the total canopy cover (Table 6.8). Rather than being optimistic that all scenarios reach the ideal tree cover of 55%,
it is more crucial to focus on just the protected canopy cover. In all scenarios, the protected canopy cover increases
as the canopy requirements in each tier increase. However, each scenario has a limited effect on overall tree cover,
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since a 1% increase in any of the categories leads to less than 1% increase in the protected canopy. This suggests
that any minor adjustment in tree cover standards is unlikely to have significant impacts on the canopy cover, but
a large, progressive adjustment, such as an increase of 5% or more in all zoning districts, could make a difference.
The current tree canopy in our study area is around 56%. If we only use the UDO to reach the 55% goal, we have to
preserve almost 100% of the existing canopy. The UDO changes that would lead to total preservation are shown in
Table 6.10. However, it is unrealistic and politically unviable to mandate 100% preservation. As we can see in the
table, we would have to require parcels that currently have ample tree cover to preserve much more than parcels
that do not currently have much cover. Therefore, even in the unlikely event that this hypothetical UDO is adopted,
landowners might panic and remove their trees to avoid falling in the 100% required cover percentage before the
policy goes into effect. This obviously contrasts with our intended purpose of tree preservation. Therefore, we
should consider other alternatives or identify a balanced point for tree cover requirements.
Table 6.10. Change in the UDO that would preserve all current existing tree canopy to achieve 55%
protected canopy. Strikethrough numbers are from the 2019 UDO; red numbers are the proposed
changes.
Development Tier

Zoning Districts

Residential
Suburban
Non-residential

Residential
(Area > 2 acres)
Urban
Non-residential
(Area > 2 acres)

Current Tree Cover (%)

Required Tree Cover (%)

Equal or More than 20

20 100

At least 15 but less than 20

23

At least 10 but less than 15

24

Less than 10

25

Equal or More than 10

10 100

At least 8 but less than 10

13

At least 6 but less than 8

14

Less than 6

15

Equal or More than 7

7 100

At least 5 but less than 7

8

At least 3 but less than 5

9

Less than 3

10

Any

3 100

(Area < 2 acres)
Other

Other

No requirement 100
Any

3 100

The urban development tier has the lowest tree cover, but raising urban tree standards has the smallest effect on
overall protected tree cover. We found that a 1% increase in the urban tree preservation requirement only
increases overall tree cover by 0.1%. Since the amendment in the 2019 UDO targeted mostly urban tiers, it has
already realized most of the potential of those parcels. In addition, most urban parcels are so small that they fall in
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the 2-acre canopy cover exemption and are not required to have any tree cover. From the sensitivity analysis, we
see that changes in tree cover standards in suburban tiers have the most impact on overall tree cover, as a 1%
increase in suburban requirements increases the protected canopy by 0.48%. Therefore, a 30% increase in the
suburban canopy requirement would increase the protected canopy by 14.4%. A 1% increase in tree cover
standards in rural tiers has the second most impact on overall tree cover, with a 0.15% increase in protected cover.
Though the increase is smaller, rural areas usually already have large existing tree cover and are areas where it is
relatively easy to preserve and maintain trees. Therefore, we might propose a 50% increase in rural tree cover
requirements.
The resulting hypothetical UDO is shown in Table 6.11. This is a more balanced requirement than that in Table
6.10, and would increase the protected canopy to 32% of Durham. It does not achieve the 55% tree cover
through preservation alone, but as long as there are 23% more trees that are not removed through voluntary
preservation or maintained by the city (street trees), it is possible to reach the 55% goal. More adjustments could
be made to the UDO, we recommend to working with local groups and City government to evaluate the feasibility
and acceptability of these standards.
Table 6.11.

Changes in the UDO (A balanced version with 32% Protected Canopy). Strikethrough
numbers are from the 2019 UDO; red numbers are the proposed changes.

Development Tier

Zoning Districts

Current Tree Cover (%)

Required Tree Cover (%)

Equal or More than 20
Residential
Suburban
Non-residential

Residential
(Area > 2 acres)
Urban
Non-residential
(Area > 2 acres)

At least 15 but less than 20

23 53

At least 10 but less than 15

24 54

Less than 10

25 55

Equal or More than 10

10 40

At least 8 but less than 10

13 43

At least 6 but less than 8

14 44

Less than 6

15 45

Equal or More than 7

7

At least 5 but less than 7

8

At least 3 but less than 5

9

Less than 3

10

Any

3

(Area < 2 acres)
Other

Other

20 50

No requirement
Any

3 53
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Future Directions and Limitations
This model has several limitations in its ability to predict tree canopy under different scenarios. There are more
ways that could improve the model for future analysis. These recommendations include acquiring a more recent
dataset as well as including more parameters in the model.
Our tree cover data is based on 2015 Lidar data. Since Durham experienced rapid population growth and
development during 2015-2019, it is likely we overestimated the current tree canopy due to not identifying the loss
of trees during these years. As discussed in the methods section, the 2015 data is the most recent and accurate
high-resolution data that captures tree canopy available at the time of this project. If a more recent dataset
becomes available, such as an updated Lidar dataset for the City of Durham or new high-resolution satellite imagery,
it could replace the land cover in this model and reflect the current tree canopy more accurately.
Another limitation of the 2015 data is that as parcel boundaries changed to what we reviewed in 2019, we did not
have sufficient data to determine the tree canopy cover on roads or new parcels. The direction of this impact on
tree canopy cover is unknown, but more recent and comprehensive data could fill this gap in data and provide a
better result.
This model does not include tree mortality, which is important in long term planning as dead trees result in a loss
of tree cover. This could lead to an overestimation of tree canopy cover in the future. In addition, we assume the
full potential canopy for newly planted trees when running scenarios that require more tree planting. However,
newly planted trees may have a high mortality rate and do not grow at a constant rate. Especially in urban areas,
landscaping trees usually have a shorter lifespan and do not reach their full potential. If both mortality and tree
planting information were included in the model, it would not only increase the accuracy of the model, but could
also make it possible to predict and estimate the number of trees that need to be planted or removed over time,
which could be very useful from a planning perspective.
Lastly, this model only considers tree preservation required by UDO standards, but there are more ways and policies
to require or incentivize people to preserve and plant more trees. The result is that the model underestimates the
tree canopy cover that is protected. If we could include information about other tree preservation requirements
such as developer agreements, stream buffer zones, or conservation easements, it is possible we could reach the
55% goal much easier than expected.
In all, despite these limitations and the potential for future improvement, the current model is thought to be
adequate to roughly evaluate and predict Durham’s tree canopy cover under several scenarios.
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Recommendations


Increase tree preservation requirements. The new amendment to the Universal Development Ordinance
for Durham helps preserve more trees, but not enough to meet the 55% goal.



Increases to preservation standards should be large. Raising tree cover standards in multiple zoning
categories by 5% or more would have a substantial impact on the amount of protected canopy cover in
Durham.



Consider other alternatives to expand Durham’s canopy. Relying on UDO tree standards alone would
require an unrealistic 100% preservation requirement to meet the 55% goal. Other programs like treeplanting and encouraging voluntary preservation can help.
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This project was designed to provide evidence-based guidance to aid TreesDurham and the City of Durham in their
mission to maintain and increase Durham’s tree canopy cover to 55% by 2040. We accomplished this goal by
reviewing the literature for evidence of the benefits city trees provide, assessing the current status of Durham’s
urban forest, engaging with Durham’s residents to understand their attitudes towards trees, creating a tree planting
priority map based on the need for ecosystem services, and modeling the future of Durham’s tree canopy under
several development scenarios. This report provides TreesDurham with survey results, maps, and models to help
understand how Durham residents value trees, where to direct tree planting efforts to help the communities that
need trees the most, and how to advocate for higher standards of tree preservation in Durham’s next Master Plan.
We found that Durham’s current overall tree canopy is robust, already at or near 55%. However, the distribution of
that canopy throughout the city is very uneven. Many residents—especially those who are non-white, have low
income, or live in former red-line districts—do not have equal access to trees as an environmental amenity. This
inequity means that the urban forest is not optimized to provide environmental and social benefits to all residents
of Durham. It also suggests that a city-wide percent tree cover goal is not adequate to ensure that all Durham
residents benefit from the urban forest. As Durham expands its urban canopy, these underserved populations and
their neighborhoods should be targeted for tree planting.
We must also pay attention to resident attitudes towards trees when considering the social viability of a given
planting investment. This project establishes a baseline understanding of Durham resident attitudes toward and
experiences of their urban tree canopy. Our survey respondents value a tree’s ability to mitigate extreme heat and
lower air pollution. They ranked the need for street trees above trees planted or preserved at home, around
commercial sites, and in parking lots. Respondents want more native, drought-resistant trees that provide bird
habitat. Respondents feel safest in neighborhoods that have well-maintained tree cover, and feel least safe in
neighborhoods with dense or no tree cover. The groups who stand to benefit the most from adequate tree cover
(including Durham’s youngest and oldest residents, those who are low income, suffer from respiratory illnesses, or
lack tree cover now) value trees differently than less vulnerable groups. They value a tree’s ability to mitigate
extreme heat, and its ability to increase feelings of safety at home, more than their better-resourced neighbors.
This baseline understanding, however, comes up short in its ability to meaningfully represent the opinions of
residents who most stand to benefit from a robust canopy, including those who live in the neighborhood hotspots
we identified as well as residents in areas most vulnerable to losing existing tree canopy to new development. And,
while Durham’s tree canopy transitions from 100 year-old willow oaks to new species and younger trees, Durham’s
resident characteristics are also shifting: rates of asthma and diabetes are increasing (Durham County, 2017),
population increased by 20% (from ~228,000 in 2010 to 274,000 in 2018; U.S. Census, 2017), and residents are
aging (median age increase from 32.9 to 33.8 from 2010-2018). The growth in vulnerable groups should increase
the relative weight of their experience with Durham’s urban forest, and encourage efforts to ensure they enjoy the
benefits that trees provide in an equitable fashion.
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From a policy perspective, we find that the current regulatory vehicle managing tree preservation and planting,
Durham’s Unified Development Ordinance (UDO), is an insufficient tool to address anticipated development
patterns and their impact on a sustainable urban forest. The UDO, even with its amendments from November 2019,
only protects ~3% of existing tree canopy. The UDO would have to require 100% tree preservation and maintain its
amended tree planting requirements to meet the City’s goals, which is not feasible. It is necessary, instead, to go
one layer deeper in city management and review the zoning code underlying the UDO to maximize the
environmental and social outcomes of Durham’s tree canopy. Specifically, areas zoned as “rural” or “rural
residential” do not have the same regulatory protections of their forest as “urban” or “suburban.” This means that
areas of Durham with the greatest concentration of trees are most vulnerable to losing that forest as development
increases to meet the need of a growing population.
Our results can inform tree planting and preservation priorities spatially, empowering stakeholders to direct tree
planting and preservation where they are needed and wanted most. Specifically, our recommendation is two-fold:
that TreesDurham advocate for improved tree preservation requirements in rural and suburban areas of Durham,
where there are many unprotected trees; and that TreesDurham advocate for increased tree planting in urban and
suburban areas where environmental and social vulnerabilities overlap. In both cases, efforts should actively
address the need for tree cover near roads, urban heat islands, streams, and high crime areas. Tree planting should
prioritize the types of trees and locations preferred by Durham residents, because engaged residents who positively
perceive new trees as environmental amenities will be more likely to help care for them.
In all, this team makes the following recommendations to support planning a sustainable tree canopy for Durham:


Prioritize tree plantings along the street (in rights-of-way) and in medians. This action is under direct control
of the City of Durham’s Urban Forestry division.



Negotiate with tree nurseries for tree species that better fit the profile that respondents outline: large,
native, drought resistant, low-maintenance and providing habitat for birds. Tree species that are small,
have flowers, or are evergreen can be deprioritized.



Prioritize tree plantings in neighborhoods with very low tree cover. This will address the concerns of those
residents who say they don’t have enough neighborhood trees, and can increase feelings of safety in these
areas.



Maintenance: given that residents feel safer in areas with well-maintained trees versus those with dense
or no tree cover, we contend that there is an opportunity for greater community involvement in tree
maintenance, alleviating some resource constraints on the City’s Urban Forestry division and non-profits
dedicated to Durham’s tree canopy.



Prioritize tree plantings in areas with high ecosystem service priority scores. Our tree-planting prioritization
assigned scores from 0 to 10 indicating where the combined need for four ecosystem services provided by
urban trees is greatest. We recommend using this data to target parcels, U.S. Census blocks, or
neighborhoods with the highest scores for voluntary tree planting efforts (by TreesDurham and its partners)
and planting in city rights-of-way (by the City of Durham). Both TreesDurham and the City have very limited
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resources to devote to tree planting and maintenance; by targeting tree planting to areas that would
benefit the most, they can maximize the return on their investment.


Advocate for greatly increased tree preservation standards in Durham’s Unified Development Ordinance
code, especially in rural and suburban zones. Increasing preservation requirements to 50% in suburban
residential and 40% in suburban non-residential would increase total protected tree canopy from 3% to
32% of Durham’s land area.

Future Work
Our project stresses the importance of centering community preferences regarding their natural, social, and built
environments. Future work, then, could focus on contributing to community partnerships in these hotspot
neighborhoods through deep resident engagement around specific tree canopy planning projects where they live.
An ideal engagement would incorporate community-based environmental management principles such as
community-led natural resource planning to integrate urban forest care and development into existing social
networks.
We also provided a tree-planting priority map based on ecosystem services, but this is only a starting point. Like all
geospatial prioritizations, deciding where it is most important to plant trees could be done in many different ways.
Future efforts could take into account different ecosystem services, better or updated spatial datasets, and more
representative resident preferences from future community engagement efforts.
We hope that other cities can learn from this research effort, too. We have created a framework for cities to
approach the question of tree canopy management using community engagement, ecosystem service mapping,
and zoning code modeling to optimize social and environmental outcomes.
For cities that already have a healthy tree canopy, the time is ripe to begin community engagement using
participatory management techniques such as our survey. This survey can assess community needs and values,
which are often site-specific and dependent on the unique demographic and social mix of a given city’s residents.
As we showed in Durham, the survey can demonstrate the locations and types of trees that residents would most
prefer, which should inform the urban forest planning process. Decision-makers should also develop an
understanding of what protections exist to maintain current tree canopy, and use sensitivity analyses similar to this
project to examine how changes in tree preservation code would affect the amount of canopy protected.
For cities developing a tree planting strategy, a prioritization based on ecosystem services can target planting to
meet specific environmental and resident health needs. This method of prioritization is widely adaptable, and could
be altered to match local preferences, consider other ecosystem services, or use different sources of data. The
resulting prioritization map could aid city governments and their community partners in determining what areas of
the city would benefit the most from the ecosystem services provided by new trees.
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American cities rarely find themselves with too much urban tree canopy, as people continue to migrate to cities
and require new housing, transportation, and other infrastructure. However, developing cities may find our process
useful for identifying where they should encourage new development and where existing tree canopy should be
preserved to maximize ecosystem services and resident satisfaction.
Finally, though each of these planning tools can be used on its own, they are best used in tandem as an integrated
approach to provide a broad understanding and a multi-faceted plan of action for creating and maintaining a
sustainable tree canopy.

88

Acknowledgements

Acknowledgements
We would like to thank the following people, without whom this project would not have been possible:

Dr. Nicolette Cagle and Dr. Jennifer Swenson, for their support and advice
John Fay, for his technical support
Katie Rose Levin, for her interest, support, and passion for Durham’s environment
Gregory Cooper, Anne Liberti, and Michael Asch, whose Master’s Project inspired this one
Chelsea Sloggy, for her contributions to our literature review of trees and crime
The City of Durham Urban Forestry Division, for their data and advice
Calvin Cupini at Clean Air Carolina, for his advice on air quality data
Watts Street Baptist Church and Hayti Heritage Center, who graciously opened their buildings and
community connections to participate in Focus Groups.
The Residents of Durham, who shared their stories, history and experiences of Durham’s urban forest

Thanks!

89

Sources Cited

Sources Cited
Abhijith, K.V., Kumar, P., Gallagher, J., Mcnabola, A., Baldauf, R., Pilla, F., Broderick, B., Di Sabatino, S., & Pulvirenti,
B. (2017). Atmospheric Environment, Volume 162, 71-86. Retrieved from
https://www.sciencedirect.com/science/article/pii/S1352231017303151
Akbari, H. (2002). Shade trees reduce building energy use and CO2 emissions from power plants. Environmental
Pollution, Volume 116 (Supplement 1), S119-S126. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0269749101002640?via%3Dihub
Armson, D., Stringer, P., & Ennos, A.R. (2012). The effect of tree shade and grass on surface and globe
temperatures in an urban area. Urban Forestry & Urban Greening, Volume 11 (3), 245-255. Retrieved from
https://www.sciencedirect.com/science/article/pii/S1618866712000611
Benton-Short, L., Keeley, M., & Rowland, J. (2019). Green infrastructure, green space, and sustainable urbanism:
geography’s important role. Urban Geography, 40(3), 330-351.
Bolund, P., & Hunhammer, S. (1999). Ecosystem services in urban areas. Ecological Economics, Volume 29 (2),
293-301. Retrieved from https://www.sciencedirect.com/science/article/pii/S0921800999000130
Bowler, D.E., Buyung-Ali, L., Knight, T.M., & Pullin, A.S. (2010). Urban greening to cool towns and cities: A
systematic review of the empirical evidence. Landscape and Urban Planning, Volume 97 (3), 147-155.
Retrieved from https://www.sciencedirect.com/science/article/pii/S0169204610001234
Bratman, G. N., Hamilton, J. P., & Daily, G. C. (2012). The impacts of nature experience on human cognitive function
and mental health. Annals of the New York Academy of Sciences, 1249(1), 118-136.
Centers for Disease Control and Prevention. (2011). National diabetes fact sheet: national estimates and general
information on diabetes and prediabetes in the United States, 2011. Atlanta, GA: US department of health
and human services, centers for disease control and prevention, 201(1), 2568-2569.
Chen, Y., Li, Y., & Li, J. (2016). Investigating the influence of tree coverage on property crime: A case study in the
city of Vancouver, British Columbia, Canada. The International Archives of the Photogrammetry, Remote
Sensing and Spatial Information Sciences, Volume 41 (B2), 695-702. Retrieved from https://search-proquestcom.proxy.lib.duke.edu/docview/1987385354?pq-origsite=summon&https://www.nclive.org/cgibin/nclsm?rsrc=433
City of Durham. (2018). District D1; District D2; District D3; District D4; & District D5. Maps retrieved from
https://www.durhamnc.gov
City of Durham. (2019). City of Durham Unified Development Ordinance (UDO). Retrived from
https://durhamnc.gov/414/Unified-Development-Ordinance-UDO

90

Sources Cited

City of Durham; Durham Police Department; Durham GIS. (2019). DPD Crime. Data table retrieved from
https://webgis.durhamnc.gov/server/rest/services/PublicServices/Tables/MapServer/4 via Esri ArcGIS Portal.
City of Durham General Services Department. (2019). Urban Forest Management Plan.
Cooper, G. Liberti, A., & Asch, M. (2016). Replanting Durham’s Urban Forest. Duke University, Nicholas School of
The Environment.
Donovan, G.H., Butry, D.T., Michael, Y.L., Prestemon, J.P., Liebhold, A.M., Gatziolis, D., & Mao, M.Y. (2013). The
relationship between trees and human health: Evidence from the spread of the emerald ash borer. American
Journal of Preventative Medicine, Volume 44 (2), 139-145. Retrieved from
https://www.ajpmonline.org/article/S0749-3797(12)00804-5/fulltext
Donovan, G.H., Michael, Y.L., Butry, D.T., Sullivan, A.D., & Chase, J.M. (2011). Urban trees and the risk of poor
birth outcomes. Health & Place, Volume 17 (1), 390-393. Retrieved from
https://www.sciencedirect.com/science/article/pii/S1353829210001656?via%3Dihub
Donovan, G.H, & Prestoman, J.P. (2010). The effect of trees on crime in Portland, Oregon. Environment and
Behavior, Volume 44 (1), 3-30. Retrieved from https://journals-sagepubcom.proxy.lib.duke.edu/doi/full/10.1177/0013916510383238?utm_source=summon&utm_medium=discover
y-provider
Donovan, R.G., Stewart, H.E., Owen, S.M., MacKenzie, A.R., & Hewitt, C.N. (2005). Development and application of
an urban tree air quality score for photochemical pollution episodes using the Birmingham, United Kingdom
area as a case study. Environmental Science & Technology, Volume 39 (17), 6730-6738. Retrieved from
https://pubs.acs.org/doi/10.1021/es050581y
Duke Energy. (October 30, 2019). Duke Energy Progress requests rate review by North Carolina Utilities
Commission to build cleaner, more reliable energy future. Retrieved from https://news.dukeenergy.com/releases/duke-energy-progress-requests-rate-review-by-north-carolina-utilities-commission-tobuild-cleaner-more-reliable-energy-future
Durham City-County Environmental Affairs Board (EAB). (2015). Recommendations for Sustaining a Healthy Urban
Forest in Durham, NC
Durham County Public Health Department. (2017). Durham County Community Health Assessment. Retrieved
from Durham County Public Health Department website.
Environmental Services Research Institute. (2019). ArcGIS Pro, version 2.4.3. Licensed through Duke University.
Gilstad-Hayden, K., Wallace, L.R., Carroll-Scott, A., Meyer, S.R., Barbo, S., Murphy-Dunning, C., & Ickovics, J.R.
(2015). Research note: Greater tree canopy cover is associated with lower rates of both violent and property
crime in New Haven, CT. Landscape and Urban Planning, Volume 143, 248-253. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0169204615001607

91

Sources Cited

Givoni, B. (1991). Impact of planted areas on urban environmental quality: A review. Atmospheric Environment,
Volume 25 (3), 289-299. Retrieved from
https://www.sciencedirect.com/science/article/pii/095712729190001U
Gomez-Baggethun, E., & Barton, D.N. (2013). Classifying and valuing ecosystem services for urban planning.
Ecological Economics, Volume 86, 235-245. Retrieved from
https://www.sciencedirect.com/science/article/pii/S092180091200362X
Heaviside, C., Macintyre, H., & Vardoulakis, S. (2017). The urban heat island: implications for health in a changing
environment. Current environmental health reports, 4(3), 296-305.
Hession, W.C., Johnson, T.E., Charles, D.F., Hart, D.D., Horwitz, R.J., Kreeger, D.A., Pizzuto, J.E., Velinsky, D.J.,
Newbold, J.D., Cianfrani, C., Clason, T., Compton, A.M., Coulter, N., Fuselier, L., Marshall, B.D., & Reed, J.
(2000). Ecological benefits of riparian reforestation in urban watersheds: Study design and preliminary results.
Environmental Monitoring and Assessment, Volume 63 (1), 211-222. Retrieved from
https://link.springer.com/content/pdf/10.1023/A:1006495805300.pdf
Hitchins, J., Morawska, L., Wolff, R., & Gilbert, D. (2000). Concentrations of submicrometre particles from vehicle
emissions near a major road. Atmospheric Environment, Volume 34 (1), 51-59. Retrieved from
https://www.sciencedirect.com/science/article/pii/S1352231099003040
Huang, Y.J., Akbari, H., & Taha, H. (1990). The wind-shielding and shading effects of trees on residential heating
and cooling requirements. ASHRAE Proceedings, Volume 96 (1), 1403-1411. Retrieved from
https://escholarship.org/content/qt85g3s8xt/qt85g3s8xt.pdf
Jennings, V., & Bamkole, O. (2019). The relationship between social cohesion and urban green space: An avenue
for health promotion. International journal of environmental research and public health, 16(3), 45.
Jim, C.Y., & Chen, W.Y. (2008). Assessing the ecosystem service of air pollutant removal by urban trees in
Guangzhou (China). Journal of Environmental Management, Volume 88 (4), 665-676. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0301479707001351
Kemper, K. (2019). An apple a day: How trees improve human health. Complementary Therapies in Medicine,
Volume 46, A1-A4. Retrieved fromhttps://search-proquestcom.proxy.lib.duke.edu/docview/2287408233/fulltextPDF/6BFE8FA0ACE94E06PQ/1?accountid=10598
Kuo, F.E., & Sullivan, W.C. (2001). Environment and crime in the inner city: Does vegetation reduce crime?
Environment and Behavior, Volume 33 (3), 342-367
Laaidi, K., Zeghnoun, A., Dousset, B., Bretin, P., Vandentorren, S., Giraudet, E., & Beaudeau, P. (2012). The impact
of heat islands on mortality in Paris during the August 2003 heat wave. Environmental Health Perspectives,
Volume 120 (2), 254-259. Retrieved from https://www.ncbi.nlm.nih.gov/pubmed/21885383/
Leavitt, J. (1998). The functions of riparian buffers in urban watersheds (Thesis, University of Washington, Seattle,
Washington, USA). Retrieved from https://digital.lib.washington.edu/researchworks/handle/1773/17063

92

Sources Cited

Lee, A.C.K., & Maheswaran, R. (2011). The health benefits of urban green spaces: A review of the evidence.
Journal of Public Health, Volume 33 (2), 212-222. Retrieved from
https://academic.oup.com/jpubhealth/article/33/2/212/1585136
Lovasi, G.S., Quinn, J.W., Neckerman, K.M., Perzanowski, M.S., & Rundle, A. (2008). Children living in areas with
more street trees have lower prevalence of asthma. Journal of Epidemiology and Community Health, Volume
62 (7), 647-649. Retrieved at https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3415223/
Lovasi, G. S., O’Neil-Dunne, J. P., Lu, J. W., Sheehan, D., Perzanowski, M. S., MacFaden, S. W., ... & Perera, F. P.
(2013). Urban tree canopy and asthma, wheeze, rhinitis, and allergic sensitization to tree pollen in a New York
City birth cohort. Environmental health perspectives, 121(4), 494-500.
Maantay, J. (2005). Asthma and air pollution in the Bronx: Methodological and data considerations in using GIS for
environmental and health research. Health & Place, Volume 13 (1), 32-56. Retrieved from
https://www.sciencedirect.com/science/article/abs/pii/S1353829205000675?via%3Dihub
Maco, S.E., & McPherson, E.G. (2002). Assessing canopy cover over streets and sidewalks in street tree
populations. Journal of Arboriculture, Volume 28 (6), 270-276. Retrieved from
https://www.fs.fed.us/psw/publications/mcpherson/psw_2002_mcpherson001_maco.pdf
McMillan, S.K., Tuttle, A.K., Jennings, G.D., & Gardner, A. (2014). Influence of restoration age and riparian
vegetation on reach-scale nutrient retention in restored urban streams. Journal of the American Water
Resources Association, Volume 50 (3), 626-638. Retrieved from
https://onlinelibrary.wiley.com/doi/full/10.1111/jawr.12205
McPherson, E.G., Nowak, D., Heisler, G., Grimmond, S., Souch, C., Grant, R., & Rowntree, R. (1997). Quantifying
urban forest structure, function, and value: The Chicago Urban Forest Climate Project. Urban Ecosystems,
Volume 1, 49-61. Retrieved from https://link.springer.com/article/10.1023%2FA%3A1014350822458
Meerow, S., & Newell, J. P. (2017). Spatial planning for multifunctional green infrastructure: Growing resilience in
Detroit. Landscape and Urban Planning, 159, 62-75.
Michaels, W., & Stasio, F. (2014). “Mapping inequality: How redlining is still affecting inner cities.” North Carolina
Public Radio. Retrieved from https://www.wunc.org/post/mapping-inequality-how-redlining-still-affectinginner-cities
Mitchell, B., & Franco, J. (2018). “HOLC ‘redlining’ maps: the persistent structure of segregation and economic
inequality.” National Community Reinvestment Coalition. Retrieved from
https://appam.confex.com/data/extendedabstract/appam/2018/Paper_27686_extendedabstract_1630_0.pd
f
North Carolina Department of Transportation. (2019). State Maintained Roads. Feature layer retrieved from
https://www.nconemap.gov/datasets/NCDOT::state-maintained-roads

93

Sources Cited

North Carolina Department of Transportation. (2019). NCDOT County Boundaries. Feature layer retrieved from
https://www.nconemap.gov/datasets/NCDOT::ncdot-county-boundaries
North Carolina Department of Transportation. (2020). NCDOT City Boundaries. Feature layer retrieved from
https://www.nconemap.gov/datasets/NCDOT::ncdot-city-boundaries
North Carolina General Statutes, § 136-93. Retrieved from
https://www.ncleg.gov/EnactedLegislation/Statutes/HTML/BySection/Chapter_136/GS_136-93.html
Nowak, D.J. (1993). Atmospheric carbon reduction by urban trees. Journal of Environmental Management,
Volume 37 (3), 207-217. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0301479783710170
Nowak, D.J., & Crane, D.E. (2002). Carbon storage and sequestration by urban trees in the USA. Environmental
Pollution, Volume 116 (3), 381-389. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0269749101002147?via%3Dihub
Nowak, D.J., Crane, D.E., & Stevens, J.C. (2006). Air pollution removal by urban trees and shrubs in the United
States. Urban Forestry & Urban Greening, Volume 4 (3-4), 115-123. Retrieved from
https://www.sciencedirect.com/science/article/pii/S1618866706000173
Nowak, D.J., Hirabayashi, S., Bodine, A., & Greenfield, E. (2014). Tree and forest effects on air quality and human
health in the United States. Environmental Pollution, Volume 193, 119-129. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0269749114002395?via%3Dihub
Salmond, J.A., Tadaki, M., Vardoulakis, S., Arbuthnott, K., Coutts, A., Demuzere, M., Dirks, K.N., Heaviside, C., Lim,
S., Macintyre, H., McInnes, R.N., & Wheeler, B.W. (2016). Health and climate related ecosystem services
provided by street trees in the urban environment. Environmental Health, Volume 15 (Supplement 1), 36.
Retrieved at https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4895605/
Sampson, R. J., Raudenbush, S. W., & Earls, F. (1998). Neighborhood Collective Efficacy--: Does it Help Reduce
Violence?. Washington, DC: US Department of Justice, Office of Justice Programs, National Institute of Justice.
SavATree Consulting Group. (2017). Tree Canopy Assessment for Durham. In collaboration with the University of
Vermont Spatial Analysis Lab. Courtesy of the City of Durham.
Schusler, T., Weiss, L., Treering, D., & Balderama, E. (2018). Research note: Examining the association between
tree canopy, parks, and crime in Chicago. Landscape and Urban Planning, Volume 170, 309-313. Retrieved
from https://www.sciencedirect.com/science/article/pii/S0169204617301743
Snelgrove, A.G., Michael, J.H., Waliczek, T.M., & Jazicek, J.M. (2004). Urban greening and criminal behavior: A
geographic information system perspective. HortTechnology, Volume 14 (1), 48-51. Retrieved from

94

Sources Cited

https://www.researchgate.net/publication/265154106_Urban_Greening_and_Criminal_behavior_A_Geograp
hic_Information_System_Perspective
Tan, S., Lau, K.K., & Ng, E. (2016). Urban tree design approaches for mitigating daytime urban heat island effects
in a high-density urban environment. Energy and Buildings, Volume 114 (15), 265-274. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0378778815300566
Troy, A., Grove, J.M., & O’Neill-Dunn, J. (2012). The relationship between tree canopy and crime rates across an
urban-rural gradient in the greater Baltimore region. Landscape and Urban Planning, Volume 106 (3), 262270. Retrieved from https://www.sciencedirect.com/science/article/pii/S0169204612000977
Ulmer, J. M., Wolf, K. L., Backman, D. R., Tretheway, R. L., Blain, C. J., O’Neil-Dunne, J. P., & Frank, L. D. (2016).
Multiple health benefits of urban tree canopy: The mounting evidence for a green prescription. Health &
Place, 42, 54-62.
U.S. Census Bureau. (2019). 2010 Census Blocks. Feature layer retrieved from
https://www.nconemap.gov/datasets/2010-census-blocks
U.S. Census Bureau; American Community Survey, 2013-2017 American Community Survey 5-Year Estimates; ACS
Demographic and Housing Estimates, Durham city, North Carolina; generated by Grace Hancock; using
American FactFinder; <http://factfinder.census.gov>; (24 January 2020).
U.S. Census Bureau; U.S. Census, 2010 U.S. Census; 2010 Demographic Profile Data, Durham city, North Carolina;
generated by Grace Hancock; using American FactFinder; <http://factfinder.census.gov>; (24 January 2020).
University of Vermont Spatial Analysis Lab. (2017). landcover_2015_durhamnc. Raster courtesy of The City of
Durham Forestry Department
United State Environmental Protection Agency; National Air Toxics Assessment. (2014). Diesel PM Air Toxics Ambient concentration. Feature layer retrieved via Enviroatlas from
https://enviroatlas.epa.gov/arcgis/rest/services/Other/CMA_Air_Toxics_P/MapServer/14
United States Geological Survey. (2015-2019). Landsat 8 Thermal Infrared Sensor. Band 10/TIRS 1; 10.6-11.19 μm;
100m. Retrieved via USGS Earth Explorer from https://earthexplorer.usgs.gov/
United States Geological Survey; National Hydrography Dataset. (2019). NHDFlowline; NHDWaterbody;
WDBHU12. Feature layers retrieved via National Map from https://viewer.nationalmap.gov/
Vargo, J., Stone, B., Habeeb, D., Liu, P., & Russell, A. (2016). The social and spatial distribution of temperaturerelated health impacts from urban heat island reduction policies. Environmental Science & Policy, 66, 366-374.
Venn, A.J., Lewis, S.A., Cooper, M., Hubbard, R., & Britton, J. (2001). Living near a main road and the risk of
wheezing illness in children. American Journal of Respiratory and Critical Care Medicine, Volume 164 (12),
2177-2180. Retrieved from https://www.atsjournals.org/doi/full/10.1164/ajrccm.164.12.2106126

95

Sources Cited

Vriesa, S., Van Dillen, S.M.E., Groenewegen, P.P., & Spreeuwenberg, P. (2013). Streetscape greenery and health:
Stress, social cohesion and physical activity as mediators. Social Science & Medicine, Volume 94, 26-33.
Retrieved from https://www.sciencedirect.com/science/article/pii/S0277953613003742?via%3Dihub
Walsh, C.J., Roy, A.H., Feminella, J.W., Cottingham, P.D., Groffman, P.M., & Morgan II, R.P. (2005). The urban
stream syndrome: current knowledge and the search for a cure. Journal of the North American Benthological
Society, Volume 24 (3), 706-723. Retrieved from https://www-journals-uchicagoedu.proxy.lib.duke.edu/doi/pdfplus/10.1899%2F04-028.1
Wang, C., Myint, S.W., Wang, Z., & Song, J. (2016). Spatio-temporal modeling of the urban heat island in the
Phoenix metropolitan area: Land use change implications. Remote Sensing, Volume 8 (3), 185. Retrieved from
https://www.mdpi.com/2072-4292/8/3/185/htm
Wenger, S. (1999). A review of the scientific literature on riparian buffer width, extent and vegetation (Report,
Institute of Ecology, University of Georgia, Athens, Georgia, USA). Retrieved from
https://digital.lib.washington.edu/researchworks/handle/1773/17063
Wolfe, M.K., & Minnis, J. (2012). Does vegetation suppress or encourage urban crime? Evidence from
Philadelphia, PA. Landscape and Urban Planning, Volume 108, 112-122. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0169204612002502
Yuan, F., & Bauer, M.E. (2007). Comparison of impervious surface area and normalized difference vegetation
index as indicators of surface urban heat island effects in Landsat imagery. Remote Sensing of Environment,
Volume 106 (3), 375-386. Retrieved from
https://www.sciencedirect.com/science/article/pii/S0034425706003191

96

Appendices

Appendices
Appendix A. Summary Outreach Plan
Email/online
1.
TreesDurham
2.
Keep Durham Beautiful
3.
Watts Street Baptist Church
4.
Beth El Synagogue (via congregant, to personal network within synagogue, esp parent groups)
5.
Rotary Club
6.
Hayti Heritage Center (not confirmed)
7.
Durham Congregations in Action
8.
Trinity Properties
9.
Neighborhood Listservs – Inter-Neighborhood Council
10.
PAC facilitators to share with listservs (not confirmed)
11.
Alexandra Valladares – Comunidad de Durham, BOOST, online parent groups
Intercept
1.
Resident reading group (10/30)
2.
Christ Central Church (11/3)
3.
Local business trivia night (11/5)
4.
Veterans for Benefits and Justice (11/5)
5.
PAC 3 (11/9)
6.
PAC 4 (11/9)
7.
PAC 1 (11/16)
8.
PAC 2 (11/18)

Declined/Didn’t respond
1.
Eno River Unitarian Universalist (referred by Angela Lee, Hayti Center) – didn’t respond
2.
El Centro Hispano (cold-called/emailed) – didn’t respond
3.
Levin JCC (referred by Alex Johnson/Tobin Fried, Durham City/Count Gt) - declined
4.
PAC 5 (downtown Durham) – doesn’t meet anymore – declined
5.
East Durham Children’s Initiative – could not find open date/time despite multiple efforts
6.
Immaculate Conception Catholic Church – made connection but timing did not work
7.
El Futuro – made connection but timing did not work
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AT HOME (Section 1 of 4)
1. Do you own or rent?

 Own
 Rent
 Rent-to-own
 I don’t know
2. Would you describe your home as a single-

family house or one in a multi-family (ex:
apartment) building?

6. Do children (under age 18) or seniors (above

age 65) live at home with you?
 Yes, both
 Yes, at least one child
 Yes, at least one senior
 No
7. Does anyone in your home have asthma or other

respiratory illnesses?
 Yes, both

 Single-family house

 Yes, asthma

 Multi-family building

 Yes, other respiratory illnesses

 Other: ________________________
3. What is your average electricity bill per month?
 $0-60 per month
 $61-110 per month
 $111-200 per month
 more than $200 per month

4. Does it flood on your home’s property?

 No
8. If you answered “Yes” to the previous question,

have they visited the hospital for asthma or
another respiratory illness in the last year?
 Yes
 No
 I don’t know
9. Has anyone in your home been diagnosed with

 Yes

diabetes or had a stroke?

 No

 Yes, both
 Yes, diabetes

5. If it floods on your home’s property, when was the

last time it happened?
 In the last week

 Yes, a stroke
 No
10. How many trees would you say are on your

 In the last month

home’s property? Please provide a number.

 In the last year

Number of trees: _____

 Other: _______________________________

11. Where are the trees on your home’s property?
Select all that apply.

2. In your opinion, does your neighborhood have

enough tree cover currently?

 In the front yard

 Yes

 In the backyard

 No

 On the sides of the house/apartment building

 I don’t know

 Along the street/between the sidewalk and street

 Other: _______________________________
3. How would you describe the trees in your

 Not sure

neighborhood?

 Other:_________________________

 There are many big, healthy trees
12. Were any trees removed from your home’s

 There are many big trees, some not so healthy

property in the last year?

 There are some smaller healthy trees

 Yes

 There are a few small trees that do not appear healthy

 No

 There are no trees in my neighborhood

 I don’t know

4. Who do you rely on for neighborhood news? Select

all that apply.

13. What is the nearest intersection to your home?

 Neighborhood association

Please write in the blank (example: “Price Avenue
and Merrick St.)

 Neighborhood listserv/NextDoor

Nearest intersection: _____________________________

 Tenants’ organization

IN YOUR NEIGHBORHOOD (Section 2 of 4)

 My neighbors

1. This question is about neighborhood safety.

Please circle how safe you feel in each scenario
from 1 to 5, where 1 is not safe and 5 is very safe.
Not safe

 Social Media: __________________

Very safe

 Leaders in my community
Other:____________________

IN DURHAM (Section 3 of 4)

Your neighborhood safety:

1

2

3

4

5

Areas with dense tree cover:

1

2

3

4

5

Areas with no tree cover:

1

2

3

4

5

Areas with well-maintained trees: 1

2

3

4

5

residents. Which of the following benefits do you
think are most important? Please rank 1 to 4,
where 1 is most important and 4 is least important:

Sitting outside your home:

1

2

3

4

5

Rank: _____ Lowering air pollution

Spending time inside your home: 1

2

3

4

5

_____ Lowering heat in the summer

Walking around your street:

2

3

4

5

_____ Lowering flooding during storms

1

1. Trees can provide multiple benefits to city

_____ Lowering crime

2. In Durham, where do you see the most trees?

Select all that apply.

5. How do you travel around Durham most often?

 At home

 I ride in a car

 At school

 I ride a bus

 At work

 I walk

 At my house of worship

 I ride a bicycle or scooter

 At parks
 Along the street
 In other neighborhoods

6. If you ride a bus, are there enough trees that
shade the bus stop?

 Other: ____________________________

 Yes

3. What characteristics of trees are most valuable to

 No

you? Please rank from 1 to 10, where 1 is most
valuable and 10 is least valuable:

 I don’t ride a bus

Rank: ______Flowers

7. If you walk, are there enough trees along the

______Small size

street?

______Large size

 Yes

______Evergreen/green all year

 No

______Provides noise buffer

 I don’t walk

______Supports birds
______Provides privacy
______Low-maintenance
______Drought-resistance
______Native to North Carolina/Southeast United
States
4. Where do you want to see more trees in Durham?

8. Do you have to travel far from home to find areas

shaded by trees?
 Yes, more than a 10 minute walk
 No, I can walk less than 10 minutes to find areas
shaded by trees
9. On workdays, how much time do you typically

Select all that apply.

spend outside each day?

 Around homes

 All day – I work outside

 In or along parking lots

 A few hours per day

 Along the street and in medians

 30 minutes to 1 hour per day

 Around industrial or commercial sites

 Less than 30 minutes per day

 Other: ____________________

10. On workdays, where do you spend most of your
time outside? Select all that apply.
 At work

4. How old are you?
 18 – 24
 25 – 34

 Commute to/from work, school, or errands

 35 – 44

 Walking in my neighborhood

 45 – 54

 In a park
 At home/in the yard

 55 – 64
 65 – 74
 75 years or older

5. What best describes you?

DEMOGRAPHIC INFORMATION (Section 4 of 4)

 Female
 Male

1. How long have you lived in Durham?

 Non-binary/third gender

 More than 50 years

 I prefer not to answer

 26-50 years

 I prefer to self-describe: ________________

 11-25 years
 6-10 years

6. Any other ideas, concerns, or issues about trees in

 1-5 years

Durham you would like to share?

 Less than one year

 No
 Yes, clarify:

2. Before taxes, what is your annual household

income?
 Less than $14,999
 $15,000 - $44,999
 $45,000 - $59,999
 $60,000 - $99,999
 More than $100,000
 I prefer not to answer

____________________________________________
____________________________________________
____________________________________________
____________________________________________
__________________________________

3. What best describes you? Select all that apply.
 Asian
 Black or African American
 Hispanic or Latinx
 Native American or Alaskan Native
 Native Hawaiian or Pacific Islander
 White
 Other: _____________________________

End of Survey.
Thank you for your time!

Appendix C. Encuesta de los árboles de Durham

EN LA CASA (Sección 1 de 4)
1. ¿Es usted dueño o alquila?
 Dueño

6. ¿Viven en la casa niños (menores de 18 años)
o personas mayores (mayores de 65 años)
con usted?

 Alquila

 Sí, ambos

 Alquilar-a-comprar

 Sí, al menos un niño

 No sé

 Sí, al menos una persona mayor

2. ¿Consíderaría su casa como una casa
unifamiliar o en un edificio multifamiliar (por
ejemplo, un apartamento)?
 Una casa unifamiiar
 En un edificio multifamiliar
 Otro: ________________________

 No

7. ¿Alguien en su casa tiene asma u otras
enfermedades respiratorias?
 Sí, ambos
 Sí, asma
 Sí, otros enfermedades respiratorias

3. ¿Que es su factura media de electricidad cada
mes?
 $0-60 cada mes
 $61-110 cada mes

 No

8. Sí contesta “Sí” a la pregunta anterior, ¿visitó
él/ella el hospital por este en el año pasado?

 $111-200 cada mes

 Sí

 más que $200 cada mes

 No

4. ¿Se inunda en la propiedad de su casa?
 Sí
 No

5. Si se inunda en la propiedad de su casa,
¿cuándo fue la vez más reciente que occurió?
 En la semana pasada
 En el mes pasado
 En el año pasado
 Otro: ________________________

 No sé

9. ¿Alguien en su casa ha diagnosticado con diabetes
o ha tenido un derrame cerebral?
 Sí, ambos
 Sí, diabetes
 Sí, un derrame cerebral
 No

Areas sin árboles:

10. ¿Cuántos árboles diría que hay en su propiedad?

1

2

3

4

5

2. En su opinión, ¿su barrio tiene suficiente cobertura
de árboles en el presente?

Por favor provea un número.
Número de árboles: _____

 Sí
 No

11. ¿Dónde están los árboles en la propiedad de su

casa? Seleccione todas las respuestas que
correspondan.

 No sé
 Otro: _______________________________

 En el patio frente

3. ¿Cómo describirías los árboles en su barrio?

 En el patio

 Hay muchos árboles grandes y saludables

 En los lados de la casa/edificio de apartamentos

 Hay muchos árboles grandes, algunos que no son

 Por la calle/entre la vereda y la calle

muy saludables

 No estoy seguro/a

 Hay algunos árboles que son pequeños y saludables

 Otro:_________________________

 Hay pocos árboles pequeños que no parecen sanos
 No hay árboles en mi barrio

12. ¿Se eliminaron árboles de su propiedad en el

último año?

4. ¿En quién confía para las noticias de la comunidad?
Seleccione todas las que correspondan.

 Sí
 No

 Asociación del barrio

 No sé

 Una lista de correo en el barrio o “NextDoor”
 Redes sociales: ______________

13. ¿Cuál es el camino o la intersección más cerca a su
casa? Por favor escribe en el espacio (por ejemplo:
“Camino de Fayetteville y Avenida Price”):
La intersección más cerca a su casa: ______________

 Organización de los inquilinos
 Mis vecinos
 Líderes en mi comunidad
 Otro:____________________

EN SU BARRIO (Sección 2 de 4)
1. Esta pregunta es de la seguridad del barrio. Por favor EN DURHAM (Sección 3 de 4)
1. Árboles pueden dar beneficios múltiples al
encierre en un círculo como seguro que se siente en
residentes de la ciudad. ¿Cuál beneficios piensa
cada escenario del 1 al 5, donde 1 no es seguro y 5 es
usted son más importantes? Por favor clasifique de
muy seguro.
No es seguro
Muy
1 a 4, donde 1 es lo más importante y 4 es lo menos
seguro
importante.
Seguridad en su barrio:

1

2

3

4

5

Areas con mucho cobertura de árboles: 1

2

3

4

5

Sentado a fuera de su casa:

1

2

3

4

5

_____ Encapotado calor en el verano

Pasar tiempo dentro de tu casa:

1

2

3

4

5

_____ Encapotado el número de inundaciones
durante tormentas

Caminando por su camino:

1

2

3

4

5

Clasifique: _____ Encapotado contaminación del aire

_____Reduciendo los índices de criminalidad

2. ¿En Durham, dónde ve la mayoría de los árboles?
Seleccione todas las que correspondan.
 En la casa
 En la escuela
 En el trabajo

 Otro: ____________________

5. ¿Cómo viaja por Durham con la más frequencia?
 Yo monto en un carro
 Yo monto un autobús
 Yo camino
 Yo monto una bicicleta o scooter

 En mi iglesia/casa de adoración
 En los parques
 Por la calle
 En otros barrios
 Otro: ____________________________

6. Si monta en autobús, ¿hay árboles de sombra en la
parada de autobús?
 Sí
 No
 No monto en autobús

3. ¿Cuál características de los árboles son más
importantes para ti? Por favor clasifique de 1 a 10,
donde el #1 es lo más importante para usted.
Clasifique: ______Flores
______ Tamaño pequeño
______ Tamaño grande
______Verde por todo el año
______Da un buffer de ruido
______Da habitat para aves
______Da privacidad

7. Si camina, ¿hay árboles a lado de la calle?
 Sí
 No
 Yo no camino

8. ¿Tiene que viajar lejos de la casa para encontrar
áreas sombreadas por árboles?
 Sí, más que un camino de 10 minutos
 No, puedo caminar menos de 10 minutos a encontrar
áreas sombreadas por árboles

______ Bajo mantenimiento
______ Absorbe la lluvia cuando se inunda
______Nativo al Carolina del Norte/Sudeste
de los Estados Unidos

4. ¿Dónde quiere ver mas árboles en Durham?
 Alrededor casas
 Por los estacionamientos
 Por las calles y en las medianas
 Alrededor sitios industriales y comerciales

9. En días laborables, ¿típicamente cuánto tiempo
pasa afuera cada día?
 Todo el día – Yo trabajo afuera
 Unas pocas horas cada día
 30 minutos a 1 hora cada día
 Menos que 30 minutos cada día

 Blanco
 Otro:_______________________________

10. En días laborables, ¿dónde pasa la mayoría de su
tiempo afuera? Seleccione todas las que
correspondan.
 En el trabajo
 Viaja a/del trabajo, escuela, o mandados

4. ¿Cuántos años tiene?
 18 – 24
 25 – 34
 35 – 44
 45 – 54

 Caminando en mi barrio

 55 – 64

 En un parque

 65 – 74

 En la casa/en el patio/jardín

 75 años o más

5. ¿Qué se describe mejor?
INFORMACIÓN DEMOGRÁFICA (Sección 4 de 4)
1. ¿Por cuánto tiempo ha vivido en Durham?

 Mujer
 Hombre
 No binario / tercer sexo

 Más que 50 años

 Prefiero no contestar

 26-50 años

 Prefiero autodescribirme:_______________

 11-25 años
 6-10 años
 1-5 años
 Menos que un año

2. Antes de impuestos, ¿qué es el ingreso anual
de su casa?
 Menos que $14,999
 $15,000 - $44,999

6. ¿Alguna otra idea, preocupación o problema sobre
los árboles en Durham que le gustaría compartir?
 No
 Sí, clarifica:
____________________________________________
____________________________________________

 $45,000 - $59,999

____________________________________________

 $60,000 - $99,999

____________________________________________

 Más que $100,000
 Prefiero no contestar

3. ¿Qué se describe mejor? Seleccione todas las
que correspondan.
 Asíático
 Negro o Afroamericano
 Hispánico o Latino
 Nativos americanos o nativos de Alaska
 Nativos de Hawái o de las islas del Pacífico

____________________________________________
____________________________________________
______________________________

Fin de la encuesta.
¡Gracias por su tiempo!
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Appendix D. Python Code used in the future tree canopy model (A sample based on
2015 UDO)
Prepare Workspace and Data
# Import system modules
import arcpy, numpy, sys
from arcpy.sa import *
# Set environment settings
arcpy.env.workspace = "data"
# Allow overwriting pre-existing files
arcpy.env.overwriteOutput = True
# Since we will edit the shapefile, we should create a copy of original shapefile
inShp = "Parcel_Zone_Tier.shp"
CanopyStudy = "CanopyReq.shp"
arcpy.CopyFeatures_management(inShp, CanopyStudy)
#local variables for the land cover raster
LCRas = 'LC2015DurhamNC.img'
# Create a list of fields
FieldList = [f.name for f in arcpy.ListFields(CanopyStudy)]
print(FieldList)

Extract Tree Canopy Raster
# get spatial analyst extension, required for the tool
if arcpy.CheckExtension("Spatial") == "Available":
arcpy.AddMessage( "Checking out Spatial")
#check out the extension, the extension will be checked back in after the script is done
arcpy.CheckOutExtension("Spatial")
else:
arcpy.AddError("Unable to get spatial analyst extension")
sys.exit(-2)
# extract tree canopy only data, assign tree canopy cells with 1, and others with 0
treeOnly = Con(LCRas, 1, 0,"VALUE =1")
CanopyRas = "CanopyRas.img"
treeOnly.save(CanopyRas)
# calculate zonal statistics of tree canopy cover for each parcel
ZonalTable = "TreeZonal.dbf"
ZonalStatisticsAsTable(CanopyStudy,"FID",CanopyRas, ZonalTable, "NODATA", "SUM")
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# first check list of fields in the zonal output
ZonalField = [f.name for f in arcpy.ListFields(ZonalTable)]
print(ZonalField)
# We found that the SUM field is the one we want to join
# Join the area field from zonal result to the parcel shapefile using FID
arcpy.JoinField_management(CanopyStudy, "FID", ZonalTable, "FID_", "SUM")
# See how many parcels there are
result = arcpy.GetCount_management(CanopyStudy)
print('{} has {} records'.format(CanopyStudy, result[0]))
# select features with SUM of 0
NodataSelect = arcpy.SelectLayerByAttribute_management(CanopyStudy, 'NEW_SELECTION', '"SUM"= 0')
# remove selected features
arcpy.DeleteRows_management(NodataSelect)
# count how many records left
result = arcpy.GetCount_management(CanopyStudy)
print('{} has {} records after removing NoData Parcels'.format(CanopyStudy, result[0]))

Analysis and Calculation
# create and calculate new field with 1) area of tree canopy in each parcel, in acres
fieldName1 = "treeacre"
arcpy.AddField_management(CanopyStudy, fieldName1, "DOUBLE",8,3)
arcpy.CalculateField_management(CanopyStudy, fieldName1,"!SUM!*2*2/43560")
print ('Finish adding and calculating {}'.format(fieldName1))
# create and calculate new field with 2) area of each parcel, in acres
fieldName2 = "prcacre"
arcpy.AddField_management(CanopyStudy, fieldName2, "DOUBLE",8,3)
arcpy.CalculateField_management(CanopyStudy, fieldName2, "!shape.area@acres!")
print ('Finish adding and calculating {}'.format(fieldName2))
# create and calculate new field with 3) percentage of tree canopy area within each parcel
fieldName3 = "treeper"
arcpy.AddField_management(CanopyStudy, fieldName3, "DOUBLE",8,3)
arcpy.CalculateField_management(CanopyStudy, fieldName3, "!treeacre!/!prcacre!*100")
print ('Finish adding and calculating {}'.format(fieldName3))
# Use numpy to create a function that extract all unique values from a field
def unique_values(table , field):
data = arcpy.da.TableToNumPyArray(table, [field])
return numpy.unique(data[field]).tolist()
# examine unique zoning codes and tiers
ZoneList = unique_values(CanopyStudy, 'UDO')
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Tier = unique_values(CanopyStudy, 'TYPE')
print ('List of Zones referred in UDO: {}'.format(ZoneList))
print ('List of Tiers referred in UDO: {}'.format(Tier))
# define zones based on zoning code
# residential zones
Res =['RS-10','RS-8','RS-M','RU-5','RU-5(2)','RU-M','RC']
# nonresidential zones
NonRes = ['CI','CN','OI','CG','SRP','SRP-C','IL','I']
# Then we would create a function to return certain tree coverage requirements of each parcel based on its size,
zoning, and development tiers.
def tree_require(zone,tier,prcacre,treeper):
if zone in Res:
if tier == 'URBAN':
if prcacre < 4:
return 0
else:
return 3
elif tier == "SUBURBAN":
if treeper < 10:
return 25
elif 15 > treeper >= 10:
return 24
elif 20 > treeper >= 15:
return 23
elif treeper > 20:
return 20
else:
return 0
else:
return 0
elif zone in NonRes:
if tier == 'URBAN':
return 0
elif tier == "SUBURBAN":
if treeper < 6:
return 15
elif 8 > treeper >= 6:
return 14
elif 10 > treeper >= 8:
return 13
elif treeper > 10:
return 10
else:
return 0
else:
return 0
else:
return 0

108

Appendices

# create and calculate new field with 4) required tree canopy coverage in percentage of each parcel based on its
zoning and tier
fieldName4 = "reqper"
arcpy.AddField_management(CanopyStudy, fieldName4, "DOUBLE",8,3)
# Use above function expression to calculate field, input parameters are (zoning, tiers, parcel area, tree cover
percentage)
expression = "tree_require(!UDO!,!TYPE!,!prcacre!,!treeper!)"
arcpy.CalculateField_management(CanopyStudy, fieldName4, expression)
print ('Finish adding and calculating {}'.format(fieldName4))
# function that calculate additional percentage of tree cover needed
def addper(treeper,reqper):
if treeper < reqper:
return reqper - treeper
else:
return 0
# create and calculate new field with 5) additional percentage of tree cover needed
fieldName5 = "addper"
arcpy.AddField_management(CanopyStudy, fieldName5,"DOUBLE", 8,3)
expression2 = "addper(!treeper!,!reqper!)"
arcpy.CalculateField_management(CanopyStudy, fieldName5, expression2)
print ('Finish adding and calculating {}'.format(fieldName5))
# create and calculate new field with 6) area of the additional tree canopy needed
fieldName6 = "addacre"
arcpy.AddField_management(CanopyStudy, fieldName6,"DOUBLE", 8,3)
arcpy.CalculateField_management(CanopyStudy, fieldName6, "!prcacre!*!addper!/100")
print ('Finish adding and calculating {}'.format(fieldName6))
# Summarize data
def sum_value(table, field):
data = arcpy.da.TableToNumPyArray(table, [field])
return data[field].sum()
# Get total parcel area in this analysis, total existing canopy area, and total area of additional canopy needed, both in
acres
TotalPrcArea = sum_value(CanopyStudy, 'prcacre')
TotalTreeArea = sum_value(CanopyStudy, 'treeacre')
TotalAddArea = sum_value(CanopyStudy, 'addacre')
print('The total parcel area is {} acres, the total exisitng canopy area is {} acres,\ and the total area of addtional
canopy needed is {} acres.'.format(TotalPrcArea,TotalTreeArea,TotalAddArea))
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Appendix E. Additional maps from the model output in Section 6
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