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Abstract: Urban forests are an essential part of adaptation and mitigation solutions for climate
change. To understand the relationship between carbon storage, sequestration, and stand density in
the most heavily-managed aspect of the urban forest—street trees—we modified the parameters and
algorithms of a rural forest dynamics model, the perfect plasticity approximation (PPA), to reflect
urban street tree conditions. The main changes in the new street tree PPA are the maintenance of a
prescribed stand density via management of recruitment, the possibility of crown-roof overlap, and
increased mortality rates. Using the street tree PPA, we explored overall productivity, crown allometry
relative to stem diameter, and mortality rate to test each mechanism’s impact on urban street tree
carbon storage and sequestration across a gradient of prescribed stand density, with the goal of
finding conditions in which street tree carbon storage and sequestration are optimized. We compared
the qualitative trends in storage from the street tree PPA to those found in the U.S. Forest Service’s
Urban Forest Inventory Analysis data. We found that carbon storage and sequestration increase with
prescribed density up to a point where carbon storage and sequestration saturate. Optimized carbon
storage and sequestration result from a stand with high productivity, maximized crown allometry
relative to stem diameter, and a low mortality rate. These insights can be used to inform urban street
tree maintenance strategies that effectively increase carbon storage and sequestration within a given
city, such as focusing afforestation campaigns on adequate areas with the lowest street tree densities.

Keywords: street trees; urban forest maintenance; perfect plasticity approximation; urban forest
models; ecosystem services

1. Introduction

Trees are commonly planted throughout cities and towns along streets, in parking
lots, in parks, and in yards. These city trees, along with naturally-occurring trees in urban
areas, are collectively known as the urban forest [1–4]. The urban forest provides numerous
beneficial ecosystem services to the communities surrounding it, including air pollution
reduction, the absorption of stormwater, the mitigation of heat island effects, and mental
health improvements [1,5]. In addition to these services, urban trees also sequester and store
carbon as they grow, contributing to reductions in atmospheric carbon dioxide. Carbon
storage and sequestration are important contributors to climate change mitigation and
adaptation [6,7].

The canopy cover of urban forests accounts for approximately 35% of the land surface in
U.S. cities [8], and on average they sequester 25.6 million tonnes C year−1 (SE = 1.0 million)
and store 643 million tonnes C (SE = 23.8 million) [1]. Although these large numbers are
expected to increase as the proportion of urban land in the U.S. grows from 3.1% in 2000
to an estimated 8.1% by 2050, such growth may come via the displacement of existing
carbon storage [9]. Depending on the magnitude of the loss and the strategies employed to
establish new urban forests, the net result in terms of atmospheric carbon dioxide may be
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negative, neutral, or positive. The goal of this research is to understand the impacts of tree
planting density in order to optimize the carbon sequestration and storage of both existing
and newly established urban forests, with a focus on the aspect of the urban forest most
clearly within the purview of municipal management: street trees.

Street trees are unique among urban forest trees, as they are municipally managed,
rather than controlled by residential or commercial owners. Their location, spacing, and
growing conditions can be specifically chosen and regulated to improve ecosystem service
delivery if a city chose to do so. Despite only making up a relatively small percentage
of the overall urban forest by number, street trees are often planted with plenty of space
to expand into, thus allowing them to grow large and comprise a high proportion of the
urban forest’s total canopy area. In Chicago, McPherson et al. [10] found that street trees
made up only 10% of the city’s total tree population, but, due to large crown sizes, they
contributed 24% of the total leaf surface area. The large crowns of street trees also provide
shade in warm months and reduction in wind in cold months, which lowers household
energy consumption and costs [5,10,11]. The presence of street trees also increases the
property value of the homes surrounding it by, in some cases, thousands of dollars [12].
The large crowns of street trees can also store and sequester a sizeable portion of an urban
forest’s carbon. Carbon storage and sequestration are two ecosystem services that are
especially important in regard to combatting climate change and have the potential to
increase with strategized street tree management. Although the relationship between stand
density and carbon storage and sequestration has not been extensively studied in urban
areas [13], stand density appears to have some impact on the carbon sequestration and
storage of forests outside of urban population centers [14,15]. As may be expected due to
the conflation between age and density, the results from experiments in mixed-age stands
vary considerably in regard to the relationship between density and carbon storage [16–18].
In contrast, the more mechanistically insightful results of experiments with even-aged
stands appear to be in better agreement. The results of these even-aged studies show a
generally positive relationship between density and carbon storage and sequestration:
as stand density increases, stand-level carbon storage tends to increase as well [19–22].
Despite this relationship, there are tradeoffs associated with maximizing density for carbon,
including higher susceptibility to fire, pests, diseases, and drought [23–27]. With more trees
planted closer together, carbon sequestration and storage may be increased, but the higher
density allows easier spread of fire, insects, and pathogens between individual trees [24,25].
Additionally, a denser forest stand competes more strongly for resources like water, which
leaves them at higher risk during periods of low rainfall [23,25]. Tradeoffs such as these
are important to consider in order to optimize—rather than maximize—density for carbon
sequestration and storage.

Relevant Similarities and Differences between Urban Forests and Rural Forests

All of the relationships between density, carbon sequestration, and carbon storage
described above derive from forests that are remote from urban population centers. The
unique and highly human-managed conditions in which urban street trees grow create
key differences between various aspects of urban and rural forests, including growth rates,
mortality patterns, and density [13,28]. First, mature urban street trees appear to have
higher growth rates than rural trees, potentially as a result of higher light availability and
carbon dioxide levels in open-grown city conditions [13]. Second, urban street trees appear
to have much higher mortality rates than rural forest trees once they reach the sapling
stage [13,28]. The pattern of mortality also differs between the two, as rural trees typically
experience decreasing mortality rates with increasing size or age, whereas urban street
trees appear to experience higher mortality rates at both small and large sizes relative
to intermediate sizes [13]. High mortality rates at both young and old ages in urban
street trees are likely a result of the stressful conditions of urban environments. Young,
newly planted trees must establish roots in compacted soil with limited underground space
and water availability. As street trees grow larger, their risks for mortality shift toward
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encountering obstacles such as buildings and power lines, as well as environmental threats
such as storm damage, pests, diseases, and anthropogenic removal due to safety concerns or
construction projects. Older, larger street trees are at an increased risk of removal by the city,
as they present more potential for interference with infrastructure or harm to city residents
or property.

Street trees are typically planted in cities and towns in a way that is thought to be
most aesthetically pleasing—often as rows of all one species or several different species
evenly distributed according to some locally regulated standard. This standard is usually
determined by the estimated mature crown size of the trees being planted or by an aes-
thetically pleasing design rule, such as planting one tree in front of every building. These
planting standards are developed and implemented at the city level, which means that the
spacing of trees can vary from one city to another. For example, the city of Chicago requires
that trees along parkways and in parking lots must be placed no less than 25 linear feet
apart [29], whereas Oakland, California regulates the tree spacing based on the species’
predicted mature canopy size, so spacing can range from 20 to 35 feet apart and there
should be at least one tree per lot [30]. The primary concern is that the trees have enough
space to grow uniformly. The growing conditions that may increase carbon sequestration
and storage, such as density, were not taken into account in the planning of the urban forest.
Carbon sequestration and storage may have the potential to increase if street trees within
the urban forest are planted with factors such as density in mind.

The model developed in this study offers an interesting new perspective in which we
can approximate future ecosystem services across a range of growing conditions for street
trees rather than only quantifying the values of the current state of an urban forest. This
type of model allows urban forest managers to adapt management practices to promote the
development of an urban street tree stand that produces the most desirable future outcomes
in terms of ecosystem service delivery.

2. Materials and Methods

To determine the relationship between urban street tree density and carbon seques-
tration and storage, we modified the perfect plasticity approximation (PPA) model of
forest structure and dynamics [31] to suit urban growing conditions. The PPA scales up
individual-level demographic parameters (i.e., growth rates, mortality rates, and fecun-
dity rates) via allometry and the space-filling characteristics of forests to predict future
characteristics of a rural forest. The scaling is spatially implicit. By deriving demographic
rates from forest inventory data, the PPA is adaptable to any rural forest. Given a set of
parameters, the model can be used to simulate and predict how the trees of the stand will
grow and interact over time, providing insights about forest structure and composition.
Given its favorable balance between simplicity and realism, the PPA is widely used [32–48].

Here, the PPA is the basis for “in silico” simulation experiments involving urban street
tree planting densities. The model incorporates urban tree growth rates, mortality rates,
allometry, and crown interactions. Together, the information provided by these parameters
is used in simulation experiments to track the development of the urban street trees from
saplings to mature trees under the assumption that, unlike natural regeneration in a rural
forest, urban managers take control of regeneration after mortality events.

2.1. Background: The Rural PPA

The rural PPA simulation approximates the seasonal cycle of a forest: each year trees
grow, die, and reproduce during the growing season. The state of the forest at the end of
one growing season is the state of the forest at the beginning of the next growing season.
In each cycle, the following parameters are calculated on both the individual and stand
levels: Z*, carbon sequestration and storage, the number of new seedlings produced, tree
mortality, and the growth of the stem diameter, height, and crown area of each tree. Z* is
a context-dependent height that separates individuals that receive direct sunlight, which
are classed in the canopy, versus those that grow in the shade, which are classed in the
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understory [49]. This value changes as the trees in the stand grow and fill the habitat
area. Next, carbon storage is found by determining the total dry-weight biomass of each
individual tree based on stem diameter and species-specific allometric parameters. Carbon
sequestration is simply the new carbon storage minus the previous year’s carbon storage.
New seedlings are added to the understory each year, and their number is proportional to
the abundance of each species in the stand. Mortality rates are dependent on the canopy
status, as the smaller understory trees have a higher probability of dying in a given year
than the established canopy trees in the sun. Finally, each tree must grow its stem diameter,
height, and crown area. Stem diameter growth is a function of the sunlit crown area of
a tree, as trees with more sunlit, productive crowns create more biomass and therefore a
greater increase in stem diameter. The new diameter is used to calculate the corresponding
new height of each tree. Lastly, both the sunlit and shaded crown areas grow according
to the methods and parameters found in Purves et al. [49]. The simulated states at the
end of a given year are then used as the starting values of the next year and the entire
process repeats.

2.2. Modifying the Rural PPA for Urban Street Trees

Although much of the rural model continues to work identically in the urban street
tree modification, there are three key areas where major changes are required: fecundity,
roof interference, and mortality. The process in which regeneration is determined in the
rural forest model no longer applies in the urban street tree version. Whereas naturally
growing trees reproduce and create new seedlings relative to the species abundance within
the stand, urban trees along streets and in parks and yards are closely managed and do not
regenerate via their own reproductive effort. Instead, new trees in these managed urban
areas are planted at a set density, often in the place of a tree that has recently died and
been removed. This is reflected in the urban model—the number of trees that die in one
timestep is the same as the number of new saplings that are planted. The density is thus
prescribed and remains constant over time. Rather than beginning as tiny seedlings, the
new trees enter the stand at a larger size reflective of planting sizes of trees in urban areas,
with a 5 cm diameter (sd = 2.5). Although urban forests also include naturally occurring
trees, the regeneration calculations, as well as other areas of the urban street tree PPA, focus
primarily on the dynamics of the planted and regularly maintained urban street trees.

The second change required to modify the rural forest PPA to an urban street tree
model is to introduce buildings. This is completed by creating a new “roof area” in which
the crown can grow once conditions are met. This roof area is additional sunlit growing area
that is added to the ground habitat area. Two new parameters are set for the urban street
tree stand: the distance from the stems to the buildings and the height of the buildings.
Once a tree has a crown area that is taller than the roof height and a crown radius that is
larger than the distance from the stem to the building, that tree has a “roof crown area”.
All crown area that is classified as “roof” is sunlit, on the assumption that there will be no
overlap or shading of crowns over the roof. It is also assumed that each crown is adjacent
to one and only one roof. Roof crown area is added into the calculations of carbon storage
and sequestration so that the entire tree is represented.

Finally, mortality rates of mature street trees within urban forests are significantly
higher than those of mature trees growing in a rural forest [13], likely as a result of the
harsh conditions found in the urban environment. To reflect this in the model, the urban
modification uses mortality rates that are three times larger than those used in the rural-PPA
model from Purves et al. [32]. The choice to multiply both the canopy and understory
mortality rates by three in the urban model is based on the differences between the Purves
et al. [32] rural forest rates and the urban rates from Smith et al. [13], which shows the
urban values as approximately three times larger. For example, Acer rubrum, the species
used in the following experiment, has a rural mortality rate of 0.0604 in the understory
and 0.0128 in the canopy [32] on hydric soil, while its urban mortality rate is 2.86 ± 0.62
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(% stems yr−1) [13]. Further details about the model and equations used can be found in
the Appendices A–D.

2.3. Empirical Tuning of Crown Area to Stem Diameter Allometry in Chicago

We used observations of stand density and crown area cover in the urban landscape
of Chicago to adjust the rural crown area to stem diameter allometry for use in an urban
setting. We implemented ArcGIS Pro software (version 2.9.4; Esri Inc., Redlands, CA,
USA) [50] to measure real urban crown areas from satellite images, then ran the urban
street tree PPA at the same densities to generate the corresponding predicted crown area
values.

Through this comparison, we found that increasing the species-specific maximum
potential crown radius parameters by a factor of 1.78 from their rural forest values [49] best
fit the urban data. These alterations are reflected in the following experiment. Appendix C
provides a detailed procedure and analysis of this subsection.

2.4. Factorial Experiment

We designed a full factorial simulation experiment to test how three mechanisms
influence the relationship between carbon storage, carbon sequestration, and density. In
this experiment, (1) overall productivity, (2) crown allometry relative to the stem diameter,
and (3) mortality rate were implemented either at their baseline values or at double or half
their baseline values to provide qualitative insights into their influences. Baseline values for
each of the three mechanisms were sourced from the literature. First, overall productivity
is approximated via wood net primary productivity (NPP). At a baseline level, wood
NPP is 0.13 kg C m−1 yr−1 [51], and the artificially elevated value is twice the baseline,
0.26 kg C m−1 yr−1. Second, we altered the crown allometry. We used both the baseline
value, which reflects the adjustments determined from the GIS tuning exercise, and a
halving of the baseline. [49]. Finally, we doubled the baseline mortality rate by multiplying
both the understory and canopy mortality rates by two [32]. All eight combinations of
these values were run through ten replicates of a 100-year simulation across an exponential
gradient of prescribed densities that spans those observed in cities: 10, 20, 40, 80, 160,
320, and 640 stems per hectare. The average size of the initial trees in the stand is a
set parameter with a given standard deviation, so the model randomly determines the
starting size of trees. The carbon storage and sequestration of the stand was stored at
four points for each prescribed density: years 12, 25, 50, and 100. Every simulation used
a single species, Acer rubrum, in order to control for any species-related differences that
might influence the results and obscure the impact of prescribed density. Acer rubrum (red
maple) was chosen due to its unusually wide adaptability as a species [52]. Overall, we ran
560 individual simulations (2 productivity levels × 2 crown allometry levels × 2 mortality
levels × 7 densities × 10 replicates = 560) for 100 years each.

Within each of the eight factorial treatments, there was some combination of density
and time for which storage or sequestration were maximized. We implemented a one-way
analysis of variance (ANOVA) test to determine which other combinations of density and
year were not statistically significantly different from a given maximum. ANOVA tests
compare the within-group and between-group variability in a response to determine the
probability of collecting a given set of data, assuming there are no true differences in the
means between the groups. If that probability (p-value) is low, it indicates there may be
a true difference between the means of the groups. The levels of the ANOVA consisted
of the 28 combinations of density and year at which the carbon storage or sequestration
value was calculated (7 densities × 4 year points = 28 levels). The ANOVA indicated that
some treatments (i.e., combinations of density and year) were statistically significantly
different but did not identify which combinations those were. We used the Tukey honest
significant difference (HSD) post hoc test to identify which treatments were or were not
statistically significantly different from each other. We then recorded the treatments with the
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highest storage or sequestration values that were not statistically significantly different from
each other.

2.5. Urban Forest Inventory Analysis Data

We used data from the Forest Service’s Urban Forest Inventory Analysis (FIA) (U.S.
Department of Agriculture, Forest Service 2021) to qualitatively compare the relationships
found in the urban street tree PPA simulation experiment to real-world trends. The urban
FIA database was sourced from ten U.S. cities and includes a wide range of information
about each tree, such as diameter, height, and species. In order to create analogous plots
to those of the urban street tree PPA experiments, we calculated the density and carbon
storage of each plot in the urban FIA database.

We found the density of the plots by dividing the total number of trees within a plot
by the plot area in hectares. All urban FIA plots are circular with an area of 0.0672 hectares,
and typically include several types of urban trees. For example, a plot that includes a
street tree will most likely also include trees in yards or parks, as well as the open space
surrounding them. Plots also often include urban natural areas, so the density values of
each plot best reflect the overall density of the area, rather than only street tree density. We
used the same methods from the urban street tree PPA to calculate the carbon storage of
the urban FIA data in kg/m2.

Due to the nearly universal lack of sufficiently repeated measurements across the
urban FIA plots, we were unable to calculate carbon sequestration. To avoid pseudo
replication, we omitted the limited number of repeated measurements that do exist from
the graphs of carbon storage versus density.

The trend found in the results of the urban street tree PPA simulations as well as
several of the urban FIA cities was that carbon storage increases at low densities up until
a point where the storage saturates as density continues to increase. We have named this
point the “optimization point” (Figure 1).
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Figure 1. Visualization of optimization point. Carbon storage increases at low densities, then reaches
the optimization point and saturates as density continues increasing.

Urban forest stands vary in both the values at which carbon storage and sequestration
saturate and the optimization point at which this saturation begins. The optimization point
coincides with canopy closure and is influenced by stand characteristics, as discussed in
the following sections.

3. Results

Qualitatively, we found the overarching result from the eight simulation experiments
to be that storage and sequestration both increase with the prescribed density of street trees
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in an urban forest stand up to an optimization point where the storage and sequestration
values saturate (Figures 2 and 3). The optimization point coincides with the closure of
the canopy.
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Figure 2. Carbon storage (kg/m2) across a gradient of stand density (trees/hectare). Each panel
(a–h) represents results from a set of simulation runs with particular levels of three mechanisms:
overall productivity, crown allometry relative to stem diameter, and mortality rate, as described
on the panel. All simulations ran to 100 years with 10 replicates of each density. The colors of the
bars correspond to the year: orange = 12, green = 25, blue = 50, and purple = 100. Striping on a
bar indicates that the canopy is closed at that particular year and density. Within a given panel, the
presence of a dot above a bar shows that the carbon storage value of that density and time is at its
maximum and is statistically indistinguishable from other dotted bars within that panel.
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Figure 3. Carbon sequestration (kg/m2/year) across a gradient of stand density (trees/hectare). Each
panel (a–h) represents results from a set of simulation runs with particular levels of three mechanisms:
overall productivity, crown allometry relative to stem diameter, and mortality rate, as described
on the panel. All simulations ran to 100 years with 10 replicates of each density. The colors of the
bars correspond to the year: orange = 12, green = 25, blue = 50, and purple = 100. Striping on a
bar indicates that the canopy is closed at that particular year and density. Within a given panel, the
presence of a dot above a bar shows that the carbon sequestration value of that density and time is at
its maximum and is statistically indistinguishable from other dotted bars within that panel.

We also found a saturating relationship between carbon storage and density in an
analysis of urban FIA plot measurements from ten U.S. cities (Figure 4).
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Figure 4. The carbon storage (kg/m2) across plot densities in 10 U.S. cities, each represented in
separate panels (a–j). Each data point represents a unique plot within the given city, and the line
in each graph is a spline with degrees of freedom 4 that measures the average carbon storage
across density.

Although this trend was present in several cities, such as Kansas City, Springfield, and
Houston, carbon storage appears to drastically increase as prescribed density increases in
cities such as Portland.

The three mechanisms of interest—overall productivity, crown allometry in relation to
stem diameter, and mortality rate—all impacted the total carbon storage and sequestration
across prescribed densities. The qualitative changes in carbon storage and sequestration
were very similar across mechanism combinations and prescribed densities. Thus, the
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following results and discussion generally group carbon storage and sequestration together
in terms of general trends.

Doubling productivity alone resulted in increased overall carbon storage and se-
questration across prescribed densities, with a more exaggerated increase in the higher
prescribed densities (Figures 2a,c and 3a,c). At the baseline level across mechanisms, the
carbon storage saturates at approximately 6 kg/m2 (Figure 2a), but with productivity
doubled, the carbon storage saturates at approximately 16 kg/m2 (Figure 2c). The year
and prescribed density at which these carbon storage values were reached also changed
with productivity. At 100 years, the baseline simulation reached the optimization point
(Figure 1) at 40 trees/hectare, whereas the simulation with the doubled productivity had
an optimization point of 20 trees/hectare at 100 years (Figures 2a,c and 3a,c). The opti-
mization point coincides with the closure of the canopy. When all three mechanisms are
at the baseline level, the first instance of canopy closure is at year 100 within prescribed
density of 40 trees/hectare (Figures 2a and 3a). With the productivity doubled and all
else remaining at the baseline, the canopy closed earlier within the 40 trees/hectare pre-
scribed density (year 12) (Figures 2c and 3c). Additionally, the canopy closed within a
lower prescribed density, 10 trees/hectare, at year 100 (Figures 2c and 3c). Trends of car-
bon sequestration follow closely to those of carbon storage, though there were typically
smaller differences in sequestration among years of the same prescribed density. The
baseline simulation had a 100-year saturation at a sequestration rate of 0.22 kg/m2/year,
and the simulation with doubled productivity saturated at a rate of 0.62 kg/m2/year after
100 years (Figure 3a,c). The optimization point for carbon sequestration is the same as that of
carbon storage.

The halved crown allometry values produced a decrease in carbon storage and an
increase in the optimization point. Although the change in the saturating value of carbon
storage is relatively small—from 6 to 4.75 kg/m2—the change in the 100-year optimiza-
tion point is sizable (Figures 2a,e and 3a,e). At the baseline, the optimization point is
40 trees/hectare, whereas the optimization point with halved crown allometry param-
eters is 160 trees/hectare (Figures 2a,e and 3a,e). This change in optimization point
from the halved crown allometry coincides with the large impact on canopy closure.
Whereas the baseline’s lowest density canopy closure was 40 trees/hectare at year 100, the
halved crown allometry simulation had a closed canopy at 160 trees/hectare at year 25
(Figures 2a,e and 3a,e). Trends and changes in carbon sequestration align with those of
carbon storage. The halved crown allometry simulation decreased the 100-year saturation
value of sequestration from 0.22 kg/m2/year to 0.16 kg/m2/year and had the same changes
in optimization point as described for carbon storage (Figure 3a,e).

Similarly, doubling the mortality rate caused a decrease in total carbon storage and
sequestration across prescribed densities (Figures 2 and 3). The higher prescribed densities
showed this decrease in carbon storage and sequestration most prominently. At the baseline
level across mechanisms, the carbon storage saturates at approximately 6 kg/m2, but with
mortality doubled, the carbon storage saturates at approximately 2.75 kg/m2 (Figure 2a,b).
Increased mortality also caused the canopy to close slightly later than the baseline mortality
rate. With all three mechanisms at their baselines, the canopy first closes at year 100 of
the prescribed density of 40 trees/hectare. Doubling the mortality rate resulted in the first
occurrence of canopy closure at year 25 of the 80 trees/hectare density. This shift in canopy
closure impacted the density at which carbon storage and sequestration saturate, with
the baseline optimization point of 40 trees/ha and the doubled mortality optimization
point of 80 trees/ha (Figures 2a,b and 3a,b). For the doubled mortality simulations, the
saturation value of carbon sequestration after 100 years decreased from 0.22 kg/m2/year
to 0.18 kg/m2/year (Figure 3a,b).

In the urban FIA analysis, the range of stand densities varied widely among cities,
as well as both the magnitude and the trends of carbon storage. For example, the carbon
storage of San Diego, CA, remains relatively constant across densities with values below
10 kg/m2 (Figure 4i), whereas Portland, OR, has a relatively constant storage value at low
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densities, then a sharp increase in carbon storage at around 100 trees/ha, and values as high
as 50 kg/m2 at higher densities (Figure 4j). Overall, the storage value tended to increase
as plot density increases, up until a point at which the carbon storage saturates across
increasing densities. The presence of this type of relationship in several cities suggests a
similarity between the qualitative results of both the urban street tree PPA and the urban
FIA data. In addition, the carbon storage values of the urban FIA cities are generally
consistent with the storage values found in the urban street tree PPA.

4. Discussion

We created an urban modification of the perfect plasticity approximation (PPA) model
of rural forest dynamics [31] to better understand the mechanisms that determine urban
street tree carbon storage and sequestration response to prescribed stand density over time.
The urban street tree modification takes the same individual-level parameters as the rural
model concerning allometry and rates of growth and mortality to scale up and predict
stand-level characteristics and dynamics. Importantly, the urban street tree PPA includes
considerations unique to urban street trees, including lack of natural regeneration, the
possibility that trees may overtop roofs, and a different mortality pattern.

We investigated three mechanisms of interest that vary across cities: overall produc-
tivity, crown allometry relative to stem diameter, and mortality rate. Each of the three
mechanisms had a baseline level with parameter values taken from the literature and an
altered level, and the simulation experiment consisted of all eight possible combinations
of those values (i.e., a full-factorial design). We conducted multiple 100-year simulations
across an exponentially increasing range of prescribed densities spanning those observed
in urban forests (Figures 2 and 3). We limited the simulations to a single species of tree to
better isolate the effects of the three mechanisms.

Consistent with data from urban forests (Figure 4), the results suggest that carbon stor-
age and sequestration follow the same trend: both increase as prescribed density increases
up to a point which we termed the optimization point (Figure 1). The optimization point
corresponds with canopy closure and is thus also partly a function of time at intermediate
prescribed densities. At prescribed densities greater than the optimization point, carbon
storage and sequestration saturate. The implications for urban street tree management
include the insight that a given city’s productivity, typical crown area relations, and mortal-
ity regime will generate a unique optimization point. Across treatments, the optimization
point ranges from 20 to 160 trees/ha, though it most commonly occurs between 80 and
160 trees/ha at 100 years. Areas of a given city that are below its optimization point may be
dramatically under-delivering carbon storage and sequestration.

4.1. Productivity

Productivity is an integrative measure of the growth of the trees composing a forest
stand. All other things being equal, productivity increases with anything that promotes tree
growth and health, such as a favorable climate, a long growing season, light availability,
nutrient and water availability, space for growth both above and below ground, healthy
soil, and lack of pests and diseases. In the urban street tree PPA, we used wood net primary
productivity (NPP) as a relevant proxy of overall productivity.

When productivity is doubled and all other parameters remain constant, there are
noticeable changes in the relationship between density and carbon storage and seques-
tration (Figure 2a,c and Figure 3a,c). Doubling the productivity increases carbon storage
and sequestration across prescribed densities, and the increases become more exaggerated
with time. Similarly, a positive relationship between carbon storage and productivity
has been documented for rural forests [53–55]. This relationship, however, may vary by
climate, as Keeling et al. [56] found that the relationship between productivity and biomass
saturates with the addition of a wider range of forest types, particularly high-productivity
tropical forests.
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Compared with results under the baseline productivity, canopy closure occurs both
earlier within a given prescribed density and at lower prescribed densities overall when
productivity is doubled. This occurs because the more productive trees can grow and
fill the habitat more quickly than the baseline trees. As a result, doubling productivity
decreases the optimization point, since the density at which the canopy closes is now lower.
An urban forest with favorable growing conditions and optimized maintenance strategies
will be able to expand more quickly and deliver ecosystem services such as carbon storage
and sequestration both faster and with greater magnitude.

4.2. Crown Allometry

Crown allometry broadly describes the size and shape of a tree’s canopy—how it
spreads and fills the space in relation to the stem diameter.

The most successful estimations of urban crown allometry occur when maximum
crown areas are used to reflect open-grown forest dynamics [57]. The urban street tree
PPA reflects this type of growing condition with the allometries from Purves et al. [49],
which uses open-grown trees as the basis for potential crown sizes. Therefore, the crown
allometries we used in the urban street tree PPA remain accurate predictors of urban street
trees, along with the 3.15-times increase in crown area (i.e., 1.78-times increase in radius)
we determined from the empirical tuning using ArcGIS Pro [50].

In the simulation experiment, the larger default value of crown allometry in relation to
the stem diameter caused an increase in carbon storage and sequestration, with the largest
increases occurring in the later years within a given simulation (Figures 2a,e and 3a,e).
The larger crown area corresponds with greater leaf area. As leaf area is responsible for
fixing carbon, increasing it translates to more biomass added to each tree at a given stem
diameter. The doubled crown area also results in the canopy closing faster and in lower
density stands, since the larger crowns take less time and fewer trees to fill the habitat area
than the baseline crowns. As a result of this change in canopy closure, there is a drastic
decrease in the optimization point at which carbon storage and sequestration saturates.
Once the canopy is closed, the stand carbon storage and sequestration remain relatively
constant (Figures 2a,e and 3a,e).

We used inventory data from the Urban Forest Inventory Analysis (U.S. Department of
Agriculture, Forest Service 2021) to compare the urban street tree PPA simulations to data.
The variation present among the carbon storage of cities in the urban FIA (Figure 4) may, in
part, be a result of the different dominant species in each region. For example, most cities
have trees of similar size and shape, with genera such as Quercus, Acer, and Ulmus featuring
prominently across cities. San Diego, California, is a notable exception, with palms and
relatively small trees dominating the urban forest. These tree species have relatively small
crown areas in relation to the stem, which may explain the unusually low levels of carbon
storage found in San Diego (Figure 4i). In contrast, Portland, which exhibits very high
carbon storage (Figure 4j), is dominated by large species, which can, in some cases, grow to
be well over 100 feet tall. The prominence of such massive species with expansive crowns
in Portland is likely influential in elevating the total carbon storage of that urban forest. The
differences in both dominant species and carbon storage between Portland and San Diego
highlight the major role that the crown allometry of various species plays in determining
carbon storage potential.

4.3. Mortality Rate

Mortality rate is defined as the probability of a tree dying at a given point in time. In
the urban context, causes and contributors to mortality include a wide variety of harsh
growing conditions such as compacted soil, lack of available root space, proximity to
obstacles such as power lines or buildings, as well as environmental threats including
storm damage, drought, removal due to safety concerns or construction projects, pests, and
diseases [28,58].
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The results of the simulation experiment show that when mortality rate is doubled and
all else is constant, carbon storage and sequestration decreases across all densities and the
decrease is more exaggerated as time goes on (Figures 2a,b and 3a,b). When each tree has a
higher likelihood of dying prematurely, fewer trees survive, and thus fewer individuals
of older ages and larger sizes comprise the urban forest’s street trees. Although the urban
street tree PPA replaces dead individuals with saplings, it is not enough to make up for
the loss of larger individuals, and the overall carbon storage of the stand decreases. The
differences between baseline and doubled mortality carbon storage over time and density
become less pronounced at prescribed densities greater than the optimization point. When
the mortality is doubled, there is a slight increase in the time to canopy closure, though not
enough to noticeably affect the optimization point. It will take longer for the canopy to fill
in and reach the point where carbon storage and sequestration saturates when the trees are
less likely to survive.

4.4. Simulation Experiment

The simulation experiment results indicate that stands with higher prescribed density
store more carbon than those with lower prescribed densities, when controlling for other
variables, until the stand reaches its optimization point, and the value of carbon storage
saturates. Empirical studies of both even and uneven stand age often found a similar
relationship [18,21,59,60], suggesting that a denser stand of many generally smaller trees is
more effective at storing carbon than a less dense stand of fewer but larger trees. However,
studies in other forest types have found the inverse to be true [16,17]. The optimization
point of the stand coincides with the point of canopy closure. At that point, the stand is not
able to increase sequestration rates much more because the surface area available for carbon
fixation is maximized, apart from small contributions from the understory. Due to the
optimization point phenomenon, the differences in carbon storage appear more significant
between the lower prescribed densities than the higher prescribed densities. For example,
there is a larger difference in storage between 20 and 40 trees/ha than between 320 and
640 trees/ha. At the higher prescribed densities, both stands have closed their canopies,
whereas the canopies of the lower prescribed density stands are not yet closed.

The effect of time on carbon storage and sequestration follows similar patterns to
those described above for prescribed density. Within a single prescribed density, carbon
storage increases in the early years, then reaches an analogous optimization point in later
years. Over time, the canopy progresses toward closure and the amount of carbon the
stand can sequester and store saturates as a result. Hudiburg et al. [61] find a similar
stabilizing relationship between live biomass and stand age in several rural ecoregions of
Oregon and Northern California, supporting the idea that a stand’s carbon storage levels
off over time. This is supported by trends in NPP over time from He et al. [62], where
NPP increases rapidly in a stand’s early years, then levels off over time, particularly in
deciduous broadleaf forest. In some forest types, such as some evergreen needleleaf and
mixed forests, advanced stand ages even experienced a decline in NPP. One benefit of this
simulation is that it allows us to control for density in this relationship between stand age
and carbon storage and sequestration, rather than having it as a confounding factor as
other estimations might.

In order to create analogous plots to those from the urban street tree PPA, we calculated
both the density and carbon storage of each plot in ten U.S. cities. The resulting overall
trend is that carbon storage increases as stand density increases, up until a certain point
where the storage reaches an asymptote and remains relatively constant (Figure 4). The
presence and strength of an optimization point varies among cities, with some cities
not showing this relationship at all (Figure 4). Saint Louis, Springfield, Kansas City,
Houston, and Austin appear to have reached saturating levels of carbon storage (10, 10, 8,
8, and 7 kg/m2, respectively). All five of these cities appear to reach this point at around
160 trees/ha, or about 25 feet apart along a street. Washington, D.C. shows a steep increase
and the start of a potential saturation at 20 kg/m2. Several cities have carbon storage
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values that continue to increase as density increases with no sign of saturating. Portland,
Oregon exhibits the most drastic increase; Chicago, Illinois continues to a lesser degree
than Portland; and San Antonio, Texas shows a slight increase in carbon storage at higher
densities. San Diego remains relatively constant across densities, at about 1 kg/m2.

4.5. Limitations of the Model

Several aspects of the urban street tree PPA should be noted as possible limitations
to the applicability of the results. First, we included only a single species in the model
simulations. This monoculture condition is not reflective of real-world urban forests and
may have an effect on the trends of carbon storage and sequestration found from the
model. Additionally, the urban street tree PPA starts with a stand of saplings. Real urban
forests are a mixture of developmental stages and do not all begin their lifespan at the
same time. Dynamics of canopy closure, carbon storage, and sequestration are influenced
by the starting conditions of the stand. We used allometric equations created for rural
forests in the urban street tree PPA, despite the apparent dissimilarity in the shape of urban
and rural canopies due to their different growing conditions. Open-grown trees, such as
urban street trees, typically have larger, more complex crowns than rural trees growing
in a forest stand, which creates differences in the overall shape of the tree and how it
distributes its biomass [63]. McHale et al. [64] show a lack of consistency in the accuracy
of predicting biomass of urban trees using rural allometric equations, with both under-
and over-estimations possible. In the case of this experiment, the GIS tuning ensured
accurate crown areas and modest changes in the quantitative allometries are unlikely to
affect the qualitative trends that are the takeaways of this study. Other limitations may
come from the PPA model from which the urban street tree PPA is derived, which relies
on particular assumptions and mechanisms to simulate forest dynamics. First, the PPA is
spatially implicit. Although this is beneficial in that it can be applied to forest inventories
in any location, it may also omit explicit spatial dynamics that are influential to stand
development. Next, gaps created from dead trees are filled as soon as the simulation cycles
to the next year, which is not necessarily reflective of true rural or urban forests, where it
may take several years for a new tree to fill that space. Despite the limitations, the PPA, with
its main assumption of very flexible crown areas, creates more realistic forest simulations
that improve upon older models such as SORTIE, with their rigid cylindrical crowns [31].

4.6. Implications for Urban Forest Management

The results of the simulation experiment and data comparisons can inform urban
forest management and planning by relating urban street tree planting characteristics such
as density to carbon storage and sequestration. Although there is the general trend of a
saturating relationship between density and carbon storage across cities (Figure 4), there is
a large range of carbon storage both within a given city and between different cities in the
urban FIA data. This may be a result of differences in cities’ climates, growing conditions,
species compositions, and/or forest maturity. Climate plays a large role in determining
the size and rate at which trees can grow, which dictates the tree species that can be
planted and survive there. Species identity influences mortality rate [32], productivity [51],
and crown allometry [49], all of which contribute to differences in carbon storage and
sequestration among tree species [17,59]. Optimal maintenance strategies will vary among
cities depending on the unique characteristics of a given urban forest.

Due to the saturation of carbon storage and sequestration at greater prescribed den-
sities, cities with low average density would benefit most from large-scale tree plantings.
Increasing overall density in a city with very few trees would have a larger impact on
carbon storage than focusing efforts on planting more trees in high-density cities. This is
due to the fact that cities with high average densities may be close to or already past their
optimization point, whereas low density cities have the potential to increase carbon storage
and sequestration significantly with more trees added. For example, Chicago, Austin,
and San Antonio (Figure 4) show a sharper increase in carbon storage at higher-density
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plots, though confidence in this trend is limited by a lack of data points. Assuming that
there is sufficient moisture and nutrients to support more trees, an increase in plantings
would benefit these cities by creating higher overall density, and, as a result, carbon storage.
Portland and Washington, D.C. have dramatic increases in carbon storage between 160 and
640 trees/ha (approximately 25-foot tree spacing and 13-foot tree spacing, respectively),
meaning that the higher density plots may be near their optimization point in these cities.
As typical street tree spacings tend to fall between 25 and 40 feet, this range extends from
about average into densities that are considerably higher than a standard city street. Cities
such as Saint Louis, Kansas City, and Houston (Figure 4) show relatively stable relation-
ships between density and storage at higher levels, which is indicative of areas that have
reached their optimization point. These high-density urban forests may benefit more from
an increased focus on maintenance, such as pruning, pest detection, and watering, for
the trees that are already present to ensure their health and longevity, rather than on tree
planting campaigns.

Despite the apparent benefits of high-density urban forests, it is important to note
that there are tradeoffs. Cities with more trees will require more maintenance of both
living and dead trees. Typical urban forest maintenance practices require numerous types
of machinery that use fossil fuels, which causes a net decrease in the stand’s carbon
sequestration, and over long time periods it is even possible that the high levels of carbon
that the stand is taking in are cancelled out by the amount emitted to maintain it [65].
Simply limiting maintenance efforts does not solve this issue, as it has been found that a
lack of maintenance has negative impacts of tree health and lifespan [65,66]. There appears
to be an optimum level of maintenance activity, such as pruning, watering, and monitoring
for pests and diseases, to produce the healthiest urban forest. Carbon emissions are an
inescapable aspect of urban tree care that must be considered as a tradeoff to increased stand
density. Other tradeoffs are possible as well, such as increased vulnerability to drought,
pests, diseases, and wildfires [25]. High-density urban stands are less able to withstand
these types of threats, which can lead to increased mortality and therefore reductions in
stand-level carbon storage and sequestration. For example, a city with closely planted
trees that experiences a drought could face higher tree mortality, as competition for water
is much greater than in a city with lower density. Additionally, the financial and social
aspects of planting more street trees is often an obstacle. The cost of not only bringing in
many new trees to be planted, but also regularly maintaining them is unrealistic for many
communities. In a study performed in Detroit by Carmichael et al. [67], city residents were
surveyed about urban tree plantings, and many responses indicated that although they
had positive opinions about trees, they were not supportive of new plantings due to the
lack of upkeep and cooperation by the city government. Many noted that if more trees
were planted, few would survive, and the costs would outweigh the benefits. Other studies
have found that tree plantings may lead to neighborhood changes through developers and
gentrification, thus changing the affordability of an area for residents [68]. If a city were
to only focus their urban forestry goals on increasing carbon storage and sequestration
as much as possible by planting trees at a high density, it would overlook and exacerbate
other ecological, financial, and social issues as a result. A balance is necessary to ensure
that increased carbon storage and sequestration are not coming at the cost of the health
and resources of the urban forest or community.

The saturating relationship between density and carbon storage and sequestration aids
in balancing these tradeoffs. If there is a stand density after which storage and sequestration
stop increasing, then there is not much benefit from surpassing this density. Managing
street trees to be around the optimization point would allow for maximum carbon storage
and sequestration with minimized costs of planting and caring for additional trees. Planting
just above the optimization point would ensure that stands reach their highest storage
and sequestration values at the lowest possible density, which lowers the amount of
emissions released from urban forest management practices. As shown in the urban FIA
plots (Figure 4), cities are heterogeneous in density, so the most effective policy would
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be to focus efforts first on a city’s less-dense areas in order to maximize carbon storage
and sequestration impacts. In terms of street trees, these less-dense priority areas could
be neighborhoods with few to no trees lining roadways, as well as public spaces such as
parking lots, parks, and planting strips. As street tree plantings are typically dictated by
local spacing guidelines, such as one tree per lot or every certain distance, areas that are
already planted are more difficult to change.

Prioritizing low-density areas within a city would not only strongly impact carbon
storage and sequestration, but also work to combat the urban canopy inequality that is
present in many cities. In cities worldwide, significant evidence has been found of urban
forest inequity based on income [69–74]. In addition to income, several of these studies
also found a relationship between race and urban forest density, where areas with fewer
trees corresponded to areas with higher minority populations [70,72–74], although this
relationship was typically not as strong as the one found between income and density.
By focusing tree planting and maintenance efforts on the lower-density areas of cities,
maximum impact would be made not only in terms of increasing carbon storage and
sequestration, but also in combating unequal ecosystem service delivery. However, it is
important to note that this approach assumes that the residents of these areas are accepting
of new trees in their communities, which is not always the case, as shown by Carmichael
et al. [67].

5. Conclusions

The relationship found in the simulation experiment and suggested by several cities
from the urban FIA indicates that there is an optimization point at which carbon storage
and sequestration stop increasing with density and instead begin to saturate. Overall
productivity, crown area relative to stem diameter, and mortality rate all impact the values of
maximum carbon storage and sequestration, as well as the optimization point. Urban street
tree stands with high productivity, increased crown area, and low mortality rates produce
the highest carbon storage and sequestration values as well as the lowest optimization point.
The concept of an optimization point can be used to inform urban street tree management
strategies in order to increase carbon storage and sequestration. Assuming that acceptable
conditions for additional trees can be met by the environment and community, planting
urban street tree stands around the optimization point would allow for the optimal amount
of carbon to be stored and sequestered while also minimizing the number of trees that
must be planted and maintained. These results can be considered along with other factors
in decision-making for urban forests such as forest health, aesthetics, maintenance, and
financial considerations.
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Appendix A. Description of Loop Calculations

The PPA forest simulation approximates the seasonal cycle of a forest: each year trees
grow, die, and reproduce during the growing season. The state of the forest at the end of
one growing season is the state of the forest at the beginning of the next growing season.
In each cycle, the following parameters are calculated on both the individual and stand
levels: Z*, carbon sequestration and storage, the number of new seedlings produced, tree
mortality, and the growth of the stem diameter, height, and crown area of each tree. The
procedure for each of these parameter calculations is described below, followed by a section
detailing the specific modifications made to the rural PPA calculations to reflect urban
growing conditions.

Appendix A.1. Canopy Height, Z*

Z* is a context-dependent height that separates individuals classed in the canopy
versus those classed in the understory [49]. Trees with heights above Z* are classified as
canopy trees, as they have at least a portion of their crown area exposed to direct sunlight.
Trees that are not taller than Z* are growing in the shade and are classified as understory.
Some forests will have a low Z* and some forests will have a high Z* depending on the
separate demographic rates of individuals in the canopy and understory. It is important
to note that a canopy tree does not need to have its entire crown exposed. As long as any
portion of the crown gets direct sunlight, the tree is in the canopy class. Trees in this class
will generally have both shaded and sunlit crown area.

Another way to define Z* is that it is the lowest height at which the canopy is closed.
If a stand has a closed canopy, that means that the total sunlit crown area of all the trees
together is equal to the total ground area of the habitat. This is the condition in which Z*
can effectively be calculated. A closed canopy creates an understory that is completely
shaded by the crowns of the taller trees. Without a closed canopy, sunlight is able to reach
through the gaps down to smaller trees. An “open canopy” Z* of zero indicates that every
tree in the stand has its crown in the light, thus classifying every tree as a canopy tree and
eliminating the understory.

The PPA algorithm begins by ordering all of the trees in the stand according to height,
from tallest to shortest. To determine if the canopy is closed, the crown areas of the trees
are added cumulatively from tallest to shortest until the total is equal to the habitat area.
Once this occurs, it indicates that the canopy is closed. The Z* value can be no larger than
the height of the last tree added to the sum (the shortest canopy tree).

If the sunlit crown area is found to be less than the habitat area, the canopy is not
closed. In this case, the Z* is zero. If the crowns of all the trees in a stand are spaced widely
enough that every individual has at least some portion of its crown area exposed to direct
sunlight, then Z* will remain at zero until the crowns grow closer together. If it is not the
case that every tree gets sunlight, then the value of Z* will move up a bit from zero as a
result of the few trees that are completely shaded.

Appendix A.2. Carbon Storage and Sequestration

The amount of carbon stored and sequestered by each tree is based on biomass. The
following allometric equations from Jenkins et al. (2003) [75] relate a tree’s biomass to its
stem diameter:

Aboveground biomass = exp(β0abv + β1abv ln(dbh))

Belowground biomass = component ratio ∗ aboveground biomass

Component ratio = exp(β0bg
β1bg

dbh
)
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Total biomass = aboveground biomass + belowground biomass

where exp is the exponential function, β0abv, β1abv, β0bg, and β1bg, are taxa-specific parame-
ters, dbh is diameter at breast height, and ln() is the natural logarithm. As carbon accounts
for approximately half of a tree’s dry weight biomass, final calculations are divided by
two to determine a tree’s carbon storage. Carbon sequestration is the difference between
the previous year’s carbon storage and the current year’s value. Stand-level carbon stor-
age and sequestration are the respective sums of each individual tree’s carbon storage
and sequestration.

Appendix A.3. Fecundity

The fecundity component determines how many new seedlings are created in each
timestep. This is achieved by multiplying the fecundity rate per crown area [32] by the total
sunlit crown area of each species. This makes the number of seedlings that are produced
of a given species proportional to the abundance of that species within the canopy of the
stand: species with more sunlit crown area produce more seedlings, and vice versa. All new
seedlings begin in the understory and are included in the same calculations as previously
established trees, such as crown area and carbon storage and sequestration.

Appendix A.4. Mortality

For each iteration of the loop, any given tree has a certain probability of dying. This
probability is dependent upon the tree’s canopy status. Understory trees are growing in
the deep shade and therefore lack the benefits of direct sunlight that the canopy trees have,
which translates to a higher mortality rate. Canopy trees are generally in more favorable
carbon balance due to their exposed crown areas, resulting in a mortality rate that is lower
than that of the understory trees. This is reflected in the mortality rates from Purves et al.
(2008) [32].

Appendix A.5. Stem Diameter, Height, and Crown Area Growth

Once information about the stand’s Z*, carbon storage and sequestration, and pop-
ulation size changes are calculated and recorded, each tree in the stand grows its stem
diameter, height, and crown area before the loop iterates back to the beginning for the
next timestep.

In contrast to the approaches used by others [31,32,49], which ascribe a stem diameter
growth rate based solely on canopy class, we determined stem diameter growth rate based
on a tree’s sunlit crown area together with published rates of wood productivity [51]. This
approach ensures that trees of the same canopy class (canopy or understory) do not all grow
at the same rate—some canopy trees may only have a very small sunlit portion whereas
others are nearly fully exposed. Trees with more sunlit crown add more biomass than trees
with little or no sunlit crown area.

This method of determining stem diameter growth works by finding the amount
of biomass the tree added in a given year, then calculating how much diameter growth
corresponds with that amount of new biomass. The first step in determining the new
stem diameter value is to multiply per-ground area wood carbon net primary produc-
tivity (NPP)—the annual rate of change in the amount of carbon allocated to wood
production—[51] by 2 to convert it to biomass, following the allometry from Jenkins
et al. (2003) [75]. The rate of total wood biomass added per year is then multiplied
by the sunlit crown area of the tree to find the total annual change in aboveground
biomass (kg/m2/year).

Change in aboveground biomasscanopy = woodNPP ∗ 2 ∗ sunlit crown area
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For trees without any sunlit crown area, the shaded crown area is used instead, and it
is multiplied with a small fraction (3%) of the biomass to reflect the lower productivity of
shade-grown trees [51].

Change in aboveground biomassunderstory = 0.03 ∗ woodNPP ∗ 2 ∗ shaded crown area

Next, the equation for aboveground carbon described previously is rearranged to
solve for dbh.

Aboveground biomass ≡ A = exp(β0abv + β1abv ln(dbh))

dbh = A
1

β1abv exp
(
− β0abv

β1abv

)
The aboveground biomass component of this equation is found by adding the change

of aboveground biomass to the previous total aboveground biomass. Therefore, the final
equation is as follows:

dbh = (Change in aboveground biomass + previous aboveground biomass)
1

β1abv exp
(
− β0abv

β1abv

)
The result is the dbh size that can be created for each tree based on the amount of

biomass that tree’s crown area can capture.
The new height of each tree is calculated next, using the newly determined dbh.

Species-specific height parameters (α and β) come from Purves et al. (2008) and are used in
the following equation [32]:

height =
(

α20

20β

)
∗ dbhβ

The final step in the growth calculations is determining each tree’s new crown area,
which is split into sunlit and shaded portions. The methods used to calculate the crown
areas, as well as all the parameters, come from Purves et al. (2007) [49], which details crown
interactions within the PPA. Determining the sunlit and shaded crown areas begins by

calculating
∼
Z, which represents the effective canopy height and is calculated for each tree

individually. It is a modification of the Z* value that factors in the depth bias (Vbias) of each
species involved. A depth bias can be positive or negative, meaning that a species tends
to begin its crown above or below the Z* height, respectively. It is also possible for a tree
species to have a depth bias of zero, where the crown begins at the Z* height. By including

depth bias into its calculation,
∼
Z allows for a more realistic determination of a tree’s sunlit

and shaded crown areas. Trees with a positive depth bias have smaller crown areas than a
prediction using only Z* would approximate, whereas a negative depth bias results in a
larger potential crown area.

∼
Z is found in two steps. First, a new individual-level Z* prediction (Ẑ) is made based

on the previously calculated stand-level Z* (hereby denoted as Zq) and the depth bias of the
individual tree (Vbias). The Vbias value is added to Zq, which shows the true height at which
the individual tree’s crown begins. The model uses the equation Ẑ = max(Zq + Vbias, 0),
which chooses the larger value of the following: the stand-level Z* guess (Zq) plus the
depth bias, or zero. This ensures that no trees have crowns that begin at negative heights,
which would represent an unrealistic situation where the crown begins below the surface
of the soil.

Second, the Ẑ from the first step is carried over into the second equation,
∼
Z = max(Ẑ, Zq).

This step determines the effective canopy height to be the larger of the two values: the height
from step one (Ẑ) or the original stand-level Z* guess (Zq) that does not include depth biases.
By choosing the larger of the two values, the height of the sunlit crown is kept within realistic
boundaries: the effective canopy height of an individual canopy tree cannot be shorter than Zq,
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but it is possible to be taller than the stand-level cutoff point. The two steps can be condensed
into one step via the following equation.

∼
Z = max(max(Zq + Vbias, 0), Zq)

The next important variable to determine is Rmax, the maximum radius of an individual
tree’s crown. This is the largest possible distance from the center of the crown to the end of
the farthest potential branch. It is calculated using:

Rmax = R0 + [R40 − R0][dbh/40]

where R0 and R40 are set parameters [49] representing the species-specific maximum
potential crown radius of a tree with dbh 0 and 40 cm, respectively. As described below, we
modified the rural forest values for R0 and R40 given by Purves et al. [49] so that the crown
radius to stem diameter allometry fits observations made in an urban setting.

Once
∼
Z and Rmax are known, the sunlit portion of the total crown area is calculated.

This is the fraction of the total crown of the tree that is fully exposed to the sun. As this is
generally not the complete crown, the first step is to find the fraction of crown height in the
light. The parameter Mj is used in this step. Mj measures the ratio of a tree’s crown height
to its total height. In this model, Mj is set to 0.95, as in Purves et al. [49]. This translates
to potentially 95% of a tree’s height being crown, a condition that is realized in many tree
species in open-grown conditions. To determine the fraction of crown height in the light,

the model compares tree height times Mj and tree height minus
∼
Z. The smaller of the two

values is chosen to be the fraction of the crown in the light.
Next, the radius of this sunlit crown must be calculated. To do so, the original Rmax

value is used to scale the sunlit radius based on how much of the crown is in the light and
how the particular tree species tends to arrange its crown. The following equation is the
term that acts as a modifier to the original Rmax values.

f raction o f radius =
f raction o f height in the light

height ∗ Mj

Bj

Bj is a parameter that modifies the shape of the crown based on species—this is where,
for example, the cone-like shape of a typical conifer is differentiated from the more globe-
like broadleaf trees. The modifier is then multiplied by Rmax to find the radius of sunlit
portion. The crown area of the sunlit portion is calculated using the equation for the area of
a circle, pi*radius2. The shaded crown area portion is the maximum total crown area (where
the radius is Rmax) minus the sunlit portion.

Appendix B. Modifying the Rural PPA to Reflect Urban Conditions

Roof Crown Area

The roof crown area is determined by calculating the area of the chord of the tree’s
crown area that is over the roof. In this process, it is possible that the predicted crown area
of a tree grows into the area in which a building would be—in other words, the crown
radius is larger than the distance from stem to building, but the crown is not yet taller than
the roof height. In this case, it would be impossible for the tree to grow into that space, so
any portion of the crown that would be growing where a building is located is removed
from the total crown area. Mathematically, this is achieved by finding the area of the crown
that is overlapping the building and subtracting that chord area from the total crown area.
This calculation is performed separately for shaded and sunlit crowns so the totals for each
category remain accurate. The area of the sunlit chord that overlaps buildings is found via
the equation:

A = (1/2)× r2 (θ − Sin θ)
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where r is the radius of the sunlit portion and θ is found by calculating the inverse cosine
of the distance from stem to building divided by r. This area is subtracted from the total
sunlit crown area to find the true sunlit area.

The true shaded crown area is found next. The area of shaded crown that is overlap-
ping a building is calculated with the same chord area equation as above. However, in this
case r represents Rmax and θ is the arccosine of the distance from stem to building divided
by Rmax. Because this calculation occurs only when Rmax is larger than the stem to building
distance, the resulting area corresponds to the overlapping crown only. To find the true
shaded crown area, this chord area as well as the true sunlit crown area are subtracted from
the total crown area:

Shaded crown area =
(

pi ∗ R2
max

)
− shaded chord − sunlit crown area

These steps ensure that all urban forest crown area measurements remain accurate
with the addition of buildings that often interfere with crown growth.

Appendix C. Empirical Tuning of Crown Area to Stem Diameter Allometry in Chicago

We used observations of stand density and crown area cover in the urban landscape
of Chicago to adjust the rural crown area to stem diameter allometry for use in an urban
setting. We implemented ArcGIS Pro software [50] to complete this procedure. First, we
randomly selected 15 points in Chicago to serve as the center of each 10-hectare circular
plot. To best facilitate the canopy area calculations, the circular plots were then converted
to rectangular plots. The new rectangular shapes completely envelop the previous circular
area, resulting in final plots with an area of approximately 13 hectares.

Two different areas are needed from each plot: the habitat area and the canopy area.
The habitat area is comprised of any ground space that has the potential to be canopy
area. This includes areas such as parks, yards, and space overhanging sidewalks and
streets. Area taken up by buildings or large expanses of impermeable surfaces are not
included in the habitat area. Calculating habitat area in this way rather than using the
entire area of the plot mirrors the definition of habitat area used in the urban street tree
PPA, which ensures that the observations from the GIS plots can be compared to the model
predictions. Canopy area is the total area that tree crowns occupy. To find the two areas of
interest, we georeferenced the satellite view of each plot using the UTM Zone 16 N reference
system, then we classified the plot into a binary raster where tree canopy or habitat area is
represented in black and everything else has no color. To do so, we reclassified the range of
pixel values that corresponded to our areas of interest (canopy or habitat) to become black
and the rest to become colorless. We used two different cutoff values to select for habitat
and canopy area (Figure A1).

Habitat area with its various terrains covers a broader range of colors than canopy
area. Therefore, it has a lower cutoff value so that more colors are included as “black”.
Canopy area is more selective and has a higher cutoff value so as to only include the darkest
pixels—the tree crowns. Any unwanted areas, such as dark cars or buildings, that were
classified along with the habitat or crown area were cleaned up using the Pixel Editor (v2.3).
The final areas were found by multiplying the pixel area by the number of black pixels,
which cover either the habitat or canopy. Pixels were 1 m2, so the number of pixels was
equal to the area in square meters, which was divided by 10,000 to convert into hectares.
Finally, we counted the number of trees in each plot to determine the stand density.
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Figure A1. Screenshots of one plot in ArcGIS Pro. Panel (a) shows the initial, full-color plot image.
Panel (b) is the grayscale of the initial image using only band 3. Panel (c) represents the canopy area
of the plot, and panel (d) shows the habitat area.

With the habitat area, canopy area, and density of each plot observed, we were able to
compare the observed and predicted values for the fraction of habitat area covered by the
canopy at a given density to tune the allometry. We constructed a predicted versus observed
plot to pair the two sets of values together and analyze the relationship (Figure A2).

We found that increasing the R0 and R40 parameters by a factor of 1.78 from their
rural forest values [49] best fit the urban data. These alterations are reflected in the
following experiment.
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Figure A2. Observed versus predicted plot. Observed values were calculated by using ArcGIS Pro to
determine the fraction of habitat area that is covered by tree canopy in satellite images of 13-hectare
plots within the city of Chicago. Predicted values were found by running the urban PPA at the same
stand density as the corresponding plot and recording the fraction of canopy cover. Panel (a) shows
the predicted canopy cover values from the model with the original maximum radius parameters
from the literature and the ideal 1:1 fit. Panel (b) depicts the urban PPA’s predicted values following
the modification of the parameter values to best fit the 1:1 line, in which the maximum radius value is
multiplied by 1.78, thus creating a tree canopy that is 3.15 times larger than the original (1.782 ≈ 3.15).

Appendix D. Urban Forest Inventory Analysis Data

Species-Related Adjustments

The equations used to determine carbon storage pull parameter values from the Ideal
Tree Distribution (ITD) data [49]. Although many species from the urban FIA data were
already present in the ITD data, there were instances where species found in the urban
FIA were missing from ITD. In these cases, parameter values from related species in the
ITD were copied onto the missing species. This method was not able to be implemented
with palms due to the lack of related species in the ITD data. Palm allometry follows a
unique equation because palms grow taller without growing wider over time, so diameter
is no longer a factor. Therefore, the following equation from the Forest Service’s Urban Tree
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Database and Allometric Equations [76] is used to calculate the proper allometry for palm
dry weight biomass:

(6 ∗ htm + 0.8) + (0.8 ∗ htm + 0.9)

To convert dry weight biomass to carbon, the value is multiplied by 0.5.
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