Urban Forestry & Urban Greening 47 (2020) 126481

Contents lists available at ScienceDirect

Urban Forestry & Urban Greening
journal homepage: www.elsevier.com/locate/ufug

How should we measure the DBH of multi-stemmed urban trees?
a,

b

Yasha A.S. Magarik *, Lara A. Roman , Jason G. Henning
a
b
c

T

c

Yale School of Forestry & Environmental Studies, 195 Prospect Street, New Haven, CT, 06511, USA
USDA Forest Service, Philadelphia Field Station, 100 N. 20thSt., Suite 205, Philadelphia, PA, 19103, USA
The Davey Institute and USDA Forest Service, 100 N. 20thSt., Suite 205, Philadelphia, PA, 19103, USA

A R T I C LE I N FO

A B S T R A C T

Handling Editor: Justin Morgenroth

Foresters use diameter at breast height (DBH) to estimate timber volumes, quantify ecosystem services, and
predict other biometrics that would be diﬃcult to directly measure. But DBH has numerous problems, including
a range of “breast heights” and challenges with applying this standard to divergent tree forms. Our study focuses
on street trees that fork between 30 and 137 cm of height (hereafter “multi-stemmed trees”), which researchers
have identiﬁed as particularly challenging in the ongoing development of urban allometric models, as well as
consistency in measurements across space and time. Using a mixed methods approach, we surveyed 25 urban
forestry practitioners in twelve cities in the northeastern United States (US) about the measurement and management of multi-stemmed street trees, and intensively measured 569 trees of three frequently planted and
commonly multi-stemmed genera (Malus, Prunus, and Zelkova) in Philadelphia, PA, US. Speciﬁcally, we measured stem diameter at several distances above the ground: at the root collar, at 30 cm, just below the fork
(which occurred between 30 and 137 cm), and at 137 cm (up to six stems following established protocols).
Survey responses indicated that current mensuration practices are burdensome, that practitioners employ alternatives to the current protocols for measuring at 137 cm, and that small-statured, frequently multi-stemmed
trees are an increasing proportion of street tree populations. Analysis of ﬁeld data did not ﬁnd substantial
diﬀerences between methods of measurement with regard to predictive power for total height and average
crown width. Alternatives to the current protocols for measuring at 137 cm have other advantages, including
time required, ease of measurement, simplicity, and capacity to compare measurements between trees and over
time. For trees that fork between 30 and 137 cm, we recommend taking a single diameter measurement at a
lower height—either just below the fork or at 30 cm. Diameter measurements at 30 cm better serve researchers
seeking to consistently measure radial growth over time, whereas diameter below the fork may suit practitioners
who do not need ﬁne resolution in trunk measurements.
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1. Introduction
Practical forest mensuration applies the principle that we cannot
properly manage that which we cannot accurately measure.
Accordingly, since the 19th century, foresters have measured trees’
diameters at breast height (DBH) to estimate standing volumes of
timber (Schlich, 1895; Oderwald and Johnson, 2009), analyze and
classify sites (Graves, 1906; Hammer, 1981), deﬁne trees (Beech et al.,
2017), measure radial stem growth (Pinchot, 1899; Evans et al., 2015),
estimate biomass and carbon (Emmanuel et al., 1997; Brown, 2002;
Chave et al., 2005), manage silvicultural treatments (Clough et al.,
1997), and quantify ecosystem services (Jenkins et al., 2004; McHale
et al., 2009). A single, convenient, and relatively standardized measurement enables eﬃcient surveying, and DBH is often employed, via

⁎

allometric models, as a proxy variable for various biometrics that would
be far more diﬃcult, time-intensive, costly, or destructive to directly
measure (Hemery et al., 2005; Stewart and Salazar, 1992). DBH is thus
a core element in forest inventories and monitoring.
However, DBH—and, speciﬁcally, breast height above the ground
(BH)—has notable shortcomings. Standard heights presently used range
from 137 cm in the United States (US; corresponding to 4.5 ft in the US
Customary System) to 130 cm in Europe and tropical forests (Chave
et al., 2015), although researchers employ many other BH values and
sometimes do not report the BH used (Brokaw and Thompson, 2000).
Brokaw and Thompson (2000) suggested the alternative term Dx, with
x = intended height of measurement in cm (adopted, for instance, by
Dahdouh-Guebas and Koedam, 2006). The wording “intended height” is
deliberate; because of divergent tree forms, foresters have deliberately
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Fig. 1. The 12 cities listed online as members of the Urban Ecology Collaborative (UEC) (2019), whose urban forestry practitioners were invited to participate in our
survey on the measurement and management of multi-stemmed street trees. Cities are color-coded depending on how many respondents from each responded to our
survey: one, two, or three.

they aim to meet resident preferences for ﬂowering and fruiting trees
(Flowers and Gerhold, 2000; McPherson et al., 2016a; Nguyen et al.,
2017).
To address these challenges, we assessed various methods for
measuring the stem diameter of multi-stemmed street trees. We posed
the following three research questions:

used diﬀerent heights for as long as DBH has been standard (Brandis,
1876; Carter, 1890; Coleman et al., 2011; Tietema, 1993).
Divergent tree forms that are not condusive to classic BH at 130 or
137 cm include species that have multiple stems and/or are of small
stature: mangroves (Bukoski et al., 2017; Clough et al., 1997; DahdouhGuebas and Koedam, 2006; Friess et al., 2016), small trees in temperate
and tropical forests (Paradzayi et al., 2008; Weiskittel et al., 2011),
multi-stemmed trees in African savannahs such as Acacia spp.
(Mabowe, 2006; Tietema, 1993), multi-purpose trees in agroforestry
systems (Stewart and Dunsdon, 1994; Stewart and Salazar, 1992;
Emmanuel et al., 1997), and multi-stemmed urban street and park trees
such as Crataegus spp., Laegerstromia spp., Malus spp. and Prunus spp.
(McPherson et al., 2016b; Peper et al., 2001; Roman et al., 2017; Troxel
et al., 2013). For instance, urban forestry researchers have previously
found relatively low correlations between DBH and height for smallstature ornamental species (Blood et al., 2016; Troxel et al., 2013). This
last case—situated within the urban forest—is the focus of our research.
The proper valuation of the social, economic, and ecological beneﬁts of urban forests depends on accurate quantiﬁcation of each tree’s
biometrics. However, until recently, urban forest researchers relied on
allometric models developed for trees in rural forests and plantations
(McHale et al., 2009; Monteiro et al., 2016; Timilsina et al., 2017;
Pretzsch et al., 2015), despite markedly diﬀerent growing conditions
for urban trees. For street trees in particular, these diﬀerences include
lower density, more regular pruning, more regular (and open) spacing,
diﬀerent nutrient and water availability, and an array of stressful
conditions (McHale et al., 2009). To account for these discrepancies,
researchers have derived allometric models speciﬁc to urban trees using
non-destructive sampling (McPherson et al., 2016b; Monteiro et al.,
2016; Peper et al., 2001, 2014; Pretzsch et al., 2015; Timilsina et al.,
2017; Troxel et al., 2013). Yet multi-stemmed trees—deﬁned for the
purposes of this study as trees that fork between 30 cm and 137 cm of
height—continue to challenge the accuracy, precision, and usefulness
of such measurements (Troxel et al., 2013; Roman et al., 2017). Furthermore, this problem may grow as cities replace tall trees under
utility lines with short-statured, frequently multi-stemmed ones, and as

1) How prevalent within street tree populations in the northeastern US
are genera that commonly fork below 137 cm of height, and how do
practitioners currently measure multi-stemmed street trees?
2) For multi-stemmed street trees, how well correlated are the DBHequivalents derived via diﬀerent stem diameter collection techniques with the key biometrics of total height and average crown
width?
3) How should we measure multi-stemmed street tree diameters when
considering practical eﬃciency and repeatability, as well as correlation with key biometrics?
2. Methods
To determine how we should measure the stem diameter of multistemmed street trees, we employed a mixed methods approach, consisting of both a social survey of urban forestry professionals and a ﬁeld
inventory of street trees.
2.1. Practitioner survey
We wanted to ascertain what protocols urban forestry practitioners
use to measure multi-stemmed trees, assess what burdens these protocols may impose, understand the speciﬁc uses of DBH in the street tree
management context, and estimate the prevalence of these trees in a
subset of US cities. We therefore surveyed a set of urban forest practitioners about the measurement and management of multi-stemmed and
small-statured street trees.
We chose potential respondents from the 12 cities listed online as
members of the Urban Ecology Collaborative (UEC), a network of
2
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these three genera account for 21.8% of the planting records’ 15,321
trees.
We included the two most common Malus cultivars and four most
common Prunus cultivars, and excluded trees either marked as “yard” or
with insuﬃcient address information within the PHS dataset. We randomly selected 80 trees from each of the chosen Malus and Prunus
cultivars, and selected all 190 Zelkova serrata within the PHS dataset,
with the expectation that some of these (hereafter “target” trees) could
not be measured due to mortality or diﬃculty ﬁnding the tree in the
ﬁeld.
To supplement the sample of target trees and ensure that suﬃcient
larger specimens were measured for meaningful regression analysis, we
also used an opportunistic sampling protocol. For each target tree in the
dataset described above, up to one opportunistic tree was sampled—whether or not the target tree was actually located. The opportunistic
tree had to be greater than 15 cm D30 (notation following Brokaw and
Thompson, 2000), clearly identiﬁable as one of the three target genera,
and within 30 m (an arbitrary, convenient distance) of the target tree.
In total, we measured 569 trees (109 Malus, 301 Prunus, and 159
Zelkova). Of these, 345 were multi-stemmed (i.e., forked between 30 cm
and 137 cm of height), with the remainder single-stemmed (i.e., forked
above 137 cm). We used measurements of single-stemmed trees to assess time demands of measuring multiple stems, calculate the proportion of trees in each genera that were multi-stemmed, and compare
coeﬃcient of determination values for models that use only singlestemmed trees to models that used multi-stemmed trees.

northeastern US cities with a stated interest in and dedication to urban
forestry research and practice (UEC 2018). The cities thus invited were:
Baltimore, MD; Boston, MA; Cleveland, OH; New Haven, CT; New York
City, NY; Newark, NJ; Philadelphia, PA; Pittsburgh, PA; Providence, RI;
Washington, DC; Wilmington, DE; and Worcester, MA (Fig. 1). The UEC
has a history of research-practice collaborations (Galvin, 2012; Leﬀ,
2013; Nguyen et al., 2017). For each city, we identiﬁed one municipal
urban forestry professional, one non-governmental organization (NGO)aﬃliated urban forestry professional, and one city-contracted arborist
and invited them to complete the survey (Appendix A). For one city that
handles all street tree management through the municipality, and
therefore lacks urban forestry NGOs/city-contracted arborists, we invited only the municipal practitioner.
The survey was administered online via Google Forms between
October 24 and December 15, 2017. Thirty-ﬁve practitioners were
asked to participate; initial and up to three reminder emails were sent
based on best practices in survey methods (Dillman et al., 2008). In
total, 25 practitioners from all 12 cities completed the survey (71%
response rate). The survey was a mix of categorical and open-ended
questions (Appendix A). Following Babbie (2004), open-ended responses were open-coded into categories of common themes (Appendix
B, Table A3, described in Results) by a single analyst; these themes were
not pre-determined.
Seven respondents (from Newark, New Haven, New York City,
Philadelphia, Pittsburgh, Washington, DC, and Wilmington) provided
us with street tree inventories and/or recent planting lists, which we
analyzed (considering only trees with species identiﬁcation) for trends
in the planting of small-statured, commonly multi-stemmed trees. Based
on species descriptions in Dirr (1998) and our prior ﬁeld experience, we
considered the following street tree genera in this region to be commonly multi-stemmed: Amelanchier, Carpinus, Cercis, Cornus, Corylus,
Crataegus, Lagerstroemia, Malus, Prunus, Pyrus, Syringa, and Zelkova.
Most of these genera are also commonly short-statured; Zelkova is
medium height at maturity (Dirr, 1998). We considered short-statured
trees as those with maximum mature heights of less than 9.1 m, and
medium-statured as those with maximum height of 9.1–13.7 m (Miller
et al., 2015).

2.2.3. Data collection
Using mm-accuracy diameter tape, we measured stem diameters in
the following four ways:
1) Diameter at root collar (DRC), comparable to diameter at ankle
height (often 5–10 cm above ground) measured on multi-stemmed
specimens in Botswana woodlands (Tietema, 1993; Mabowe, 2006) and
by some urban forestry researchers (Sithole et al., 2018), as well as D10
as measured in Australia’s National Carbon Accounting System
(Snowdon et al., 2002).
2) At 30 cm of height (D30), following i-Tree Eco’s alternative height
of measurement for trees with more than six stems at breast height (US
Forest Service, 2017b), as well as researchers’ recommendations for
multi-stemmed mensuration (Stewart and Salazar, 1992; Stewart and
Dunsdon, 1994; Stewart et al., 1992; Emmanuel et al., 1997; MacDicken
et al., 1991; Snowdon et al., 2002), and the measurement height for all
nursery stock greater than 10.2 cm (4 in. in diameter (American
Nursery and Landscape Association, 2004).
3) Below the fork (D Below Fork)—the highest possible point to take
a single trunk measurement below any swelling/irregularities in stem
taper due to forking/branching—following recommendations from a
pilot test of the Urban Tree Monitoring Field Guide (Roman et al.,
2017), from the United States (US) Forest Service’s Forest Inventory and
Analysis (FIA) Program for trees which fork “at or immediately above
4.5 feet [137 cm]” (US Forest Service, 2017a), and from recently revised ﬁeld protocols for the Urban Forest Inventory and Analysis (UFIA)
program (US Forest Service, 2018).
4) Following the method prescribed by i-Tree Eco: Measure, at
137 cm, up to the six largest stems that are each > 2.54 cm diameter
and < 45° from the vertical; if there are more than six such stems, instead measure a single diameter at 30.5 cm of height (US Forest Service,
2017b). We set BH to 137 cm because of the direct conversion to the US
customary system; we chose a 2.5 cm minimum for stems and a 30 cm
value for D30 based on our metric measuring devices’ resolution. When
multiple stems were measured, we combined them into one value via
the quadratic sum, following MacDicken et al. (1991), Stewart and
Salazar (1992), Snowden et al. (2002), McPherson et al. (2016b), and
US Forest Service (2017b). For DBH values of stems 1 through 6, the
quadratic sum representing the DBH of that multi-stemmed tree,
DBHMS, is:

2.2. Field study
2.2.1. Study site
We conducted the ﬁeld sampling in Philadelphia, PA (39°57′ N,
75°10′ W), because of the availability of a cultivar-level planting list
spanning many years. The climate is at the northern edge of humid
subtropical (Köppen Classiﬁcation System subtype “Cfa”): summers are
hot, with high humidity, while winters are cold with variable snowfall
(Kottek et al., 2006). The growing season lasts from April until November, with a mean annual temperature of 14.2 °C, a mean July
temperature of 25.8 °C, and a mean January temperature of 2.1 °C
(National Oceanic and Atmospheric Administration (NOAA, 2018).
Monthly precipitation is steady throughout the year with an annual
average of 1053 mm (National Oceanic and Atmospheric
Administration (NOAA, 2018). Philadelphia has a human population of
approximately 1.58 million (US Census Bureau, 2017) and a street tree
population of approximately 112,000 (Maldonado, 2016). There is no
current inventory of Philadelphia’s street trees with reliable species
information.
2.2.2. Sampling design
Our sampling method used both relatively young, recently planted
trees (based on planting records) as well as older, established trees. We
used 2003–2015 planting records from Tree Tenders, a street tree
planting and stewardship program of the Pennsylvania Horticultural
Society (PHS), a local non-proﬁt organization. We selected commonly
short- and medium-stature multi-stemmed genera that were well-represented in the PHS dataset: Malus, Prunus, and Zelkova. Together,
3
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included, β0 , β1, and β2 are the coeﬃcients, and ε is the error term.
Models are grouped and named by genus and response variable, for
all diameter measurement methods. We thus ﬁt 24 regression models
comprising eight model groups with data from the multi-stemmed trees:
twelve with Prunus (four model groups: PaH, PaW, PtH, and PtW), six
with Malus (two model groups: MH and MW), and six with Zelkova (two
model groups: ZH and ZW). The H and W represent models for total
height and average crown width, respectively, while Pa refers to all
Prunus and Pt refers to only target Prunus. For comparison, we also ﬁt
for each model group the relevant model type with the dataset of that
taxon’s single-stemmed specimens.
We wanted to evaluate the magnitude and uncertainty of diﬀerence
in R2 values within each model group. We therefore bootstrapped by
sampling, with replacement, n trees from each genus where n is the
number of n multi-stemmed trees measured (e.g., sampling, with replacement, 77 trees, from Malus)—and repeating 10,000 times. At each
iteration, we ﬁt the relevant regression model (using the nlme package),
obtained the R2 values, and calculated the diﬀerences between diameter measurement techniques (i.e., R2DBF – R2D30, R2i-Tree – R2D30, and R2i2
Tree – RDBF). For the distribution of each diﬀerence for each genus, we
generated 95% conﬁdence intervals, following Carpenter and Bithell,
2000. All means and conﬁdence intervals are summarized in Appendix
B, Table A2.
To answer our third research question, we analyzed measurement
times of trees with diﬀerent numbers of stems via two-sample unpaired
t-tests (two-tailed, assuming unequal variances) between singlestemmed and each set of trees with diﬀerent numbers of stems (i.e.,
two-stemmed trees, three-stemmed trees). We used a signiﬁcance level
of p < 0.05. We also used a coarse approximation of additional measurement time for each additional stem: subtracting the single-stemmed
trees’ median measurement time from each of the sets of trees with
diﬀerent numbers of stems. Finally, we graphed the distributions of
heights at which each measurement was actually taken.
Because we wanted to assess not merely the predictive power, but
also the practicality, of each method, we evaluated the methods according to a number of other criteria. We calculated summary statistics
based on the 345 multi-stemmed trees we measured and rated each
method by various criteria, including time requirement for ﬁeld work,
proportion of multi-stemmed trees on which this method is possible at
default (intended) height, mean height of actual measurement, bodily
strain, complexity, and capacity for re-measurement. Our assessment of
these criteria used ﬁeld observations, results from the practitioner
survey, and our literature review. The characteristics associated with
single-stemmed trees’ DBH are provided for comparison.

6

DBHMS =

∑ DBHi2

(1)

i=1

(after Monteiro et al., 2016, eqn. 1, and Awang et al., 1994)
For every diameter, we measured the height of actual measurement;
we also measured the heights to the top of the ﬁrst fork (hereafter
“forking height”), to the base of live crown, the total tree height, the
crown widths parallel and perpendicular to the street (following
McPherson et al., 2016b), and the start and end times of measurement.
All heights were measured with a cm-accuracy height pole for specimens smaller than 8.3 m; for specimens taller than 8.3 m, a cm-accuracy
digital hypsometer was used. All widths were measured using a cmaccuracy tape measure. In addition to the variables used in our analysis,
we also measured a comprehensive set of parameters related to site
condition and cultivation that were not included in our results. We
include those parameters in the open access data for any other researchers who may ﬁnd these useful.
All ﬁeld data was collected betweenJune 7 and August 16, 2017.
The Stanley® Level app (Stanley Black and Decker, Inc. 2017) was used
to gauge stem angles. For consistency, all heights were measured from
the sidewalk on the building side of the tree, and not from within the
planting pit itself, due to variation in mulch and trash within the pit. We
only included trees in pits/strips measuring less than 2 m in at least one
direction, representing typically constrained growing spaces for street
trees in this city (i.e., not wide planting lawns). Further details on
measurement protocols can be found in Appendix B, Table A1.
2.2.4. Data analysis
Field data were analyzed in R 3.4.1 (R Core Team, 2017). To answer
our second research question, we ﬁt a linear regression (using the nlme
package) for each combination of: diameter methods (D30, D Below
Fork, i-Tree’s aforementioned hybrid method), multi-stemmed genera
(Malus, Prunus, and Zelkova), and predicted biometrics (total height and
average crown width). We used cultivars as indicator variables (following Gregoire, 2015) when those cultivars proved statistically signiﬁcant in the model (i.e., p < 0.05). We discarded DRC early in the
analysis process because ﬁeld surveying indicated that its actual measurement was too variable and challenging, given basal ﬂare, graft
unions, tree pit guards, weeds, and stump sprouts.
Because the graphs for Prunus exhibited both heteroscedasticity and
non-linearity when we included opportunistic trees, we added a separate group of models solely for target Prunus. For the model groups of
Prunus that included opportunistic trees (and thus exhibited non-linearity), we ﬁrst logarithmically transformed each relevant diameter
measurement, but ﬁt all models within the linear framework.
Thus, all regression models were ﬁt to the form:

Y= β0 + β1 X + β2 I+ ε

3. Results

(2)

3.1. Research question 1: current practice

where Y is the biometric (total height or average crown width), X is the
given method’s DBH-equivalent (or logarithmithically transformed
DBH-equivalent), and I is the cultivar indicator variable that was

Multi-stemmed and small-statured trees represent a signiﬁcant and,
in some cases, increasing, proportion of urban forests in the

Table 1
The proportions of the genera Amelanchier, Carpinus, Cercis, Cornus, Corylus, Crataegus, Lagerstroemia, Malus, Prunus, Pyrus, Syringa, and Zelkova of existing street tree
inventories and recent street tree planting lists obtained from survey respondents. Only trees with known genus were included in this analysis.
Multi-stemmed and Small-statured Species’ Proportion of:
City

Existing Street Tree Inventory

Recent Street Tree Plantings

Street Tree Planting Organization (Number of trees; Date range)

New Haven, CT
Newark, NJ
New York City, NY
Philadelphia, PA
Pittsburgh, PA
Washington, DC
Wilmington, DE

18.2%
n/a
23.9%
n/a
15.3%
19.9%
27.3%

41.7%
50.5%
34.7%
51.5%
n/a
n/a
n/a

Urban Resources Initiative (3,354 trees; 2010-2017)
Renaissance Trees Program (2,485 trees; 2006-2017)
NYC Parks Forestry Division (10,636 trees; fall 2016-spring 2017)
Pennsylvania Horticultural Society Tree Tenders (15,321 trees; 2003-2015)
n/a
n/a
n/a

4
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current protocol exhibited larger diﬀerences—but no model that used iTree diameter measurements explained more than 8% more of the
variability in predicted biometrics than the alternatives. In 3 model
groups (PtW, PaW, and ZW), D Below Fork actually exhibited higher R2
values than i-Tree. Average crown width showed generally higher
correlations with stem diameter measurements of multi-stemmed trees
than did total height. The diameter measurements themselves are
highly correlated with each other, with R2 values generally above 0.90
(Table 2, left-most two columns). For example, with model group MH,
the close similarities in the regression lines of stem diameter measurements and total height are illustrated in Fig. 2 (similar graphs for
other model groups are provided in Appendix B, Figs. A2–A6).
For all but one of the eight model groups, 95% conﬁdence intervals
of the diﬀerence between R2 values obtained via bootstrapping included 0, indicating that there was no evidence of systematic diﬀerence
between R2 values (Appendix B, Table A2). For these seven model
groups with no evidence of diﬀerence, the bootstrapped mean diﬀerence in R2 was never > 0.063, and most mean diﬀerences were substantially lower. The one model group for which the conﬁdence interval
did not include 0 was MW—for which i-Tree’s method yielded R2 values
that were, on average, 0.069 > D30’s and 0.099 > D Below Fork’s. For
MW, D30 yielded a R2 value that was, on average, 0.031 greater than D
Below Fork’s.
We also tested whether including heights to actual measurement
could improve our regression models. However, because all D30 heights
were 30 cm, and the heights to measurement associated with i-Tree’s
quadratic sum method do not have a straightforward manner for
combination, we only employed heights to measurement with one
method: D Below Fork. Including the heights to measurement did
marginally improve most models’ ﬁt for D Below Fork, but only in the
case of Malus (MH and MW) was the diﬀerence in R2 values greater than
0.015.
Interestingly, for models using the i-Tree measurements, the predictive power of the quadratic sum of DBHs does not markedly improve
as each next largest DBH is added to the quadratic sum—and in some
cases, it even decreases (Fig. 3). For 4- to 6-trunked trees, the predictive
power of the quadratic sum of DBHs with regard to Average Crown
Width does seem to improve with the ﬁrst three stems, but these are the
very trees for which measurement time also increases so dramatically.

northeastern US (Table 1). Fifty-two percent of our 25 survey respondents reported that the proportions of small-statured street trees in
their cities are increasing.
All but one respondent (who prefers DRC) use DBH in their work,
but there is variety in the protocols used by respondents for multistemmed trees. D Below Fork is a common protocol for practitioners
(48% of respondents). Seventy-two percent of respondents indicated
that multi-stemmed tree measurement imposes additional burdens for
them or their organizations—particularly increased measurement error
and the diﬃculty of complex protocols.
The survey also yielded valuable insights into the context behind the
planting of these small-statured trees. Based on survey responses, the
major reason that practitioners plant these small-statured trees, instead
of large shade trees, is conﬂict with overhead utility lines (cited by 92%
of respondents); a secondary reason is resident preference (48% of respondents). However, 84% of respondents indicated that they see
drawbacks to planting small-statured trees. The major themes from
open-ended responses were: lower canopy cover, traﬃc conﬂicts (both
vehicular and pedestrian), visibility inhibition, and shorter lifespans.
Survey responses are summarized in greater detail in Appendix B, Table
A3.

3.2. Research question 2: biometric predictive power
Taxa diﬀered markedly in their crown architecture and multistemmed form (Table 2). Of the 159 Zelkova we measured, only 34%
were multi-stemmed, and Zelkova often forked at or just above breast
height—requiring alternative measurement methods because of swelling rather than multiple branches. In contrast, of 109 Malus and 301
Prunus, just over 70% of each genus were multi-stemmed. Cultivars also
exhibited varying proportions of multi-stemmed form, the most notable
outlier being Prunus virginiana ‘Canada Red Select’. Only 25% of ‘Canada Red Select’ were multi-stemmed; the cultivar exhibits much
stronger apical control (strong central leader) than the other three
Prunus cultivars.
The diameter measurement approaches we applied were all highly
correlated with total height and average crown width. For ﬁve of the
eight model groups that regressed total height or crown width against
stem diameter (Table 3), i-Tree’s hybrid protocol showed slightly higher
R2 values than either D30 or D Below Fork—but in most cases this
diﬀerence was less than 0.05. In two cases (ZH and MW), i-Tree’s

Table 2
Summary statistics for the three multi-stemmed genera (Malus, Prunus, Zelkova) measured in Philadelphia, PA. Methods for four diameter methods are described in
the text: diameter at root collar (DRC), diameter at 30 cm (D30), diameter below fork (D Below Fork). After providing the sample size for each taxa, including the
proportion multi-stemmed (i.e., those forking between 30 and 137 cm height), the remainder of the table pertains to only multi-stemmed trees. We report the means
and standard deviations for each diameter method, as well as the means and standard deviations of the forking height [i.e., the height (cm) to the lowest forking
branch]. The last two columns provide R2 values for i-Tree diameter values correlated with D30 and D below fork, within each taxa.

Malus
‘Prairiﬁre’
‘Spring Snow’
Unknown
Prunus
sargentii x subhirtella 'Accolade'
subhirtella 'Autumnalis'
virginiana 'Canada Red Select'
sargentii 'Pink Flair'
Unknown
Zelkova
serrata 'Green Vase'
serrata 'Musashino'
serrata 'Village Green'
Unknown (Target & Opportunistic)
Total

R2 with i-Tree

Sample Size

Mean ± Standard Deviation (cm)

Total

Multi-Stemmed

DRC

D30

D Below Fork

i-Tree

109
41
50
18
301
58
36
51
32
124
159
55
4
11
89
569

77
24
40
13
214
53
35
13
27
86
54
21
4
9
20
345

15.2 ± 5.6
11.7 ± 3.1
15.0 ± 5.0
22.2 ± 5.0
19.0 ± 9.8
14.4 ± 4.1
15.1 ± 3.7
13.2 ± 3.5
10.8 ± 2.7
26.7 ± 10.7
16.9 ± 5.7
14.2 ± 5.0
17.8 ± 1.4
15.4 ± 4.4
20.3 ± 5.9
17.8 ± 8.6

13.5 ± 5.1
10.4 ± 2.9
13.4 ± 4.5
19.8 ± 4.5
17.3 ± 9.3
12.8 ± 3.8
13.7 ± 3.5
11.6 ± 3.5
9.7 ± 2.3
24.7 ± 10.2
15.3 ± 5.5
12.8 ± 4.8
16.1 ± 1
13.6 ± 4.2
18.4 ± 5.8
16.1 ± 8.1

12.7 ± 4.9
9.5 ± 2.7
12.8 ± 4.4
18.4 ± 4.8
16.9 ± 9.2
12.4 ± 4.0
13.9 ± 3.7
10.6 ± 3.3
9.3 ± 2.3
24.2 ± 10.0
13.3 ± 5.2
10.9 ± 4.4
14.5 ± 1.0
11.7 ± 4.0
16.3 ± 5.6
15.4 ± 8.1

12.8 ± 4.9
10.2 ± 3.4
12.5 ± 4.2
18.7 ± 5.0
17.1 ± 8.6
13.1 ± 4.0
14.2 ± 3.9
11.2 ± 3.7
9.2 ± 2.8
24.0 ± 8.7
14.8 ± 5.9
12.1 ± 5.1
15.8 ± 0.6
13.3 ± 5.0
18.2 ± 6.1
15.8 ± 7.7

5

Forking Height

D30

D Below Fork

99 ± 19
121 ± 13
95 ± 17
92 ± 24
95 ± 19
95 ± 15
88 ± 17
107 ± 16
94 ± 14
96 ± 23
116 ± 11
118 ± 12
99 ± 12
120 ± 6
116 ± 11
99 ± 20

0.93
0.96
0.91
0.87
0.93
0.90
0.87
0.96
0.91
0.88
0.94
0.92
0.83
0.99
0.91
0.93

0.92
0.96
0.90
0.84
0.93
0.91
0.86
0.95
0.92
0.87
0.96
0.95
0.61
0.99
0.95
0.93
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‘Pink Flair‘
‘Pink Flair‘*
‘Village Green‘*
Width
Width
Width
Width
Crown
Crown
Crown
Crown

Height
Height
Height
Height
Average
Average
Average
Average
Malus
Prunus (Target)
Prunus (All)
Zelkova
Malus
Prunus (Target)
Prunus (All)
Zelkova
MH
PtH
PaH
ZH
MW
PtW
PaW
ZW

* For the sake of comparison with the three alternative stem measurement methods, for ZHSingle-Stemmed DBH, ‘Green Vase’, and for PaWSingle-Stemmed DBH, ‘Pink Flair’, were included as indicator variables although they
did not prove statistically signiﬁcant (i.e., p > .05). For ZWSingle-Stemmed DBH, ‘Village Green’ was not included as an indicator variable because there were only two single-stemmed ‘Village Green’ specimens.

0.800
0.901
0.596
0.670
0.640
0.874
0.801
0.814
0.780
0.676
0.610
0.600
0.686
0.796
0.756
0.835
Method
Method
log(Method)
Method
Method
Method
log(Method)
Method

Cultivar
Cultivar
Cultivar
Cultivar
None
Cultivar
Cultivar
Cultivar

Unknown
‘Canada Red Select‘
‘Canada Red Select‘
‘Green Vase‘*

0.768
0.655
0.607
0.600
0.718
0.787
0.747
0.802

0.800
0.679
0.624
0.680
0.789
0.782
0.752
0.819

Single-Stemmed DBH (for Comparison)
i-Tree
D Below Fork
D30

R2 Values
Cultivar Indicator Variable (I)
Independent Variable (X)
Response Variable (Y)
Multi-Stemmed Dataset
Model Group

Table 3
Summary of all 32 ﬁtted regression models. For reference, models are grouped by multi-stemmed dataset (M, Pt, Pa, or Z), then Y response variable (Total Height or Average Crown Width). Hence, for instance, PtW is the
group of regressions ﬁt with Prunus (target) and Average Crown Width as the response variable (Y).
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3.3. Research question 3: ﬁeld surveying and data utility considerations
As expected, it takes signiﬁcantly longer to measure multiple stems
(Appendix B, Fig. A1). Two-sample unpaired t-tests indicate that singlestemmed trees’ total measurement times (mean = 390 s) are signiﬁcantly lower than those of two-stemmed trees (p = 0.005), threestemmed trees (p = 0.001), four-stemmed trees (p = 3.17e-7), ﬁvestemmed trees (p = 2.74e-8), and six-stemmed trees (p = 3.22e-6). By
subtracting the median measurement time for single-stemmed trees
from the median measurement time for each set of n-stemmed trees, we
estimate that measuring multiple stems requires 59 s additional for twostemmed trees, and as much as 207 s more for six-stemmed trees.
With the exception of D30, there was wide variation in the heights at
which we could actually take each measurement (Fig. 4). For DRC, this
variation (which caused us to discard DRC early in our analysis) is due
to the combination of swollen bases and surﬁcial roots with the presence of weeds, tree fences, animal feces, trash, stump sprouts, vines,
and elevated tree pits. For D Below Fork, variation of heights is inherent
to the protocol. For the multiple measurements at D137 in i-Tree’s
protocol, forking, swelling, and other irregularities at 137 cm account
for variation in recorded heights. Only D30’s standard height exhibited
resilience to stem irregularities and complex site conditions (Fig. 4,
Table 4).
4. Discussion
The issue of how to measure multi-stemmed urban trees has gained
heightened interest in light of the new UFIA program of the US Forest
Service—an expansion of the traditional FIA program into urban areas
(US Forest Service, 2018)—and researchers’ interest in urban tree allometry (Troxel et al., 2013; Monteiro et al., 2016; McPherson et al.,
2016b). UFIA, facing the challenge of divergent tree forms, has already
simpliﬁed their protocol for multi-stemmed trees, to use D Below Fork
(US Forest Service, 2018). But this issue is also clearly important for
urban forest managers, based on responses to our practitioner survey.
Although classical DBH helps us apply existing dendrometry practices to urban landscapes, there is simply no “true” DBH for a multistemmed tree. As much as possible, we tried to follow i-Tree Eco
guidelines (US Forest Service, 2017b) for assessing and measuring
multiple stems at BH. However, rules concerning minimum diameter
and maximum branching angle, while perhaps intended to reduce total
number of recorded measurements, ultimately require additional time
and measurement to ascertain on trees with extremely complex
branching structures. The distinctions between “stems,” “trunks,” and
“branches” varies between researchers (Dunphy et al., 2000; Condit,
1998), and in some cases, researchers even reject the distinction as
“largely a question of semantics” (Clough et al., 1997; echoed by
Stewart and Salazar, 1992). Meanwhile, our practitioner survey indicated that multi-stemmed mensuration does burden practitioners, as
had been found for researchers and citizen scientists, who recorded
widely varying numbers of stems for multi-stemmed street trees in
Roman et al. (2017). Because of current street tree planting trends,
challenges with multi-stemmed street tree measurement will likely
continue to be a concern. Even after measuring hundreds of trees with
the same i-Tree Eco protocols, we found the assessment and decisionmaking process at each tree arduous, and the need for simpliﬁcation
became apparent.
Although i-Tree Eco measurement protocols show in some cases a
slightly higher R2 compared to D Below Fork and D30, the results from
the second part of the analysis do not show a decisive advantage for any
of the individual options. The inability to diﬀerentiate measurement
techniques based on biometric predictive power makes intuitive sense,
given that researchers have known for years that standard geometric
shapes like frustums are fair approximations of tapering tree stems
(Larsen, 2016), but also arises from the fact that i-Tree Eco’s diameter
protocol is a hybrid approach that actually includes D30 when more
6
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Fig. 2. Data for Malus for each diameter measurement method, showing regression lines for each model predicting Total Height. Each multi-stemmed Malus appears
on this graph three times—once in each diﬀerent diameter method.

locality and genera we considered, D30 and D Below Fork are the most
promising alternatives for measuring multi-stemmed trees.
These two alternative techniques may have diﬀerent applications—depending on goals. D Below Fork involves less bodily strain but
more discretion on the part of ﬁeld crews—which may increase survey
time or confusion. It is currently employed by and may be better suited
for practitioners who are not interested in longitudinal monitoring or
cross-tree comparisons to ﬁne measurement resolutions. For urban

than six eligible stems are present (US Forest Service, 2017b).
Results from the third part of our analysis are more conclusive. The
measurement of multiple stems at 137 cm poses signiﬁcant challenges
due to additional time required and task complexity, as well as high
deviation in BH actually used and potential challenges with consistency
and remeasurement. The minor gains in R2 values using the i-Tree
measurement method do not appear to be worth the costs in terms of
ﬁeld crew time and capacity for consistent re-measurements. Given the

Fig. 3. Correlations of stem diameter measured with the i-Tree method with Total Height and Average Crown Width for a given dataset (e.g., 2-trunked trees), as each
next largest DBH is added to the quadratic sum.
7
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Fig. 4. The distribution of heights at which each method could be employed for the 345 multi-stemmed trees we measured (i.e., the measurement height actually
used, as opposed to the intended default height). The largest D137 is the largest diameter at breast height (which would then be employed, for 2-6-stemmed trees, via
a quadratic sum, to compute the tree’s DBH-equivalent, using the i-Tree protocol).

enables consistency in longitudinal monitoring for re-measurement of
radial growth, comparisons between trees, and ultimately, the development of allometric models for multi-stemmed street trees of each
genus. D30 requires simple explanations and equipment, and was
measureable at its default height on all but one of the 345 multistemmed trees in our study. Its shortcomings are higher bodily strain
(from bending down) and the fact that, at least from our survey results,
it is not currently used by urban practitioners as an alternative height of
diameter measurement. Notably, however, agroforestry trials in the
1990s recommend D30 as the superior option, based on time required,
predictive power, objectivity, and ease of sampling (Stewart, 1990;

forest management applications, such as describing the overall size
class distribution of street trees in a city, trunk measurements to the
nearest 2.5 cm are acceptable (Roman et al., 2017), and height to actual
measurement is rarely recorded, so D Below Fork can be suitable. The
bodily strain issue is a relevant consideration for citizen science urban
forestry programs that use retired or elderly volunteers (Roman et al.,
2017; Johnson et al., 2018). By virtue of being at varying heights,
though, D Below Fork does not meet researchers’ needs for re-measurement and comparison between trees, and would complicate the
development of accurate allometric models for these trees.
On the other hand, D30 may be better suited for researchers, as it

Table 4
Qualitative rubric for evaluating each method according to criteria related to measurement ease, complexity, replicability, and other considerations associated with
surveying and data usefulness.
Criterion

D30

D Below Fork

i-Tree

Single-Stemmed DBH

Time requirement
Proportion of multi-stemmed trees on which this measurement is possible at default height
Mean height of actual measurement (cm)
Standard deviation of heights of actual measurement (cm)
Pieces of equipment required
Bodily strain
Maximum number of measurements (including height of measurement)
Complexity
Comparability between trees
Capacity for re-measurement
Sensitive to “negative” growth given pruning
Practitioners currently use
Researchers currently use

Low
100%
30
0
1
High
2
Low
High
High
No
No
Yes

Medium
100%
99
20
2
Medium
2
Medium
Low
Medium
No
Yes
Yes

High
56%
142 & 30
9&0
2
Medium
12
High
Medium
Low
Yes
Yes
Yes

Low
0%
137
2
2
Low
2
Low
High
High
No
Yes
Yes
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where population counts and species are more important than precise
tree size, D Below Fork is adequate and faster than measuring multiple
stems, while also imposing lower bodily strain than D30. For research
and monitoring, D30 is preferable for its repeatability and consistency.
However, research that will beneﬁt from comparisons to historical work
or application of existing allometric models methods will need to reﬂect
established protocols. The increasing adoption of urban forest inventories lends urgency to the resolution of this and similar questions of
mensuration.

MacDicken et al., 1991). Additionally, the authors of the Australian
National Carbon Accounting System have adopted D30 for multistemmed trees (Snowdon et al., 2002). These previous studies, combined with our results in Philadelphia, suggest that urban forestry researchers should use D30 for multi-stemmed trees.
4.1. Further research
There are numerous avenues for further research regarding multistemmed urban trees. First, a biomass estimation study, using non-destructive LiDAR techniques (Lefsky and McHale, 2008; McHale et al.,
2009; van Leeuwen and Nieuwenhuis, 2010) could conﬁrm (or complicate) our ﬁndings about the comparable predictive power of D30 and
D Below Fork. Researchers might also consider a related study on
whether similar protocol simpliﬁcations could be made for multistemmed trees in rural forests. Our recommendations to use D30 and D
Below Fork also need to be evaluated for other genera and regions, as
street tree species—and thus frequency and type of commonly multistemmed trees—diﬀer by region and country (McPherson et al., 2016a;
Ramage et al., 2012; Thomsen et al., 2016).
Second, our ﬁeld sampling yielded a dataset that could be used to
further explore some of the questions about crown architecture raised
by previous researchers. Such questions include urban street tree crown
eccentricities (McPherson et al., 2016b), environmental characteristics
associated with multi-stemmed form (Bellingham and Sparrow, 2009;
Dunphy et al., 2000; Stokes et al., 2011), crown width/DBH relationships (Hemery et al., 2005), and basal area relationships above and
below forking (Matérn, 1990; Minamino and Tateno, 2014; Murray,
1927). Because we also gathered data for each tree pertaining to crown
health and site characteristics (data not included in our models, but
provided in Appendix 3), other researchers could use our dataset to
examine the roles that such characteristics play in tree sizing and crown
architecture. One key question for researchers is which characteristics
of allometry transfer from rural to urban forests—and which need
amendment or replacement for urban application (McHale et al., 2009).
Researchers may also want to tease apart diﬀerences in crown architecture due to genetics as opposed to site conditions. For instance, a
possible reason for the more erect form of ‘Canada Red Select’ is that it
is a sport of Prunus virginiana ‘Schubert’—and thus descends from native
North American chokecherries, rather than the Japanese ﬂowering
cherries from which the others are bred (Barborinas, 2017; Breen, 2017;
Bailey Nurseries, 2017; Leopold, 2005; Petrides, 1972). Such genetic
variability impacts the relationship between stem diameter(s) and
crown architecture, complicating the search for a universal protocol.
Yet cultivar identiﬁcation was only possible for this study because of
access to reliable planting records. For many urban tree inventories—as
with several of those that we analyzed for planting trends—ornamental
Prunus are lumped together, so this genetic variability may not ﬁgure
into urban allometric models anyway. Indeed, the largest set of urban
allometric models currently available were developed at the species
level, and make no mention of cultivar (McPherson et al., 2016b).
Third, although we tried to record pruning to potentially incorporate the extent of pruning into our allometric models—because
pruning obviously impacts the allometry of urban trees—we found our
own methods inadequate, and echo previous researchers’ call to develop a quantitative “pruning index to adequately and consistently
describe reductions to crown dimensions and density” (Peper et al.,
2001).

Funding sources
This work was supported by the Hixon Center for Urban Ecology at
the Yale School of Forestry and Environmental Studies and the TREE
Fund.
CRediT authorship contribution statement
Yasha A.S. Magarik: Conceptualization, Methodology, Software,
Formal analysis, Investigation, Resources, Data curation, Writing original draft, Writing - review & editing, Visualization, Project administration, Funding acquisition. Lara A. Roman: Conceptualization,
Methodology, Supervision, Writing - review & editing, Project administration. Jason G. Henning: Methodology, Writing - review & editing.
Acknowledgement
We are deeply grateful to E. Bannar and M. Sutter for their assistance in ﬁeld sampling. We thank M. Ashton, C. Murphy-Dunning, T.
Gregoire, J. Reuning-Scherer, D. Doroski, D. Locke, J. Westfall, M.
Majewski, A. Doolittle, S. Low, and J. Bukoski for advising various aspects of the project, the Ashton Lab Group for providing valuable
feedback on data analysis, interpretation and presentation, and the
Pennsylvania Horticultural Society and USDA Forest Service for providing us with tree planting records, staﬀ time, equipment, and oﬃce
space. We also appreciate comments from two anonymous reviewers.
Finally, we thank all of the urban forestry practitioners who took the
time to share their perspectives with us, and the residents of
Philadelphia—whose trees we were able to measure.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.1016/j.ufug.2019.126481.
References
American Nursery & Landscape Association, 2004. American standard for nursery stock.
Indiana Department of Natural Resources, Division of Forestry 12 (May) ANSI Z.60.12004. www.in.gov/dnr/forestry/ﬁles/fo-ANSI_Z60_1_04.pdf.
Awang, K., et al., 1994. Three year performance of international provenance trials of
Acacia auriculiformis. For. Ecol. Manage. 70 (1-3), 147–158. https://doi.org/10.
1016/0378-1127(94)90082-5.
Babbie, E., 2004. The Practice of Social Research, 10th edition. Wadsworth/Thomson
Learning, Belmont, CA, pp. 376–379.
Bailey Nurseries, 2017. Canada red select cherry. Bailey Nurseries Accessed December 4.
www.baileynurseries.com/canada-red-select-cherry.
Barborinas, J., 2017. Canada Red Chokecherry. Canada Red Chokecherry, Urban Forest
Nursery, Inc.. www.urbanforestnursery.com/treeproﬁles/
proﬁlecanadaredchokecherry.html.
Beech, E., et al., 2017. GlobalTreeSearch: the ﬁrst complete global database of tree species and country distributions. J. Sustain. For. 36 (5), 454–489. https://doi.org/10.
1080/10549811.2017.1310049.
Bellingham, P.J., Sparrow, A.D., 2009. Multi-Stemmed trees in montane rain forests: their
frequency and demography in relation to elevation, soil nutrients and disturbance. J.
Ecol. 97 (3), 472–483. https://doi.org/10.1111/j.1365-2745.2009.01479.x.
Blood, A., et al., 2016. Resolving uncertainties in predictive equations for urban tree
crown characteristics of the southeastern United States: local and general equations
for common and widespread species. Urban For. Urban Green. 20, 282–294. https://
doi.org/10.1016/j.ufug.2016.09.009.
Brandis, D., 1876. Suggestions Regarding Forest Administration in British Burma. Oﬃce

4.2. Conclusion
The ideal measurement technique should be selected in consideration of the study goals, and our research uncovered some unique
ﬁndings to help inform this decision with regard to multi-stemmed
urban trees, which have challenged urban forest researchers for years.
When eﬃciency of measurement is paramount, such as for managers
9

Urban Forestry & Urban Greening 47 (2020) 126481

Y.A.S. Magarik, et al.

Mabowe, B.R., 2006. “Woody Biomass for Fuel – Estimating the Supply in Natural
Woodlands and Shrublands.” Thesis Paper Submitted for a Master of Science Degree.
Retrieved December 9, 2017 from. International Institute for Geo-Information
Science and Earth Observation, Enschede, The Netherlands. http://smartsite.itc.nl/
library/papers_2006/msc/nrm/mabowe.pdf.
MacDicken, K.G., et al., 1991. Standard Research Methods for Multipurpose Trees and
Shrubs. Winrock International Institute for Agricultural Development.
Maldonado, S., 2016. Philly mapped street trees for smarter maintenance. PlanPhilly 29
(July). http://planphilly.com/articles/2016/07/29/philly-mapped-street-trees-forsmarter-maintenance.
Matérn, B., 1990. On the Shape of the Cross-section of a Tree Stem: an Empirical Study of
the Geometry of Mensurational Methods. Swedish University of Agricultural
Sciences, Section of Forest Biometry, S-901 83 Umea, Sweden Report 28, 47 pp.
McHale, M., et al., 2009. Urban forest biomass estimates: Is it important to use allometric
relationships developed speciﬁcally for urban trees? Urban Ecosyst. 12 (1), 95–113.
https://doi.org/10.1007/s11252-009-0081-3.
McPherson, E.G., et al., 2016a. Structure, function and value of street trees in California,
USA. Urban For. Urban Green. 17, 104–115. https://doi.org/10.1016/j.ufug.2016.
03.013.
McPherson, E.G., et al., 2016b. Urban Tree Database and Allometric Equations. US Forest
Service PSW-GTR-253https://doi.org/10.2737/psw-gtr-253.
Miller, R.W., et al., 2015. Urban Forestry: Planning and Managing Urban Greenspaces,
third edition. Waveland Press, Inc, Long Grove, Illinois.
Minamino, R., Tateno, M., 2014. Tree branching: leonardo Da Vinci’s rule versus biomechanical models. PLoS One 9 (4). https://doi.org/10.1371/journal.pone.0093535.
Monteiro, M.V., et al., 2016. Allometric relationships for urban trees in Great Britain.
Urban For. Urban Green. 19, 223–236. https://doi.org/10.1016/j.ufug.2016.07.009.
Murray, C.D., 1927. A relationship between circumference and weight in trees and its
bearing on branching angles. J. Gen. Physiol. 10 (5), 725–729. https://doi.org/10.
1085/jgp.10.5.725.
National Oceanic and Atmospheric Administration (NOAA), 2018. 1981-2010 Climate
Normals. accessed December 8. National Centers for Environmental Information.
https://www.ncdc.noaa.gov/cdo-web/datatools/normals.
Nguyen, V.D., et al., 2017. Branching out to residential lands: missions and strategies of
ﬁve tree distribution programs in the US. Urban For. Urban Green. 22, 24–35.
https://doi.org/10.1016/j.ufug.2017.01.007.
Oderwald, R.G., Johnson, J.E., 2009. Measuring standing trees and logs. Virginia
Cooperative Extension/Virginia Polytechnic Institute and State University.
Publication 420-560, Blacksburg, Virginia Retrieved December 10, 2017 from.
https://pubs.ext.vt.edu/content/dam/pubs_ext_vt_edu/420/420-560/420-560_pdf.
pdf.
Petrides, G.A., 1972. A Field Guide to Trees and Shrubs: Northeastern and North-Central
United States and Southeastern and South-Central Canada. Peterson Field Guides,
second edition. Houghton Miﬄin Company, Boston.
Paradzayi, C., et al., 2008. Field surveys for biomass assessment in African savanna
woodlands. IEEE International Geoscience and Remote Sensing Symposium III,
632–635.
Peper, P.J., et al., 2014. Allometric equations for urban ash trees (Fraxinus spp.) in
Oakville, Southern Ontario, Canada. Urban For. Urban Green. 13 (1), 175–183.
https://doi.org/10.1016/j.ufug.2013.07.002.
Peper, P.J., et al., 2001. Equations for predicting diameter, height, crown width, and leaf
area of San Joaquin Valley street trees. Journal of Arboriculture 27 (6), 306–317.
Pinchot, G., 1899. A Primer of Forestry; Part I—the Forest. USDA Division of Forestry
Bulletin No. 24. Government Printing Oﬃce, Washington, pp. 48.
Pretzsch, H., et al., 2015. Crown size and growing space requirement of common tree
species in urban centres, parks, and forests. Urban For. Urban Green. 14 (3),
466–479. https://doi.org/10.1016/j.ufug.2015.04.006.
R Core Team, 2017. R: a Language and Environment for Statistical Computing. URL. R
Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/.
Ramage, B.S., et al., 2012. Relationships between urban tree communities and the biomes
in which they reside. Appl. Veg. Sci. 16, 8–20. https://doi.org/10.1111/j.1654-109X.
2012.01205.x.
Roman, L.A., et al., 2017. Data quality in citizen science urban tree inventories. Urban
For. Urban Green. 22, 124–135. https://doi.org/10.1016/j.ufug.2017.02.001.
Schlich, W., 1895. Manual of Forestry, Vol. III: Forest Management. Bradbury, Agnew, &
Co. Ld., London, pp. 33–40 and 180.
Sithole, K., et al., 2018. Assessing the utility of topographic variables in predicting
structural complexity of tree stands in a reforested urban landscape. Urban For.
Urban Green. 31, 120–129. https://doi.org/10.1016/j.ufug.2018.02.012.
Snowdon, P., et al., 2002. Protocol for Sampling Tree and Stand Biomass. Australian
Greenhouse Oﬃce, National Carbon Accounting System, Technical Report No. 31.
Stanley Black & Decker, Inc, 2017. Stanley® Level App. https://itunes.apple.com/us/
app/stanley-level/id565961826?mt=8.
Stewart, J.L., 1990. International Trial of Central American Dry Zone Hardwood Species:
Evaluation Manual. Oxford Forestry Institute September apparently unpublished.
Stewart, J.L., Dunsdon, A.J., 1994. Performance of 25 Central American dry zone hardwoods in a pantropical series of species elimination trials. For. Ecol. Manage. 65,
183–193.
Stewart, J.L., Salazar, R., 1992. A review of measurement options for multipurpose trees.
Agrofor. Syst. 19 (2), 173–183. https://doi.org/10.1007/bf00138507.
Stewart, J.L., et al., 1992. Wood Biomass Estimation of Central American Dry Zone
Species. Oxford Forestry Institute, Tropical Forestry Papers No. 26, pp. 60.
Stokes, A., et al., 2011. Multi-Stemming and mechanical traits ensure persistence of
subalpine woody plants exposed to a disturbance gradient. J. Veg. Sci. 23 (2),
325–338. https://doi.org/10.1111/j.1654-1103.2011.01349.x.
Thomsen, P., et al., 2016. Diversity of street tree populations in larger Danish

of the Superintendent of Government Printing, Calcutta, pp. 25 51, 74, 76, 85, 93, 97,
and 130.
Breen, P., 2017. Prunus Virginiana 'Canada Red'. Accessed December 4, 2017. Landscape
Plants, Oregon State University.. https://landscapeplants.oregonstate.edu/plants/
prunus-virginiana-canada-red.
Brokaw, N., Thompson, J., 2000. The H for DBH. For. Ecol. Manage. 129 (1-3), 89–91.
https://doi.org/10.1016/s0378-1127(99)00141-3.
Brown, S., 2002. Measuring carbon in forests: current status and future challenges.
Environ. Pollut. 116 (3), 363–372. https://doi.org/10.1016/s0269-7491(01)
00212-3.
Bukoski, J.J., et al., 2017. The use of mixed eﬀects models for obtaining low-cost ecosystem carbon stock estimates in mangroves of the Asia-Paciﬁc. PLoS One 12 (1).
https://doi.org/10.1371/journal.pone.0169096.
Carpenter, J., Bithell, J., 2000. Bootstrap conﬁdence intervals: when, which, what? A
practical guide for medical statisticians. Stat. Med. 19 (9), 1141–1164. https://doi.
org/10.1002/(sici)1097-0258(20000515)19:9<1141::aid-sim479>3.0.co;2-f.
Carter, P.J., 1890. The Mensuration of Timber and Timber Crops; a Short Treatise
Compiled for the Use of Indian Foresters. Thomason Civil Engineering College Press,
pp. 7–8 Found in India Forestry Reports, apparently bound by Theodore S. Woolsey,
Jr., binding date unknown.
Chave, J., et al., 2015. Improved allometric models to estimate the aboveground biomass
of tropical trees. Glob. Chang. Biol. 20, 3177–3190. https://doi.org/10.1111/gcb.
12629.
Chave, J., et al., 2005. Tree allometry and improved estimation of carbon stocks and
balance in tropical forests. Oecologia 145 (1), 87–99. https://doi.org/10.1007/
s00442-005-0100-x.
Clough, B.F., et al., 1997. Allometric relationships for estimating biomass in multistemmed mangrove trees. Aust. J. Bot. 45 (6), 1023–1031. https://doi.org/10.1071/
bt96075.
Coleman, T.W., et al., 2011. Coast live oak, Quercus agrifolia, susceptibility and response
to goldspotted oak borer, Agrilus auroguttatus, injury in southern California. For.
Ecol. Manage. 261 (11), 1852–1865. https://doi.org/10.1016/j.foreco.2011.02.008.
Condit, R., 1998. Tropical Forest Census Plots: Methods and Results From Barro Colorado
Island, Panama and a Comparison With Other Plots. Springer, pp. 46–55. https://doi.
org/10.1007/978-3-662-03664-8.
Dahdouh-Guebas, F., Koedam, N., 2006. Empirical estimate of the reliability of the use of
the Point-Centred Quarter Method (PCQM): solutions to ambiguous ﬁeld situations
and description of the PCQM protocol. For. Ecol. Manage. 228 (1-3), 1–18. https://
doi.org/10.1016/j.foreco.2005.10.076.
Dillman, D.A., et al., 2008. Internet, Mail, and Mixed-Mode Surveys: The Tailored Design
Method, third edition. John Wiley & Sons, Inc., pp. 277–280.
Dirr, Michael A., 1998. Manual of Woody Landscape Plants: Their Identiﬁcation,
Ornamental Characteristics, Culture, Propagation and Uses, ﬁfth edition. Stipes
Publishing, LLC, Champaign, Illinois.
Dunphy, B.K., et al., 2000. The tendency for trees to be multiple-stemmed in tropical and
subtropical dry forests: Studies of Guanica forest, Puerto Rico. Trop. Ecol. 41 (2),
161–167 ISSN 0564-3295.
Emmanuel, C.J.S.K., et al., 1997. Assessment of International Neem Provenance Trials.
Sept. International Provenance Trials of Neem, FAO Forestry Department. www.fao.
org/docrep/005/AC617E/AC617E00.htm#TopOfPage.
Evans, M.R., et al., 2015. Allometry and growth of eight tree taxa in United Kingdom
woodlands. Sci. Data 2, 150006. https://doi.org/10.1038/sdata.2015.6.
Flowers, D.E., Gerhold, H.D., 2000. Replacement of trees under utility wires impacts
attitudes and community tree programs. Journal of Arboriculture 26 (6), 309–318.
Friess, D.A., et al., 2016. Mangrove forests store high densities of carbon across the tropical urban landscape of Singapore. Urban Ecosyst. 19, 795–810. https://doi.org/10.
1007/s11252-015-0511-3.
Galvin, M., 2012. The Urban Ecology Collaborative: a decade of learning in a community
of interest. City Trees (May–June), 30–31.
Graves, H.S., 1906. Forest Mensuration. John Wiley & Sons, New York, pp. 112.
Gregoire, T.G., 2015. Nonparallel regressions with Indicator variables. Int. J. Stat. Probab.
4 (2). https://doi.org/10.5539/ijsp.v4n2p46.
Hammer, G.L., 1981. Site classiﬁcation and tree diameter-Height-Age relationships for
cypress pine in the Top End of the Northern Territory. Aust. For. 44 (1), 35–41.
https://doi.org/10.1080/00049158.1981.10674287.
Hemery, G.E., et al., 2005. Applications of the crown diameter–stem diameter relationship for diﬀerent species of broadleaved trees. For. Ecol. Manage. 215 (1-3),
285–294. https://doi.org/10.1016/j.foreco.2005.05.016.
Jenkins, J.C., et al., 2004. Comprehensive Database of Diameter-based Biomass
Regressions for North American Tree Species. US Forest Servicehttps://doi.org/10.
2737/ne-gtr-319. NE-GTR-319.
Johnson, M.L., et al., 2018. Why count trees? Volunteer motivations and experiences with
tree monitoring in New York City. Arboric. Urban For. 44 (2), 59–72.
Kottek, M., et al., 2006. World Map of the Köppen-Geiger climate classiﬁcation updated.
Meteorol. Z. 15, 259–263. https://doi.org/10.1127/0941-2948/2006/0130.
Larsen, D.R., 2016. Simple taper: taper equations for the Field forester. In: Proceedings of
the 20th Central Hardwood Forest Conference. United States Forest Service, GTRNRS-P-167.
Leﬀ, M., 2013. UEC urban forestry practitioners share all!. Cities and the Environment
(CATE) 6 (1) Article 2. Available at: http://digitalcommons.lmu.edu/cate/vol6/
iss1/2.
Lefsky, M., McHale, M., 2008. Volume estimates of trees with complex architecture from
terrestrial laser scanning. J. Appl. Remote Sens. 2 (1), 1–19. https://doi.org/10.
1117/1.2939008.
Leopold, D.J., 2005. Native Plants of the Northeast: A Guide for Gardening &
Conservation. Timber Press, Portland.

10

Urban Forestry & Urban Greening 47 (2020) 126481

Y.A.S. Magarik, et al.

US Forest Service, 2017a. Forest Inventory and Analysis National Core Field Guide:
Volume I: Field Data Collection Procedures for Phase 2 Plots, Version 7.2. October
2017. https://www.ﬁa.fs.fed.us/library/ﬁeld-guides-methods-proc/docs/2017/
core_ver7-2_10_2017_ﬁnal.pdf.
US Forest Service, 2017b. i-Tree Eco Field Guide, v.6.0. . April 16, 2017. Retrieved
November 28, 2017 from. https://www.itreetools.org/resources/manuals/Ecov6_
ManualsGuides/Ecov6_FieldManual.pdf.
US Forest Service, 2018. Forest Inventory and Analysis National Urban FIA Plot Field
Guide: Field Data Collection Procedures for Urban FIA Plots, Version 7.2.1. April
2018. US Forest Service. https://www.nrs.fs.fed.us/ﬁa/urban/ﬁeld-guides/national/
2018%20FG-7.2.1.pdf.
van Leeuwen, M., Nieuwenhuis, M., 2010. Retrieval of forest structural parameters using
LiDAR remote sensing. Eur. J. For. Res. 129, 749–770. https://doi.org/10.1007/
s10342-010-0381-4.
Weiskittel, A.R., et al., 2011. Forest Growth and Yield Modeling. John Wiley & Sons,
Oxford, pp. 128. https://doi.org/10.1002/9781119998518.

municipalities. Urban For. Urban Green. 15, 200–210. https://doi.org/10.1016/j.
ufug.2015.12.006.
Tietema, T., 1993. Biomass determination of fuelwood trees and bushes of Botswana,
Southern Africa. For. Ecol. Manage. 60 (3-4), 257–269. https://doi.org/10.1016/
0378-1127(93)90083-y.
Timilsina, N., et al., 2017. A comparison of local and general models of leaf area and
biomass of urban trees in USA. Urban For. Urban Green. 24, 157–163. https://doi.
org/10.1016/j.ufug.2017.04.003.
Troxel, B., et al., 2013. Relationships between bole and crown size for young urban trees
in the northeastern USA. Urban For. Urban Green. 12 (2), 144–153. https://doi.org/
10.1016/j.ufug.2013.02.006.
Urban Ecology Collaborative (UEC) About the Urban Ecology Collaborative. Accessed
December 8, 2018. http://www.urbanecologycollaborative.com/about-the-urbanecology-collaborative/.
US Census Bureau, 2017. QuickFacts: Philadelphia County, Pennsylvania: Population
Estimates. 2017, July 1 (V2017). https://www.census.gov/quickfacts/
philadelphiacountypennsylvania.

11

