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As the climate continues to warm and the world becomes more urbanized, our reliance
on trees and the benefits they provide is rapidly increasing. Many cities worldwide are
planting trees to offset rising temperatures, trap pollutants, and enhance environmental
and human health and well-being. To maximize the benefits of planting trees and avoid
further increasing social inequities, a city needs to prioritize where to establish trees by
first identifying those areas of greatest need. This work aims to demonstrate a spatially
explicit approach for cities to determine these priority locations to achieve the greatest
returns on specific benefits. Criteria for prioritization were developed in tandem with
the City of Joliette, Canada, and based on nine indicators: surface temperature, tree
density, vegetation cover, resilience, tree size and age, presence of species at risk, land
use type, socioeconomic deprivation, and potential for active transportation. The City’s
preferences were taken into account when assigning different weights to each indicator.
The resulting tree planting priority maps can be used to target street tree plantings to
locations where trees are needed most. This approach can be readily applied to other
cities as these criteria can be adjusted to accommodate specific tree canopy goals and
planning constraints. As cities are looking to expand tree canopy, we hope this work will
assist in sustaining and growing their urban forest, enabling it to be more resilient and
to keep providing multiple and sustained benefits where they are needed the most.

Keywords: urban trees, urban forest planning, priority planting, ecosystem services, resilience

INTRODUCTION

Since the earliest days of the industrial revolution, people have been migrating to cities
in search of better living conditions. Today, 55% of the world’s population lives in
urban areas, a proportion that is expected to increase to 68% by 2050 (United Nations,
2019). As urbanization accelerates, cities face a growing demand for housing space, energy,
public transportation infrastructure, and a range of other vital necessities, with significant
consequences for public health, social cohesion, and environmental sustainability (Moore
et al., 2003; Madlener and Sunak, 2011; Cook and Swyngedouw, 2012; Strange, 2018).
Climate change further exacerbates the challenges of rapid urbanization as urban populations
are likely to be more vulnerable to its adverse effects (Bulkeley and Betsill, 2003). The
urban heat island effect, for instance, which describes the phenomenon whereby urban areas
are generally warmer than their surrounding suburban and rural counterparts, can pose a
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significant risk to human health and is expected to worsen in
the future as the climate continues to warm (Laaidi et al., 2012;
Heaviside et al., 2017).

Cities play a pivotal role in climate change as both problem
sources and solutions. As the hubs of economic activity,
cities are often blamed as major contributors to greenhouse
gas emissions but we fail to acknowledge that well-planned
and governed cities are also central to mitigation strategies
(Satterthwaite, 2008; Dodman, 2009; Revi et al., 2014). In light
of the responsibilities they hold concerning land use planning,
cities afford multiple opportunities to develop and implement
new policies and programmes for mitigating climate change
(Dodman, 2009). Furthermore, local efforts to mitigate climate
change impacts, such as maintaining or expanding urban forests,
may be politically easier to implement than international efforts,
while having immediate benefits, such as energy cost savings
and sizeable public health benefits (Akbari and Konopacki, 2005;
Harlan and Ruddell, 2011; Estrada et al., 2017).

Urban trees, particularly street trees, provide numerous
benefits, or ecosystem services, which can contribute to
mitigating climate change while also enhancing urban
biodiversity, sustainability, and improving human health
and well-being (Tyrväinen et al., 2005; Harlan and Ruddell, 2011;
Salmond et al., 2016; O’Sullivan et al., 2017; Nowak et al., 2018).
These benefits range from intangible social, psychological and
aesthetic values (Peckham et al., 2013) to the amelioration of
air quality (Nowak et al., 2018), carbon sequestration (Lindén
et al., 2020), and the attenuation of heat-island effects (Ziter
et al., 2019). As a result, tree planting programs are being actively
pursued around the world. For instance, in 2015, New York
City completed an effort to plant one million trees (New York
Restoration Project, 2020); Los Angeles has planted 407,000
trees between 2006 and 2013 (McPherson, 2014); Milan hopes
to plant three million trees by 2030 (Barry, 2018); and China
aims to increase tree cover to 45% in more than 200 cities
(Liu et al., 2004). In Canada, where 80% of the population
now lives in cities, several cities have also adopted major tree
planting programs to expand their urban forests (e.g., City of
Toronto, 2013; City of Vancouver, 2014; Ville de Montréal,
2016). Planning, planting, and growing the urban forest, insuring
that those trees will be cared for and survive into the future,
create opportunities for improving its resilience to climate
change and the continued delivery of its benefits for decades to
come. Indeed, if done well and in an integrated manner with
other solutions to reduce the sources and enhance the sinks
of greenhouse gases, the maintenance of existing trees and the
planting of new trees can help tackle the climate emergency
we are currently facing (Griscom et al., 2017; Ripple et al.,
2019). Furthermore, strategic planting of new trees can help
cities proactively address existing inequities associated with
the distribution of urban tree cover, namely street trees, and
by extension its benefits. Low-income minority neighborhoods
typically have fewer trees and are disproportionately exposed to
adverse environmental health impacts, including from extreme
heat and poor air quality (Nesbitt et al., 2019; Landry et al., 2020;
Schell et al., 2020). Emphasis to improve urban green equity
should focus on street trees and private residential land, as noted

by previous research (Nesbitt et al., 2019), the former being the
focus of this study.

Urban tree planting efforts are, however, hampered by the
relatively limited space for tree planting in dense cities (Pataki
et al., 2021) and by factors such as air pollution, soil compaction,
wide pH ranges, heat, and general abuse (Sæbø et al., 2003), which
make it difficult to establish new trees and maintain existing
ones. The complexity required to manage for this wide array of
challenges in an era of budget constraints makes it ever more
important to plant the right tree in the right place to maximize
the benefits provided by each tree and to build a more resilient
urban forest overall (Roy et al., 2012; Pincetl et al., 2013; Hale
et al., 2015). We want the trees being planted today to deliver
benefits now, but especially over the long term.

In this paper, we describe an approach we developed for
the City of Joliette, Canada, including the spatial analyses and
insights gained from discussions with local stakeholders to
improve the approach’s usability and practicality, which can
be replicated in other cities. Our work draws inspiration from
previous studies, in particular that by Locke et al. (2010),
which describes an approach for identifying and prioritizing
tree planting sites designed to support the New York City
tree planting campaign. Other studies have described similar
approaches for different cities or to prioritize specific benefits.
For example, Morani et al. (2011) and Locke et al. (2013)
have extended a priority planting methodology for Baltimore,
Maryland, previously developed by Raciti et al. (2006). Bodnaruk
et al. (2017) have explored optimal planting locations and trade-
offs for the mitigation of air pollution and excessive heat for
Baltimore; Lin (2020) developed a framework to prioritize tree
planting and protection locations to maximize human health
benefits in a case study of New York City. Our work demarks
itself from previous works as our approach was developed from
the onset with the challenges of smaller cities in mind – for
example, regarding data availability – contrary to the studies
mentioned above that were developed for densely developed
urban areas; and by explicitly considering urban forest diversity
and resilience. To the best of our knowledge, our case study is
also the first published study for Canada, whose government has
recently pledged to plant two billion trees over the next 10 years,
including in urban settings (Natural Resources Canada, 2020).
Our objective was to identify opportunities for substantial gains
in street tree cover by identifying and prioritizing locations where
the benefits of trees are most needed (socially, economically,
and environmentally) while maximizing the benefit-cost ratio of
each newly planted tree, and reinforcing the resilience of the
urban forest. Numerous studies have shown that the benefits of
maintaining trees and the urban forest usually outweigh the costs
(McPherson et al., 2005; Vogt et al., 2015; Song et al., 2018). For
example, a study of urban forests in California, United States,
found that residents received $5.82 in annual benefits from every
$1 invested in management costs of street trees (McPherson et al.,
2016); and in Toronto, Canada, researchers found that people
living on tree-lined streets reported health benefits equivalent to
being 7 years younger or receiving a $10,000 salary rise (Kardan
et al., 2015), thereby demonstrating that street trees are worth the
management investment. Our approach stemmed directly from
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city managers and elected officials’ concerns: in 2019, the City
of Joliette sought help to achieve ambitious goals to grow their
urban forest that, from the onset, where quantified in terms of
actual service delivery, not “canopy cover” or “number of trees
planted.” In other words, they were asking: “Where should we
plant trees?,” with a limited budget, so as to maximize the benefits
that targeted tree plantings can achieve for all citizens.

MATERIALS AND METHODS

Study Area and Indicators Analyzed
Joliette is a small city in southwest Quebec, of approximately
20,000 inhabitants (Statistics Canada, 2016), and approximately
50 km northeast of Montreal, the second-most populous city in
Canada (Figure 1).

The selection of potential indicators and their relative weight
for prioritizing street segments for tree planting was guided
by published literature (e.g., Locke et al., 2010, 2013), expert
judgment, and feedback from meetings with city managers,
as well as data availability. Prioritization works by matching
known tree benefits to areas lacking in those benefits; whereby
areas lacking one or several benefits are classified as being of
higher priority than areas already rich in benefits. Specifically,
future planting locations were selected by using a planting
priority index developed by combining nine indicators that are
within the reach of most cities, large and small: (1) surface
temperature, (2) tree density, (3) vegetation cover, (4) functional
diversity, (5) tree size and age, (6) presence of species at risk (in
this example, ash trees), (7) land use type, (8) socioeconomic
deprivation, and (9) potential for active transportation. Data
for each indicator were spatially aggregated within a buffer
area of 50 m around each street segment (part of a street
between two consecutive junctions; see Supplementary Figure 1
for a schematic representation), which is the geographic unit
used for planning purposes in the City of Joliette (as in most
municipalities). For ease of use and interpretability, indicators
with continuous data were split into quintiles. These data were
ordered from smallest to largest and then divided into five equally
sized groups, or quintiles, and categorized from 1 through 5,
where 1 represents the lowest priority and 5 represents the highest
priority. As part of the analysis, each indicator was assigned
a weighted score from 1 to 3 (see section “Weighting of the
Indicators and Optimization Scenarios” below) to best meet the
City’s highest priorities – which in this case was reducing the
urban heat island effect. All spatial analyses were done using the
Spatial Analyst tool in ArcGIS 10.7.1 software.

Surface Temperature
In urban areas, the replacement of vegetated surfaces with
paved and impervious surfaces increases surface temperatures
and contributes to the urban heat island effect (Akbari and
Konopacki, 2005; Mohajerani et al., 2017). Planting trees in cities
can mitigate urban heat island effects directly through shading
and indirectly through evapotranspiration cooling; especially in
the case of cities that are powered by fossil fuels, tree shade
can also reduce the demand for air conditioning and therefore

carbon emissions from power plants (Akbari and Konopacki,
2004; Gunawardena et al., 2017; Ziter et al., 2019). Data on
surface temperature were sourced from the Quebec Public Health
Institute for 2015 (INSPQ, 2012), and for each street segment,
a single temperature value was calculated by averaging the
temperature values of pixels falling inside each buffer area (pixel
size of 20 m × 20 m; Boulfroy et al., 2013). Areas with high
temperatures have a greater need for more trees and therefore
represent a high priority for tree planting.

Tree Density and Vegetation Cover
We used two indicators to describe tree cover: tree density
(defined as the number of street trees per kilometer) and
vegetation cover (defined as the percentage of ground covered by
green vegetation, including trees, shrubs, and grass). Information
on tree canopy cover from airborne LiDAR or satellite imagery
was not available, as is often the case for smaller cities worldwide.
Tree density was calculated using the City’s tree inventory data:
a total of 22,527 public trees from approximately 91 species
in 39 genera were georeferenced and had their diameter at
breast height measured. Note that this indicator ignores private
trees, as is always the case in municipal tree inventories. The
most abundant species is silver maple (Acer saccharinum; 19%)
and the most abundant genera are Acer (35%) and Fraxinus
(21%). Vegetation cover was estimated for each buffer area using
the Normalized Difference Vegetation Index (NDVI) derived
from Landsat 7 imagery taken in 2017 (30 m resolution; the
Landsat data are freely available from the USGS at)1, where
higher values indicate a higher density of green vegetation. Using
both indicators maximizes the information that can be learned
about the type and density of vegetation – for instance, the
NDVI does not differentiate trees from grass but does include
private greenery, such as trees growing in residential yards. For
both indicators, low scores indicate street segments with a very
high density of trees (or green vegetation cover) and therefore
a very low priority area for tree planting, whereas high scores
correspond to streets with a very low tree density (or green
vegetation cover) and are ranked a very high priority for planting.

Tree Functional Diversity
Historically, streetscapes have been dominated by rows of trees
of the same species putting the whole urban forest at risk from
biotic agents like the Dutch elm disease and the emerald ash
borer (Raupp et al., 2006; Greene and Millward, 2016). Therefore,
a diversity of responses to any stress or disturbance amongst
different species is imperative for maintaining the sustained
flow of benefits that urban forests are expected to provide to
society. Plant functional traits, defined as measurable species
characteristics that reflect the responses and adaptations of
plants to the environment (Violle et al., 2007), can be used
to pool species together into ecologically meaningful groups.
It is assumed that different species with similar functional
traits respond similarly to the environment and, therefore, that
using species from different functional groups provides the best
insurance to maintain and enhance the benefits of trees into the

1http://earthexplorer.usgs.gov
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FIGURE 1 | Map of the City of Joliette. The inset map shows the location of the study area in Quebec and Canada. Maps were created using ArcGIS software
(version 10.7.1; www.arcgis.com).

future (Paquette et al., 2021). For this study, the tree species found
in the City of Joliette’s tree species inventory were divided into
five functional groups, defined by functional traits that reflect the
ecological strategies of species to cope with stressful conditions,
and according to a method developed by our group previously
(Paquette et al., 2021). Functional diversity was estimated as the
effective number of functional groups, or Hill numbers, using
the exponential of Shannon’s diversity index. The Hill numbers,
originally introduced as an evenness index in economics by Hill
(1973), account for both the richness and evenness characteristics
of a community (Jost, 2007). The lower the effective number
of functional groups in each street segment, the higher the
chance that disturbances will impair ecosystem functioning and
consequently, the greater the priority of the location for tree
planting. Although the dataset used in Paquette et al. (2021) has
been expanded and updated to include new species (Belluau et al.,
2021), we realize this information may be difficult to obtain or
otherwise unavailable in some regions. In these cases, a more
simple index, such as the Hill numbers estimation of species
richness, could be used instead.

Tree Size and Age and Species at Risk
Streets with many large old trees reaching the end of their
natural life span or in need of being replaced (e.g., infected ash
trees) should also be considered high-priority locations for tree
planting. In this study, we used tree size (diameter) as a proxy
to identify older trees that have reached their maximum size and
could, potentially, begin to decline in health and require removal
in the short term. For each species, the maximum diameter
was determined using data from Montreal’s tree inventory (a
neighboring large city with an inventory having a larger overall
number of individuals per species; Ville de Montréal, 2021), with
values assigned equal to the 95th percentile value in the dataset
for each given species. The diameter of each tree in the Joliette’s
tree inventory was then compared with the maximum diameter
of corresponding species and all trees whose diameter was above
the 85th percentile of the observed maximum diameter for that
species were classified as "older trees." Finally, the proportion of
older trees in each street segment was determined, with larger
values indicating higher priority for planting. Likewise, street
segments with a greater proportion of ash trees were ranked
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with increased priority due to the spread of the emerald ash
borer and its current and anticipated impacts on Joliette’s urban
forest cover. The emerald ash borer, Agrilus planipennis, an
insect pest native to Asia, has killed millions of ash trees in the
United States and Canada and poses a very high risk to urban
forests, especially those dominated by a small suite of species
(Poland and McCullough, 2006; Greene and Millward, 2016), like
the City of Joliette, where ash comprises roughly 21% of all urban
trees. It is important to note that both the species and age of
trees are, most often, not uniformly distributed in a city. Indeed,
trees along streets and in parks are commonly planted at the
same time, all of approximately the same age, and from a small
pool of species, often just one, so that most of those ash trees,
for example, are found in quasi-monoculture patches. This has
important management implications as the loss of trees will result
in concentrated areas of high forest cover loss, with subsequent
cascading impacts on human health and well-being.

Land Use Type
Land use often plays a key role in the presence, or absence, of trees
within a city. Also, cities have the authority and responsibility for
planting new trees in public areas, such as parks and streets, but
this control is restricted on private parcels, such as residential
yards, gardens, or commercial and industrial areas, where the
majority of available planting spaces are (Troy et al., 2007;
Ordóñez et al., 2019). For this study, land use data were provided
by the City of Joliette, whereby each street was classified as
being in either a residential, commercial, industrial, or rural area.
This classification was based primarily on the types of buildings
and infrastructure present on each given street. Subsequently,
through consultation with the City, a prioritization ranking was
assigned to each land use type. Residential areas were ranked
highest (5) as it was hypothesized that the greatest number of
people would benefit from having a greater number of trees
in these areas. Following the same logic (greatest impact for
citizens), commercial areas were ranked second (3), followed by
industrial (2) and rural (1). The gap between the highest-ranked
class (residential areas, 5) to the second highest (commercial
areas, 3) was an intentional choice to place greater importance on
planting trees where people live; this can be modified or adapted
depending on the context of the city being targeted.

Socioeconomic Deprivation
The benefits of urban trees are considerable, yet there is growing
concern that access to these benefits is not equally distributed
throughout a city. Previous studies have shown that canopy
cover tends to be lower in poorer neighborhoods (Dai, 2011;
Greene et al., 2018). A disparity in location and quality of
urban forest canopy cover leads to an inequitable distribution of
such benefits, often disproportionately benefitting more affluent
neighborhoods, which compounds preventable health issues,
including heat-related illnesses and deaths (Wolch et al., 2014;
Greene et al., 2018). Urban greening strategies offer, therefore,
an opportunity to reduce inequality in the distribution of the
benefits of trees through strategically targeted planting efforts. To
achieve this goal, we used the Canadian deprivation index based
on the 2016 census data (INSPQ, 2016). This index embodies

two forms of inequality, material and social. The former refers
to the lack of everyday goods and commodities, including poorer
access to urban green space; whereas the latter refers to the
fragility of an individual’s social network, from the family to
the community (INSPQ, 2016). The scores for both material
and social deprivation were equally weighted (50/50) to obtain
the summary deprivation score. For instance, an area with a
material deprivation index of 3 and a social deprivation index of
5 would receive a summary score of 4. This produces a summary
deprivation score from 1 to 5, with 5 representing the most
deprived areas that should be treated as a top priority for planting
additional trees.

Potential for Active Transportation
Transport infrastructures, such as bicycle lanes and pedestrian
corridors that encourage active transportation, are prime
locations to plant trees. As well as helping to cool the air by
providing shade, planting trees is an effective way to encourage
physical activity, making these areas welcoming and attractive for
people, and reducing cyclist and pedestrian exposure to pollution
(MacNaughton et al., 2014; Lusk et al., 2018). Transportation
corridors with both bicycle and pedestrian infrastructures have
the highest potential for active transportation and hence deserve
a high priority score (5), whereas roads with infrastructures
for only cyclists or pedestrians received a lower priority score
(3; medium potential, medium priority). Finally, roads with
no bicycle lanes nor sidewalks received a score of 1 (low
potential, low priority). In short, if there is potential for active
transportation, we want to favor it by adding trees and the
greater the potential (bicycle lanes and/or sidewalks), the greater
the priority to plant, and hence the decision to maximize the
discrimination between classes (i.e., the gaps between them). The
networks of bicycle lanes and sidewalks were provided by the City
and were related spatially to the street segments network within a
15 m buffer area.

Weighting of the Indicators and
Optimization Scenarios
Once all of the nine indicators’ scores have been calculated, they
were multiplied by their respective weights and summed to yield
a single weighted composite score, wherein larger index values
indicate a higher priority for planting. No pretense is made that
these are the only relevant indicators, but they are the indicators
that have been given the most attention in the literature and
for which data were available in Joliette as in most small cities.
Weights ranged from 1, signaling indicators of lower importance,
to 3, denoting indicators of higher importance. The weighting
of indicators in this study was determined through consultation
with the City to best meet their priorities. These weights are not
rigid and the City may revise them over time to reflect changing
priorities; likewise, different cities, with different priorities and
challenges, can also assign different weights to the indicators.
This is an important feature of a multi-criteria decision analysis
approach, such as the one presented here, as it allows for a
transparent understanding of how the values and preferences of
different stakeholders (e.g., local authorities, community leaders),
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FIGURE 2 | Tree planting priority maps for the City of Joliette showing single-objective optimizations scenarios using the selected indicators: (A) surface
temperature, (B) tree density, (C) vegetation cover, (D) tree functional diversity, (E) tree size and age, (F) presence of species at risk (ash trees), (G) land use type, (H)
deprivation index, and (I) potential for active transportation. Street segments shown in red have a higher priority for planting (unweighted values).

weighting the importance of the criteria, affect the decision-
making process (Hongoh et al., 2011).

The equation used for the calculation of the planting priority
index used in this paper is the following:

PPI = ( Ia × wa)+ ( Ib × wb) · · · + ( Ii × wi)

where PPI denotes the planting priority index, I is the score of the
indicators a, b, c. . . i, and w is the weight of each indicator.

Different optimization scenarios can be explored and
compared based on the weights assigned to the indicators
(Figure 2). One (of multiple) possible optimization scenarios
is presented in Figure 3, in which temperature reduction in

Frontiers in Ecology and Evolution | www.frontiersin.org 6 September 2021 | Volume 9 | Article 716611

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-716611 September 17, 2021 Time: 18:4 # 7

Sousa-Silva et al. Prioritizing Street Tree Planting Locations

FIGURE 3 | Tree planting priority map for the City of Joliette with heat reduction as the overarching goal (heat reduction scenario). Map of the city’s street segments
network (A), with insets showing high (B) and low priority areas (C) for tree planting on a larger scale. Street segments shown in red have a higher priority for planting.

residential areas was judged by the City to be the most important
criterion to prioritize tree planting (hereafter referred to as “heat
reduction scenario”). In this scenario, surface temperature is
given the highest weight (a score of 3), followed in importance
by land use type (to target areas of highest citizen presence
first), percent canopy cover (to achieve maximum benefits), ash
trees presence (to align with city intervention that is already
needed), and socioeconomic deprivation (to assure impoverished
communities receive more equal services) that were all assigned
a weight of 2, with the others receiving a weight of 1 (see Table 1
and Figure 4 for details).

Visualization of Results
The results of the proposed tree planting prioritization
scheme can be cartographically shown by using a geographical
information system, a spatial analysis tool commonly used by
municipalities. Different classification methods produce different
maps with the same data. The most commonly used classification
methods in geographical information systems are natural breaks,
quantile, equal interval, and standard deviation. In this analysis,
the Jenks optimization method was used to create the choropleth
maps as it seeks to minimize variation within classes (making
them as similar as possible) while maximizing variance among
classes (making data classes as different as possible) (Figures 2, 3).

The levels of planting priority were divided into five classes,
including very high, high, moderate, low, and very low, for
interpretability and visualization as in previous studies (e.g.,
Locke et al., 2010, 2013). The natural breaks classification (Jenks)
is based on natural groupings inherent in the data searching for
points where the difference is maximized and using these as the
limits of each class.

RESULTS

After calculating a final score for each street segment, nine
street tree planting prioritization maps were generated, one
for each indicator (Figure 2). The results were in part similar
between the maps with areas representing a high priority for
tree planting becoming easily visible: these areas are generally in
the city center while the areas considered of lowest priority for
planting are located in the suburban areas. The exception was
the map showing the density of the existing tree canopy located
on public land (Figure 2B). Importantly, high canopy density
can be seen to overlap with areas with a high density of ash
trees (Figure 2F). Local functional diversity was relatively low
everywhere (Figure 2D).

In addition, we mapped the “heat reduction scenario”
(Figure 3), where areas of highest priority have high-temperature
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TABLE 1 | Input scores and weighted scores for the nine indicators used for
prioritizing tree plantings in the City of Joliette for two street segments, one with
very high priority (A) and one with very low priority (B), both highlighted in
Figure 3.

Input scores Weighted scores

Weight Street
segment A

Street
segment B

Street
segment A

Street
segment B

Surface
temperature

3 5 2 15 6

Tree density 2 3 1 6 2

Vegetation cover 2 5 2 10 4

Tree functional
diversity

1 5 4 5 4

Tree size and age 1 3 3 3 3

Presence of
species at risk

2 5 4 10 8

Land use type 2 3 5 6 10

Socioeconomic
deprivation

2 5 1 10 2

Potential for active
transportation

1 3 3 3 3

Total 68 42

For each segment, the total weighted scores, i.e., the planting priority index, are a
simple sum score (a sum of the products of weight times input scores for each
indicator). For each indicator, the weights are assigned according to the “heat
reduction scenario.” Higher scores denote greater priority. See also Figure 4 for
a visualization of how data was spatially aggregated around both street segments.

values, low canopy cover, and higher values of deprivation
index (Figure 2). This is a direct consequence of the relative
weights assigned to each indicator to align with the current
priorities of the City, which placed greater importance on gains
in canopy cover in residential areas to reduce the heat island
effect. In addition to the “heat reduction scenario,” we also
explored a scenario where functional diversity and ash trees’
presence were weighted more heavily (i.e., they received a
weight of 3; Supplementary Figure 2). Low species diversity
is a major concern ecologically, but not currently a highly
actionable priority for the City. This scenario was hence chosen
to illustrate the diverse range of goals that can be attained – likely
reflecting different priorities (or combination of priorities) and
perspectives – through targeted tree plantings. However, in short,
the two scenarios produced similar recommendations.

Finally, the classification method used in Figures 2, 3 was
based on the Jenks natural breaks, whose class breaks are set
where there are jumps in the data values. It is important to note,
however, that it is only the way the results are communicated that
changes; the recommended planting order (i.e., the values of each
indicator and the weighted scores used to calculate the planting
priority index) remains the same.

DISCUSSION

The spatial prioritization approach explained and applied in this
paper is fairly straightforward and practical to use, as well as
fully adaptable to different cities with different priorities. It is

also within the reach of most cities, large or small, since it uses
readily available data at no or little cost, and can be adapted
to context and resources available. It addresses two important
questions currently faced by urban managers and planners: where
are the areas of greatest need for tree planting and stewardship,
and how can cities maximize the benefits of newly planted and
existing trees?

The analysis presented here sought to maximize the benefits of
street tree plantings within the City of Joliette. The development
of the planting priority index included all the indicators that were
determined to be relevant by the City and the team of researchers,
guided by published literature (e.g., Locke et al., 2010, 2013)
and the availability of data at the local level. This analysis also
provides insight into which pre-existing trees are most important
to protect in order to maintain or increase the canopy cover
and associated benefits. That is, areas where the need for tree
planting is greatest – where those benefits are most needed –
correspond to areas where the preservation of established, healthy
trees, especially large old trees, should also be prioritized highest.

We believe the indicators we describe in this study are
widely applicable and highly relevant within many contexts
(e.g., in densely developed urban centers to suburban areas as
well as in cities of varying sizes); they are, however, not the
only ones. While this paper specifically addresses the City of
Joliette’s priorities for tree planting, the approach can easily be
adapted for use in other cities seeking to increase their urban
tree canopy, and other indicators could be added to this set
and weighted accordingly. Better performing variables could
also replace older ones as new data become available (e.g., the
number of trees and crown volumes for public and private land
tenures using LiDAR data). Nevertheless, we strongly emphasize
the importance of considering some of these indicators when
prioritizing tree planting locations, especially diversity, which
has not been considered in previous studies. In the same vein,
the presence of species at risk, or a high density of older trees,
are other aspects that should not be overlooked, so that trees
are prioritized at locations where existing trees are in poor
health or at risk of mortality to insects or blights or dying off
of old age. Irrespective of this, we advocate the protection of
healthy large old trees as they can provide the greatest benefits
(Cavender and Donnelly, 2019).

The Planting Priority Index and Priority
Maps
Our final map shows a priority tree planting index calculated for
the City of Joliette based on their main objective: prioritizing tree
planting locations to reduce urban heat island effects (Figure 3).
The development of the index consisted of three main steps: (i)
selection of indicators, (ii) weighting, and (iii) aggregation. The
planting priority index was created using nine indicators [surface
temperature, tree density, canopy cover, functional diversity,
size of the trees, presence of species at risk (for Joliette, ash
trees), land use, socioeconomic deprivation, potential for active
transportation], all weighted in a way that directly reflects the
priorities of the City. Building and testing different optimization
scenarios (e.g., maximizing tree diversity to help build resilience
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FIGURE 4 | Example of street segments with very high priority (A) and very low priority (B) for tree planting (weighted composite score assigned according to the
“heat reduction scenario”; first column on the left). Buffer area (light gray) used to aggregate spatial data around each street segment is also shown. All spatial
analyses were done using the Spatial Analyst tool in ArcGIS (version 10.7.1; www.arcgis.com). The examples shown here illustrate four indicators: surface
temperature, vegetation cover, tree density, and presence of species at risk (here, ash trees). Street segments shown in red have a higher priority for planting.

into the urban forest) can help in making trade-offs and produce
multi-objective optimizations that are “optimal compromises” (as
shown in Supplementary Figure 2, although the outcomes of
the optimizations saw little change). We also considered different
single-objective optimizations scenarios (Figure 2), but we note
that these single-objective optimizations do not produce any real
trade-offs among the indicators.

Prescribing weights for each indicator is one of the most
important aspects of calculating a priority index due to the
potentially large effects of different weights on the outcome
(Papathoma-Köhle et al., 2019). In this study, the City was
tasked with assigning a score of importance to each indicator,
but the results could be recalculated involving different actors
or factors, e.g., based on citizen consultation and participation,
expert opinion, or strength of scientific evidence. From the City’s
standpoint, the issue of greatest importance was temperature
reduction (for citizen health and safety issues), which was given
a weight of 3, followed in importance by land use (to target
areas of highest citizen presence first), percent canopy cover (to
reach targets and achieve maximum benefits), ash trees presence
(to align with city intervention that is already needed), and
socioeconomic deprivation (to assure impoverished communities
receive more equal services).

The choice of the classification method for map design is
another key aspect as it may affect the interpretation of the
results and their potential application (e.g., priority settings or
funding allocation). Here, we used the Jenks natural break as our

default classification method, which maximizes the similarity of
numbers within classes while maximizing the variance between
classes. However, it can be easily replaced by other classification
methods (e.g., equal interval and quantile classification schemes).
Most importantly, while this choice could result in different
maps, this does not change the final tree planting priority
scores, indicating where new trees could provide the most
benefits, and the assumptions underlying them, which is the focus
of our approach.

Strengths, Limitations and Future
Directions
This work has several strengths worth noting. First, the proposed
approach can be easily updated as new information and data
become available (e.g., streets change as well as land use over
time). Secondly, it allows for flexibility in the relative weighting
of information used, in that it allows decision-makers to focus
on those factors they recognized to be of key importance to
achieve their goals through the increased urban tree canopy.
The approach is also highly flexible in the sense that it is
easily transferable to any given city as it can be adjusted to
accommodate other cities’ specific goals, available data, and
planning constraints, and to the datasets available. However,
though criteria for determining where to plant and maintain
trees can be changed as necessary to ensure that local urban tree
canopy goals are met, we strongly suggest that diversity always
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be kept given its direct links to the benefits and uses of urban
forests and trees. While no species recommendations are made,
what is important is that a diversity of tree species is planted
to build resilience against new pests and diseases, and climate
change (Paquette et al., 2021). Thirdly, this approach can be
applied at the city, neighborhood or street scale to guide targeted
tree plantings, in areas where there is a need. The scale chosen
will often depend on the spatial scale best suited to strategic
planning and tree management arrangements at a local level
(Borgström et al., 2006), which in this study was appropriate for
street scale level. A careful analysis of the maps also provides
insight into past decisions about where and what tree species
to plant, how it has defined the present (e.g., the plight of ash
trees), and the lessons that should be learned for the future
(Greene and Millward, 2016).

Nevertheless, the presented study has its limitations. This
analysis focused on trees planted and managed by municipalities
within the public right-of-way, including streets, laneways, and
sidewalks. However, the majority of the urban forest is situated
on private land (Kenney, 2003), so it is advisable that privately
owned land in the vicinity of high priority areas also be targeted
for planting whenever possible, as well as in parks and open
green spaces. As for the former, even though the trees we
were interested in here are the ones in the public right-of-
way, urban managers and planners can also use this approach
to implement programs to support the private sectors to plant
trees in places where they are needed but where the public
right-of-way cannot accept more (e.g., due to a lack of space
to plant). Municipalities can and should encourage voluntary
tree planting on private land, for instance, by partnering with
local non-profit organizations that connect with the private
sector to leverage resources or using direct incentives. Another
potential limitation lies in the reliance on partial tree inventories
to assess species diversity, the presence of species at risk, and
age statistics; complete inventories should become increasingly
available in the future with the development of remote-sensing
solutions. Moreover, physical attributes for different streets,
such as right-of-way width and type of surface, could not
be accounted for in this analysis. This could result in street
segments being selected that are not suitable for planting, e.g.,
due to lack of space. The costs of planting trees are also
not the same for all types of planting situations and, if the
plantable spots have to be created (e.g., by removing concrete
or asphalt pavement or by modifying or amending the soil
in the planting spot), costs may significantly increase. Future
work could pair this analysis with ground truth data, e.g., on
the presence or absence of planting strips, soil conditions, and
explicitly consider monetary and resource costs as constraints
and trade-offs, including the removal of impervious surfaces
to increase plantable area. In this regard, continuous updating
of the datasets used to produce the map classification as
new data become available is highly encouraged. Finally, the
weighting of indicators can have a significant effect on the
overall composite index. Using a subjective weighting method
as we do here, involving stakeholders in priority setting, carries
inherent bias as it requires users to decide on the contribution
of each indicator to predefined objectives. However, not setting

weights might not be the best option as it ignores the local
stakeholders’ preferences. A future direction to address this issue
could be to include a large and diverse number of stakeholders,
from public, non-profit, community, and private sectors, in the
selection and weighting of indicators. Panels through a Delphi
approach, an iterative and anonymous participatory method
used for gathering and evaluating expert-based knowledge,
could be adopted as a structured method for group scoring
(Linstone and Turoff, 2002).

CONCLUSION

This work presents a novel approach to determine where trees
should be planted and cared for to maximize the benefits of
street plantings as well as aiding urban planners to direct tree
planting where it is needed most. Given that there is no single
best approach to prioritize tree planting as each city has its own
characteristics and priorities, the proposed approach provides
one that is flexible and comprehensive enough to address locally
relevant needs across heterogeneous metropolitan regions. The
resulting priority maps are a useful visual tool for planners to
make optimal decisions as it allows for a transparent and spatially
explicit understanding of how the relative importance assigned to
each indicator affects the decision-making process and priority
setting. Like all analyses of this type, the presented research
and results relied on several assumptions. In consultation with
the City of Joliette, we had to make decisions about which
benefits provided by trees are most important, how to weigh the
importance of each benefit when combining them to generate the
final tree-planting priority score, and how to represent the need
for those benefits spatially as a way to communicate clearly and
effectively the essential information to a non-specialist audience.
There are several other goals and priorities for tree plantings
that could be pursued, from enhancing air pollution removal
to improving water quality and reducing the severity of flood
events, using different sources of data to represent them, and
changing how they are weighted. It is also hoped that this
approach will spur more research to understand the full value
of urban trees for their many benefits, as well as disservices
(e.g., pollen-related allergies), and inspire other cities to replicate,
adapt, and scale up their tree planting and maintenance strategies
to create more resilient urban forests that provide diverse and
sustained benefits.
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