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Abstract: Background and Objectives: The structural diversity of an urban forest affects ecosystem
service provision, and can inform management, planning, as well as policy. Trunk diameter
at breast height (DBH) is amongst the most common measures of tree structure due to its ease
of measurement and strong relationships with other structural and non-structural urban forest
characteristics. Materials and Methods: In this study, the DBH distributions of urban forests are
summarised for 38 American cities with a combined population of over 30 million people and a range
of geographic, climatic, and demographic conditions. The Anderson-Darling (AD) test was used to
test the hypothesis that all DBH distributions came from a common population. Moreover, structural
diversity was compared using the Shannon-Wiener index. Results: The AD test results failed to
identify any statistically significant differences in DBH distributions. However, qualitatively, the DBH
distributions have two primary forms, which have important functional, management, and planning
implications. The vast majority of cities have an exponentially inverse-proportional distribution,
such that the proportion of trees in each successively larger DBH class decreases exponentially.
The Shannon-Wiener index indicates an uneven DBH distribution in the cities with an exponentially
inverse-proportional diameter distribution; these cities are dominated by trees in the smallest diameter
class. Potential explanations for a large proportion of trees in the smallest diameter classes include
a large number of small, naturally regenerating trees; a preference for smaller trees in urban areas;
or a recent increase in tree planting efforts. Conclusions: Despite no statistical differences in DBH
distributions for the 38 study cities, the functional, management, and planning implications will
differ considerably.

Keywords: cities; diameter at breast height; forest structure; i-tree; trees; urban forest inventory

1. Introduction

Urban forest managers and policymakers can benefit from urban forest monitoring, including
descriptions of structural diversity [1]. Structural diversity can be assessed by looking at the
diameter distribution of a population of trees [2]. An urban forest’s diameter distribution can
inform policy (e.g., tree removal bylaws), planning (e.g., budget, staffing), or management (e.g.,
planting, maintenance) needs and help project how they will change in the future [3], given population
stability. Structural diversity also has functional repercussions. Large trees are greater functional
contributors than small trees with respect to ecosystem services [3-5], so cities dominated by small
trees may be missing out on valuable ecosystem services. As such, diameter distributions can be used
to characterise various differing levels of ecosystem service provision.
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Despite its importance, urban forest structural diversity has not been widely studied. While past
studies have reported diameter distributions, these efforts have often been limited to a single city
e.g., [6-8], state e.g., [9,10], or subset of the tree population (e.g., park trees) [11]. One of the more
extensive investigations of structural diversity was a study of street trees in 22 Californian (United States)
cities [9]. In that work, three prominent stem diameter distribution types were identified (Figure 1).
A Type I, or youthful, distribution is characterised by a high proportion of young, small trees; its form
has widely been described as a ‘reverse ]’ distribution and is common for a variety of forest types
including natural forests and uneven-aged plantation forests [12,13]. This is not to say that all natural
or uneven-aged plantation forests have a reverse | distribution; in fact, depending on the scale of
observation (e.g., plot, stand, forest) and silvicultural system (e.g., selection, selective, shelterwood),
forests can contain numerous differing diameter distributions. Nevertheless, Type I distributions can
be described by an inversely proportional exponential function, such that an exponential decrease in
the proportion of trees occurs with each increase in tree diameter class.
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Figure 1. Type I, Type II, and Type III structural distributions.

In contrast, Type II, or maturing, distributions are characterised by trees growing into larger
diameter classes as they mature. Thus, the largest proportion of trees in the population is no longer in
the smallest diameter class. In the maturing distribution, there are relatively few trees in the largest
diameter classes with the proportion of trees in each subsequently larger diameter at breast height
(DBH) class decreasing linearly. The maturing distribution can be described as having a roughly
inversely proportional linear form.

A Type III, or mature, distribution has a relatively even number of trees in all DBH classes.
An important caveat is that while the age/diameter relationship generally holds within a species,
the same cannot be said across species. Some small-statured species can reach maturity, but remain
small in stature, relative to youthful or maturing large-statured species. While McPherson and
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Rowntree’s work is rather extensive with regard to the number of cities investigated, its use of street
tree inventory data precludes knowledge of the diameter class distribution for all trees in the urban
forest. Park trees, and notably trees on private land, are excluded.

While McPherson and Rowntree’s work [9] offered a snapshot of the diameter distributions of
multiple cities, Koeser et al. [6], surveyed a smaller population of street trees (n = 895) in Milwaukee,
Wisconsin (United States) multiple times over a quarter-century. By measuring the same trees in 1979,
1989, and 2005, the authors captured a shift in the diameter distribution from a Type I to a Type Il to a
Type III distribution. The temporal dynamics of this study were important in explaining the natural
progression of diameter distribution from youthful, to maturing, to mature.

A comprehensive, sample-based study of 198 randomly distributed 0.04 ha plots across Syracuse,
New York showed a shift from a Type II to a Type I distribution between 1999 and 2009 [14]. That
study highlighted that diameter distributions do not have to progress from youthful through to mature.
In this case, Syracuse lost a number of large trees in a major storm and subsequent natural regeneration
resulted in a large proportion of small trees. Though this study assessed the diameters of all tree types
(e.g., street trees, park trees, private trees), it is geographically limited.

Previous efforts have also been made to describe an ideal structural distribution for urban forests.
Richards’ ideal diameter distribution for Syracuse, NY is frequently cited and suggests 40% of trees
below 20 cm DBH, 30% between 20 and 40 cm, 20% between 40 and 60 cm, and 10% larger than 60 cm
DBH [15]. The linear decrease in the proportion of trees in each subsequently larger diameter class is
reminiscent of a Type II distribution in McPherson and Rowntree’s study [9]. Millward and Sabir [11]
suggest an alternative ideal distribution with 40% of trees below 15 cm DBH, 30% between 15 and
60 cm, 25% between 60 and 90 cm, and 5% larger than 90 cm DBH. The extent to which these ideal
distributions are correct or more widely applicable is debatable. Furthermore, an objective must be
defined, before an ideal distribution can be decided upon. For example, the ideal distribution to
optimise wildlife habitat likely differs from the ideal distribution to optimise carbon sequestration
and storage.

Together, previous studies provided valuable insights into structural diversity for the specific
regions and tree types (e.g., street trees) they assessed; these studies have great value to practical
management. However, they fail to provide a comprehensive assessment of the diameter distribution
of all trees in urban forests for a diverse group of cities, thus precluding comparisons. In the absence of
such data, we have an unclear understanding of the diameter distributions that exist in a wide range
of urban forest conditions. Therefore, we risk an incomplete understanding of the policy, planning,
and management implications of different diameter distributions, as well as how ecosystem services
may be affected.

This study aims to address these gaps by exploring structural diversity in urban forests with a range
of geographic, climatic, and demographic conditions in the United States of America (United States).
Diameter distributions are summarised, compared, and discussed in the context of previously suggested
ideal tree size distributions for urban forests. Planning, management, and functional implications of
differing distributions are also discussed.

2. Materials and Methods

2.1. Study Sites

This study summarised forest inventory data from 38 cities spanning a range of geographic,
climatic, and demographic conditions (Figure 2, Table 1). The study sites are represented by a range of
climatic conditions from boreal to warm temperate to arid [16,17]. Nearly all regions in the United States
are included in the study, except the Pacific Northwest. Despite this, the climatic conditions found in
the Pacific Northwest are represented by other cities who share a common Koppen-Geiger Climate
Classification or USDA Plant Hardiness Zone (Table 1). The study sites were located in USDA plant
hardiness zones 4a—10b (excluding only 4b and 9a), which correspond to average annual minimum
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temperatures of —34.44-1.67 °C. From a population perspective, large and small cities were included,
ranging from 8,491,079 people in New York, NY to 7228 people in Winooski, VT [18]. Cities were not
selected at random, nor were data collected expressly for this study. Instead, we selected cities that
had chosen to undertake, and complete, an i-Tree Eco inventory of their urban forests. We acquired
data, collected by these cities after they had provided it to the United States Forest Service.
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Figure 2. Locations of 38 cities in which i-Tree surveys were conducted. Tree diameter distributions
from these cities were analysed in this study.

Table 1. Climatic and demographic descriptions of the 38 cities included in this study.

USDA Plant Koppen-Geiger  US Census Year of
City State Hardiness Climate Population i-Tree Eco # SPalg;;sale # S;:::;led
Zone Classification  Estimate (2014) Assessment

Albuquerque New Mexico 7b BSk 557,169 2013 199 421
Ann Arbor Michigan 6a Dfa 117,770 2013 201 1596
Atlanta Georgia 7b Cfa 456,002 1997 205 2402
Austin Texas 8b Cfa 912,791 2014 206 2027
Baltimore Maryland 7a Cfa 622,793 2009 195 1030
Boston Massachusetts 5b Cfa 655,884 1996 217 930
Casper Wyoming 4a BSk 60,086 2006 234 235
Chapel Hill N. Carolina 7b Cfa 59,376 2012 80 2950
Chicago Tlinois 5b Dfa 2,722,389 2007 745 1697
El Paso Texas 8a BWh 679,036 2014 201 279
Freehold New Jersey 6b Cfa 11,973 1998 144 626
Gainesville Florida 8b Cfa 128,460 2007 93 1335
Golden Colorado 5a Dfb 20,201 2007 115 194
Hartford Connecticut 6a Cfa 124,705 2007 200 791
Houston Texas 8b Cfa 2,239,558 2015 200 731

Jersey City New Jersey 6b Cfa 262,146 1998 220 341
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Table 1. Cont.

USDA Plant Koppen-Geiger  US Census Year of
City State Hardiness Climate Population i-Tree Eco # S;ig;sle # s;::fsled
Zone Classification  Estimate (2014) Assessment
Las Cruces New Mexico 8a BWk 101,408 2014 205 224
Lincoln Nebraska 5b Dfa 272,996 2008/09 178 573
Los Angeles California 10b Csb 3,928,864 2007/08 348 681
Mesquite Texas 8a Cfa 144,416 2012 225 1591
Milwaukee Wisconsin 5b Dfa 599,642 2008 216 1084
Minneapolis Minnesota 4a Dfa 407,207 2004 110 278
Moorestown New Jersey 6b Cfa 20,594 2000 206 1690
Morgantown  West Virginia 6a Cfa 31,073 2004 136 1295
New York New York 6b Cfa 8,491,079 1996 206 643
Omaha Nebraska 5a Dfa 446,599 2008/09 189 1005
Philadelphia Pennsylvania 7b Cfa 1,560,297 1996 210 1433
Phoenix Arizona 9 BWh 1,537,058 2017 204 263
Plano Texas 8a Cfa 278,480 2014 225 828
Providence Rhode Island 6a Cfa 179,154 2013 250 860
Sacramento California 9b Csa 485,199 2007 300 637
San Francisco California 10a Csb 852,469 2004 194 478
Scranton Pennsylvania 6a Dfb 75,281 2006 182 1798
Syracuse New York 5a Dfb 144,263 2009 198 1499
Tampa Florida 9b Cfa 358,699 2011 201 1642
Washington D.C. 7a Cfa 658,893 2004 201 976
Winooski Vermont 5a Dfb 7228 2014 63 529
Woodbridge New Jersey 7a Cfa 100,824 2000 215 1284

2.2. Data

Urban forest inventories were acquired from the United States Forest Service for the 38 cities
described above. The i-Tree data collection, used as a basis for this study, occurred in different years in
different cities (Table 1). The diameter distributions reported in the results section are only correct as
of the date shown in Table 1, as tree population and size are dynamic. Plot establishment and data
collection are briefly described below. Inventory data were standardised; all plot sampling and data
collection used the i-Tree Eco protocols [19]. This approach avoided potential inconsistencies resulting
from data with varied provenance [20].

Circular plots (0.1 acre, 0.04 hectare) were randomly distributed within cities, stratified by land
use. Plots comprised trees on public land (including street, parks, and woodlands) and private land
(including, but not limited to residential, commercial, industrial land uses). Where plot centres were
inaccessible (i.e., on a highway, in a building), the i-Tree Eco protocol specifies methods for replacing
those plots with an additional randomly located plot within the same land use. The number of plots
within each city is variable and dependent upon the area of the city and its land uses. Trees within
plots were described in detail, but for the purposes of this study, only diameter at breast height (DBH)
measurements were used; DBH is commonly used to describe and compare tree structure and is
strongly associated with numerous ecosystem services. DBH was measured at 1.37 m (4.5 ft) above
the ground; further details on DBH measurement can be found in the i-Tree Eco Field Manual [19].
DBH data were aggregated into diameter classes, each spanning 7.6 cm (3 inches). In the 38 cities,
data were collected by combinations of professional foresters, researchers, and volunteers. There is
potential for inaccuracy in DBH measurements, particularly when made by volunteers [21], but a
quality assurance plan, including training, and hot and cold checks, is part of the i-Tree Eco data
collection protocol [19]. The extent to which individual cities followed all protocols within the i-Tree
Eco Field Manual is unknown and is a study limitation.

2.3. Analysis—Diameter Distributions and Shannon—Wiener Diversity Index

To gain an understanding of the variation of diameter distributions amongst the studied urban
forests, data were used to plot diameter distributions for each city in R [22]. For the purposes of
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visualisation, a non-linear least squares exponential function was fitted to each distribution, using the
nls function in R package stats [22]:
y — eﬂ“rbx’ (1)

where y is the proportion of trees in a given DBH class x, e is Euler’s number, and 2 and b are coefficients.

We used the Anderson-Darling (AD) k-Sample test (alpha = 0.05) adKSampleTest in R package
PMCMRPlus [23] to test the null hypothesis that all data distributions came from a common population.
The AD test is more powerful than the Kolmogorov-Smirnov test, which is often used to test for
differences amongst distributions [24]. Between-city pairwise comparisons were undertaken using
adAllPairsTest function from package PMCMRPlus, using Bonferroni correction to adjust p values for
multiplicity. This approach allowed us to compare the different DBH distributions quantitatively to
determine whether they differed significantly from one another, from a statistical perspective.

To gain further insight into the relative diversity amongst different American cities,
the Shannon-Wiener index was computed. The index has previously been used primarily for
quantifying species diversity e.g., [25], but also in many instances to quantify structural diversity
e.g., [2,26].

The Shannon-Wiener index (H) is a widely used measure of diversity [27]. Here, we used the
Vegan package in R [28] to calculate a structural diversity index from the proportional abundance of
trees in different diameter (DBH) classes:

H= - ZP:‘ In(pi), 2
=1

where p; is the proportion of trees in the ith diameter class and # is the number of diameter classes
(n =11 for all cities). H increases with structural diversity and when the proportion of trees is equal in
all classes, H reaches its maximum value, Hyay = In(n).

3. Results

3.1. Urban Forest Diameter Class Distributions

The distributions of measured DBH values for trees across the 38 cities for which inventories
were conducted are presented in Figure 3. From a quantitative perspective, the null hypothesis, i.e.,
the diameter distributions of all 38 cities come from the same population, was not rejected by the
Anderson-Darling k-Sample test (p = 0.959). The Anderson—Darling test with Bonferroni correction
confirmed no differences in the DBH distributions amongst pairs of cities. This is not surprising
considering that 703 pairwise comparisons were undertaken; the power of all-pairs comparison tests
decrease rapidly with high numbers of pairwise tests [23].

Despite the lack of statistical difference in DBH distributions, qualitatively, the DBH distribution
for trees in most cities is generally characterised by a decrease in the proportion of trees in each
DBH class as the diameter class size increases. In some cities, there is an exponential reduction in
the proportion of trees in each subsequently larger diameter class. This reduction is most obvious
in cities with a large proportion of trees in the smallest diameter class (<7.6 cm), including Tampa,
FL (66.9%), Scranton, PA (54.2%), Morgantown, WV (48.8%), Houston, TX (47.4%), New York, NY
(47.1%), and Atlanta, GA (45.8%). Other cities have a linear decrease in the proportion of trees in
each subsequently larger diameter class (e.g., Chicago, IL and Baltimore, MD). Gainesville, FL has an
unusual diameter distribution, whereby the largest DBH class (>76 cm) has the largest proportion of
trees (20.3%). The only other cities with more than 5% of trees in the largest DBH class were Casper,
WY (5.2%), Minneapolis, MN (5.3%), San Francisco, CA (7.5%), and Chapel Hill, NC (8.1%). Despite no
statistically significant difference in the DBH distributions, this qualitative description suggests two
primary forms for diameter distributions: (1) ‘reverse J” or exponentially inverse-proportional; and (2)
linearly inverse-proportional.
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Figure 3. Tree diameter at breast height (DBH) distributions for sampled cities. Data points represent
the percentage of trees in each city within the following 11 DBH classes: <7.6, 7.7-15.2, 15.3-22.8,
22.9-30.4, 30.5-38, 38.1-45.6, 45.7-53.2, 53.3-60.8, 60.9-68.4, 68.5-76, and >76 cm. A non-linear least
squares exponential model (Equation (1)) is fitted to each distribution. Shannon-Wiener Index (H)
values are included for each distribution. Panels are ordered alphabetically from top left to bottom right.

3.2. A Comparison of Diameter Class Distributions Against Ideal Distributions

The aggregated diameter distributions for all 38 cities included in this study are presented in
Figure 4. The line of best fit for these diameter distributions has an exponentially inverse-proportional
form. The acute reduction in the proportion of trees in each subsequently larger diameter class
is contrasted against the diameter class distributions that were proposed as ideal in previous
literature [11,15].
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Figure 4. DBH distribution and line of best fit for trees from the 38 cities for which i-Tree inventories
were conducted are shown. Ideal diameter class distributions for urban trees from previous studies
are also presented. Mid-points for stem diameter class distributions for street trees, as suggested by

Richards [15], and for an urban park, as suggested by Millward and Sabir [11] are included for context.
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3.3. Structural Diversity Index

The Shannon-Wiener diversity index (Equation (2)) was used to quantify and compare structural
diversity across cities. The Shannon-Weiner index values ranged from 1.2 (Tampa, FL) to 2.21
(Gainesville, FL) with greater values representing a more even DBH distribution. In contrast, lesser
values indicated a relatively uneven distribution, whereby one or more DBH classes had appreciably
higher or lower proportions of trees than other DBH classes.

4. Discussion

4.1. Diameter Class Distributions in Context

While there have been previous studies on urban tree structural diversity, most have been
geographically limited [3,14] or were undertaken for constrained urban forest samples (e.g., park
trees only) [11]. In contrast, the summary of diameter distributions observed in this study helps us
to gain insights into all urban tree types (e.g., street trees, park trees, private trees) in a sample of 38
American cities with a combined population of over 30 million people and a range of geographic,
climatic, and demographic conditions.

Despite being confined to street trees, the study by McPherson and Rowntree [9] is an important
benchmark for the present results. McPherson and Rowntree [9] classified the street tree diameter
distributions of 22 Californian cities as Type I (youthful), Type II (maturing), or Type III (mature) [9],
which bear a resemblance to the diameter distribution forms identified in the present study (i.e.,
exponentially inverse-proportional, linearly inverse-proportional).

The exponentially inverse-proportional distribution here is consistent with a youthful distribution,
which describes populations where >40% of trees are in the smallest DBH class (<15 cm). In the
California study, only eight of the 22 (36.4%) populations exhibited this characteristic [9]; in contrast,
36 of the 38 (94.7%) cities in this study had more than 40% of their trees in the 0-15 cm DBH class,
the exceptions being Gainesville, FL and Los Angeles, CA.

The linearly inverse-proportional distribution in the present study is consistent with a maturing
distribution; this is a population with a greater proportion of trees in the 16-45 cm DBH class than
in the 0-15 cm DBH class. Seven of the 22 cities (31.8%) in the Californian study were defined as
maturing [9], but only two (Gainesville, FL and Los Angeles, CA) of the 38 cities (5.3%) in the present
study meet that description.

A third distribution identified by McPherson and Rowntree, the mature distribution, was described
as having a relatively even distribution of trees across all DBH classes, with a large proportion of
mature or senescent trees [9]. Seven of the 22 cities in the Californian study were defined as mature.
Though Gainesville, FL technically fits into the McPherson and Rowntree’s maturing distribution by
definition, it is reasonable to suggest that it may be better described as mature given 20.3% of trees
were in the largest DBH class (>83.8 cm).

The differences between McPherson and Rowntree’s 1989 study [9] and the present study warrant
further discussion. Only 36.4% of the cities in McPherson and Rowntree’s study had a youthful
distribution compared with 94.7% of cities in this study. In contrast, while 31.8% of Californian cities
in 1989 had a maturing distribution, only 5.3% of the 38 cities in the present study had maturing DBH
distributions. This disparity could simply be a result of comparing two different groups of cities, one
group comprising only Californian cities, the other group comprising cities from around the US, with
only three cities in California. Alternatively, it could be that only street trees were included in the
Californian study, whereas the data presented here includes a sample of all trees in the urban forest.
This may include a large number of small, naturally regenerating trees [29].

A number of other potential explanations also exist. Knowing that youthful distributions are
characterised by a large proportion of small trees, it could be suggestive of a preference for smaller trees
in urban areas [30]. Alternatively, it may suggest a recent increase in tree planting efforts. Cities like
New York, NY and Los Angeles, CA have implemented high profile tree planting campaigns in the



Forests 2020, 11, 135 90of 13

last decade [31,32], so it is possible that other cities have also undertaken large tree planting efforts,
resulting in a large proportion of cities with a youthful distribution.

Interestingly, a follow up study of street tree size class distributions in California showed a shift
from a maturing population towards a youthful population structure, a result attributed to high rates
of street tree planting and the use of small-statured species [10]. This 2016 follow up study shows that
the youthful DBH population structure in Californian street trees are much more comparable to the
DBH structure of the urban forests of the 38 cities included in the present study.

4.2. Stable or Expanding Urban Tree Populations?

Many municipalities attempt to expand their urban forests by setting canopy cover goals
e.g., [33-35], tree planting goals e.g., [31,32], and/or more nuanced performance indicators [36].
Many good reasons exist for expanding urban forests, namely the correlation with increased ecosystem
services [37]. However, once urban forest expansion has attained specified performance indicators,
stability is desirable to streamline management.

McPherson and Rowntree [9] suggest that the youthful distribution “coincides with Richards’ [15]
recommendation of a good age distribution for population stability”. Indeed, in a natural forest,
the youthful and maturing distributions may help to ensure stability. The high proportion of seedlings
and saplings are recruited into larger diameter classes over time [13], counteracting the high rates
of mortality resulting from competition as well as abiotic and biotic factors. However, is the same
true for urban forests? Are youthful and maturing distributions characteristic of a stable urban
forest population? These questions require further consideration and study, because the difference
between a stable population or an expanding population of trees has significant policy, planning, and
management implications.

4.3. Policy, Planning, and Management Implications of Structural Diversity

In the context of characterising the diversity of terrestrial ecosystems, dozens of structural
indicators have been proposed [38]. DBH is amongst the most commonly collected urban forest
data [20,39], perhaps because it is relatively simple to measure, and is frequently used in allometric
relationships to estimate other structural attributes [40]. In urban contexts, DBH can be highly
correlated with age and other structural characteristics within a species, though this is not always
the case [41]. Together with condition rating, mortality status, and species, DBH is useful in making
management and planning decisions [1]. Where tree age is not available, using DBH as a proxy for
age [10] allows managers to determine current needs and assess how they will change in the future [3].

In general terms, cities have limited financial resources to dedicate to urban forest policy, planning,
and management. Resources may be allocated to planting, establishment, maintenance, risk assessment,
removals, amongst other operations. Operational focus, and thus financial resource allocation, may
differ depending on age and structural distributions.

For cities with a youthful or exponentially inverse-proportional diameter distribution,
the short-term (<5 years) management focus will be on the successful establishment of planted
trees in the smallest diameter class. Maintenance activities including irrigation [42] and mulching [43]
will help to ensure newly planted trees survive and are recruited into larger size classes. In the medium
term (5-50 years), regular maintenance, including pruning for a large number of maturing trees will
require budgetary considerations. In the long-term (>50 years), urban forest managers will require
strategies to deal with an aging urban forest, including increased maintenance and risk assessment, as
well as consideration for removals.

For those cities with a linearly inverse-proportional diameter distribution approximating
McPherson and Rowntree’s maturing distribution [9], maintenance of trees will maximise their
health and thus optimise the ecosystem services they provide. A focus on planting new trees and
ensuring their successful establishment should also be a short-term objective to ensure the maturing
distribution does not shift towards a mature distribution. McPherson and Kotow [44] made a similar
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tree planting recommendation for Californian municipalities with a small proportion of juvenile trees.
In the medium term, budgeting will be required to cope with a maturing urban forest requiring
increased maintenance, risk assessment, and removal of senescent, hazardous, or dead trees.

It is important to frame the policy, planning, and management implications appropriately.
City-wide diameter distributions, as presented in the results, have limited utility for day-to-day urban
forest management, because of the coarse nature of the data. Many urban forest managers require
fine-scale, detailed descriptions of individual or small groups of trees (e.g., within a park or along a
street). In contrast, urban forest policymakers are reliant on high-level data, such as canopy cover,
species diversity, or DBH distributions. These comparatively simple descriptors are often included in
urban forest strategy, policy, or planning documents, which ultimately guide management.

4.4. Functional Implications of Structural Diversity

Urban forest function is often described with respect to ecosystem services, subdivided into
supporting, provisioning, regulating, and cultural services [45]. The distribution of tree diameters has
functional implications, as tree size and leaf area influence supporting, provisioning, and regulating
ecosystem services. With respect to these ecosystem services, a youthful distribution may have
relatively limited functional benefit in comparison with a maturing distribution because small trees are
relatively minor contributors to ecosystem services [3-5]. Nevertheless, as small trees in cities with a
youthful distribution grow into larger size classes, cities will benefit from increased ecosystem services.

4.5. Study Limitations

Despite the wide range of geographic, climatic, and demographic conditions represented by
the 38 cities in this study, caution should be exercised before generalising the results. All diameter
distributions summarised herein were provided to the USDA Forest Service by cities that chose to
undertake an urban forest inventory. These cities may be those that invest more in urban forest
management, and thus may not be representative of other cities in the United States, or globally.

It is also important to note that the results presented herein assume that inventory data collected
by individual communities are correct. While data collection protocols and standards were provided
to all cities, data were collected by combinations of professional foresters, researchers, and volunteers.
As such, there is potential for inaccuracy in DBH measurements. While individual tree DBH
measurements may be subject to inaccuracy, it is not likely that this would affect overall distributions
since DBH ranges (e.g., 7.7-15.2 cm) were used to aggregate the data.

Another consideration is the number of inventory plots and trees sampled in different cities.
The number of sample plots ranged from 63 (Winooski, VT) to 745 (Chicago, IL), while the number of
sampled trees ranged from 194 (Golden, CO) to 2950 (Chapel Hill, NC). The sample size may have had
an effect on the standard error of DBH distributions, with the error decreasing as the number of plots
increases [46].

5. Conclusions

This study summarised diameter class distributions for 38 cities in the USA with a range of
geographic, climatic, and demographic conditions. No statistically significant differences in the
DBH distributions across cities existed, though qualitative differences were apparent. Two primary
distribution forms were encountered, which aligned with distributions proposed in previous research [9].
In the present study, many cities had an inversely proportional exponential diameter distribution,
whereby an exponential decrease in the proportion of trees occurs with each increase in tree diameter
class. These cities had large proportions of trees in the smallest diameter classes and a small proportion
of trees in the largest diameter classes. Other cities were characterised by an inversely proportional
linear distribution, where the proportion of trees in each subsequently larger DBH class decreased
roughly linearly. In previous literature, these are referred to as Type I (youthful) and Type II (maturing)
distributions, respectively [9].
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Youthful, but to a greater extent, maturing distributions approximate the ideal DBH distribution
proposed by Richards [15] for its supposed stability, which is desirable from a management perspective.
However, neither distribution type is ideal for maximising ecosystem services, as maturing trees
comprise a low proportion of the total population. Millward and Sabir’s ideal distribution (2010,
Figure 4) seems better suited to maximising ecosystem service, while also providing population stability.
Low mortality rates see only small decreases in the proportion of trees in subsequently larger size
classes until trees reach a mature state, at which point mortality rates increase, resulting in a very low
proportion of trees in the largest diameter class. Implicit in this diameter distribution is a focus shifting
from prioritising new tree plantings to improving establishment practices and tree maintenance, thus
resulting in reduced mortality and population stability. The additional benefit of this distribution is
the low proportion of over-mature trees, which no longer contribute maximally to ecosystem services
and have increased associated risk.

To conclude, the common data collection framework and reporting standards used by cities in
this study allowed for the synthesis and comparison of urban forest diameter distributions in 38 cities
across America. Such data may help guide national, regional, or state-level urban forest policies or
strategies. Further studies may also take advantage of these data to investigate explanatory reasons for
differing diameter distributions in different cities.
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