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Abstract: Urban trees in lawns and along streets are anthropogenically constructed systems, in that
these tree communities are formed by human planting and removal actions. Tree mortality studies are
essential to understanding the temporal dynamism of urban forests, and in particular, it is critical to
incorporate institutional records and human decision-making regarding tree removals. In this study,
we investigated tree removals on a highly urbanized college campus in Philadelphia, Pennsylvania
(US) by analyzing field inventories and institutional records, and by considering firsthand accounts
of the University Landscape Architect. The annual mortality rate was 4.3%, higher than typical
for comparable studies, which we attribute to construction pressure and proactive management to
promptly remove unhealthy trees and manage risk. Capital projects and other construction caused
48.5% of all removals, other human land use decisions caused 2.0%, and tree health decline and risk
management collectively accounted for 48.7%. The number of removed trees exactly equaled the
number of new trees, and the campus has high taxonomic diversity, reflecting the extensive oversight
by university tree and landscape professionals regarding tree removal and planting decisions. This
study demonstrates the value of mixed-methods and transdisciplinary research to understand how
urban forests change over time.

Keywords: urban densification; redevelopment; building renovation; urban forest; tree monitoring;
urban greening; urban greenspace; urban tree mortality; tree demography; sustainable campus

1. Introduction

Urban forests—the trees in cities and urbanized areas [1]—are dynamic socio-ecological
systems co-produced by past and present human and biophysical forces [2,3]. Over the past
few decades, municipal leaders have sought to increase tree canopy levels and launched
massive planting campaigns [4,5], often rooted in conceptualizations of trees as green
infrastructure that delivers ecosystem services [6,7]. Growing urban canopy involves
human management of urban forest population cycles and taxonomic composition, in-
cluding species selection at planting and patterns of mortality and replacement [8,9]. As
Clark et al. [10] explained, “sustainable urban forests require human intervention”. In
particular, trees in lawns, along streets, and in plazas are anthropogenically constructed
portions of the urban forest, in that these tree communities are formed primarily by human
planting, rather than natural regeneration from seedlings [8,11]. Urban forests in hardscape
and lawn environments are comprised of numerous tree planting cohorts of varying age
classes, leading to complex size structures and taxonomic composition reflecting legacies
of past human actions [12–14]. To achieve a net gain in tree counts, the number of new
trees must outnumber the losses of existing trees, all in the context of limited plantable
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space [11,15]. The design of future urban forests, therefore, depends not only on planting
campaigns but also on the pace and patterns of removals.

Tree mortality studies are essential to understanding fluxes in urban forest systems,
including the impacts of management decisions. Notably, the mortality of street and
lawn trees is a considerably different process compared to the mortality of trees in natural,
wildland forests (and natural forested areas within cities). In wildland forests, tree mortality
results from a slow accumulation of various stressors, often over many decades [16], a
concept articulated by Manion [17] as the disease-decline spiral and later adapted by
Franklin et al. [18] as the mortality spiral. Dead trees then serve ecological functions,
including wildlife habitat and decomposition [18,19]. In contrast, when street and lawn
trees die in-place, they can become dangerous to people and property [20] or signify a
lack of care [21,22]. Arboricultural best practices in tree risk management generally call
for dead urban trees to be removed [23]. Urban tree mortality can also result from the
removal of living trees: both pre-emptive removal due to health and safety concerns (e.g.,
tree risk management) and removal due to aesthetic considerations or human land use
preferences [24]. The pre-emptive removals are carried out to reduce risk of injury to people
and property and curtail liability [20,25]. In other words, humans intervene to fell urban
trees before the mortality spiral completes. Kirkpatrick et al. [26] referred to the removal of
trees that are diseased or of advanced age as ‘tree euthanasia’, language that evokes the
fact that humans are deliberately cutting short the mortality spiral.

Unfortunately, many urban tree mortality studies do not capture the human-directed
nature of removal, as the reasons for removal are not often discernable from field observa-
tions alone. In a recent literature review, the factors most often statistically associated with
urban tree mortality were taxa or species characteristics (e.g., drought-tolerant species), tree
size or age, site characteristics (e.g., planting space, site type), stewardship, and local so-
ciodemographic metrics [24]. Those studies used variables derived from field observations,
planting records, and geospatial socioeconomic data to build statistical models for mortality
outcomes (e.g., [2,9,11,27]). Mortality is generally higher for trees with smaller trunks, indi-
cating greater vulnerability for younger and/or smaller trees to death and removal [8,24].
Urban tree mortality studies typically use data that is relatively easy to obtain during field
work, or, alternatively, use a combination of field observations and sociodemographic
data readily available from public sources, but there is a need for other mixed-methods
approaches [24], particularly those utilizing data pertaining to removal decisions. Notably,
even massive mortality events in urban forests, such as invasive pests and pathogens, have
human removal decisions as a driving force, with pre-emptive removals sometimes carried
out to quarantine outbreaks or avert the need for ongoing treatments [28–30]. Therefore, un-
derstanding the causes of or justifications for removal is critical to understanding mortality
rates and drivers in urban forests.

With urban forests as fundamentally socio-ecological systems [2,31] and many city
trees located in engineered landscapes managed by and for humans [32], there are alter-
native ways of generating knowledge about tree mortality. It is important to assess direct
causal mechanisms for mortality, including why humans remove trees that are not yet dead.
Studies that have investigated administrative records, local expert knowledge, and resident
experiences have shown that that development activities, tree risk and health perceptions,
and aesthetic preferences were impetuses for tree removal and canopy loss [26,28,33–35].
Local institutional records, such as municipal renovation permits and demolition records,
have rarely been included in mortality analyses, but when they were, such construction ac-
tivities were found to be associated with tree loss [36–39]. Indeed, tree removal, and its flip
side, tree preservation, are central to urban forest management and governance [38,40,41].
For instance, many cities have enacted public policies, such as tree preservation ordinances
and by-laws, to curtail tree loss associated with development [35,41]. Additionally, compo-
sitional changes in urban forest systems are tied not only to rates of loss but also to changing
planting decisions over time, as certain species gain or lose favor [3,14]. Incorporating
perspectives from land managers and administrative records can promote transdisciplinary
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understandings of urban tree population and community dynamics, and the central role of
human decision-making in orchestrating change in sylvan urban landscapes.

To investigate mortality and compositional shifts in an urban forest, we used a unique
data set of two linked inventories, 11 years apart, from an urban college campus. By
connecting tree removals with institutional records and land manager knowledge, we
were able to attribute direct causal mechanisms for tree loss. Our research questions were:
(1) Based on institutional records and land manager knowledge, what caused tree removal?
(2) How well do tree size and site type predict mortality? (3) How did the urban forest
system change, in terms of removals and planting, and the species composition? We then
discuss implications for urban forest management.

2. Materials and Methods
2.1. Study System

Our study took place at the University of Pennsylvania (Penn), a private university
located in Philadelphia, Pennsylvania, United States (US). Philadelphia is currently the
sixth-largest city in the US, with a population of 1.6 million as of 2020 [42]. Philadelphia is
at the northern edge of the humid subtropical climate zone [43], with steady year-round
precipitation, hot humid summers, cold winters with variable snowfall, and mild spring
and fall. The mean January temperature is 0.9 ◦C, mean July temperature is 25.9 ◦C, and
mean annual precipitation is 1120 mm [44].

The Penn campus is west of the Schuylkill River in the University City neighborhood.
Philadelphia’s natural terrestrial ecosystems are largely mesophytic forests [45], with
wetland areas along many creeks and rivers [46]. The campus and the city include the
fall line between the Piedmont (generally hilly and forested) and Atlantic Coastal Plain
(generally flat and swampy) physiographic regions [47].

During our study period (2003–2014), campus tree canopy cover ranged from 19.1%–21.6%,
a substantial rise from only 8.7% tree cover in 1970 [48]. Following the physical expan-
sion of the campus through urban renewal policies in the mid-20th century, a Landscape
Development Plan in 1977 ushered in renewed attention to vegetation management and
landscape beautification [49]. The Penn campus has been designated as a Tree Campus
USA by the Arbor Day Foundation since 2009 and was recognized as an arboretum in
2017 [48]. The campus is embedded within a highly urbanized neighborhood, surrounded
and bisected by high-traffic municipal roads, including streets with frequent public transit
buses and trucks, and streets designated as snow emergency routes. Many of the internal
campus walkways are former streets that were closed to public vehicular traffic decades
ago [48] but are still regularly used by university vehicles.

We focused on the core campus (63 ha, Figure 1): trees in lawns, plazas, and along
streets. We did not include the Botanic Garden—the largest wooded space on campus—
which had incomplete inventory records. In the core campus, the University Landscape
Architect, Landscape Planner, and Urban Park Manager are responsible for vegetation man-
agement, including trees. These staff are under the Penn Facilities and Real Estate Services
(FRES) office, which manages the physical assets of the university, with the University
Landscape Architect and Landscape Planner being under the Office of the University Archi-
tect. These personnel work with other Penn ground crews, arborists, designers, gardeners,
and external contractors to plant, maintain, and remove trees. Campus tree management is
also informed by the Morris Arboretum’s Urban Forestry Consultants, who are part of the
Penn system, with offices located in the Chestnut Hill neighborhood of Philadelphia. The
consultant team includes a Board-Certified Master Arborist. While Morris Arboretum’s
tree professionals have been involved in campus landscape management since at least the
late 1970s [48], the Morris–FRES partnership became more formal and intensive in the early
2000s. This partnership included the Morris Urban Forestry Consultants carrying out the
tree inventories described below and tree inspections to provide pruning, preservation, and
removal recommendations. These inspection cycles became more frequent around 2005,
covering one-quarter of the campus every year, and shifted to annual inspections of all trees
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in 2014. Inspections and other tree management tasks by Morris consultants are currently
formalized through a FRES-Morris Memorandum of Understanding. In short, since the
early 2000s, the campus urban forest has been proactively managed by landscape and
arboricultural professionals, in contrast to the situation in the 1970s, when the landscape
was neglected and numerous trees were diseased or dying, and professional tree care was
lacking [48,49]. Campus tree management has been steadily growing more proactive since
the 1977 Landscape Development Plan.

Figure 1. The University of Pennsylvania campus, displaying the core campus area used in this study.
Numbers indicate places discussed in the text: (1) Harrison College House, (2) Steinberg-Dietrich
Hall, (3) Annenberg Public Policy Center, (4) New College House, also known as Lauder College
House, (5) McNeil Center for Early American Studies, (6) Skirkanich Hall, (7) Shoemaker Green, and
(8) Edward W. Kane Park.

2.2. Case Study Approach

Using a case study approach, we investigated the phenomena of urban tree mortality
in-depth in a real-world context [50]. As a group of co-authors, we are all current or former
students or staff at Penn—a mix of scholars and landscape professionals, representing
transdisciplinary research that has been called for in urban forestry [51,52].

Furthermore, we treat the campus as an experimental landscape and living laboratory
for the study of urban tree temporal dynamics [48,53], following in the tradition of other
urban forestry studies that have used college campuses to investigate ice damage [54] and
dendrochronology [55]. Additionally, some college campuses have recently set tree cover
goals and used ecosystem services discourse in ways similar to municipalities [48], making
campus case studies relevant to broader urban forestry research. At Penn, a student report
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estimated the ecosystem services of campus trees [56], and a campus climate action plan
mentioned the importance of maintaining the integrity of the campus urban forest [57].
These reports align Penn with broader trends in urban forestry, whereby professionals view
trees through the lens of ecosystem services [6]. Additionally, the tree cover on this campus
has been shaped over many decades by the same historical forces that influenced urban
forests more broadly, such as the City Beautiful movement, urban park creation, and urban
renewal [3,48,58].

2.3. Data Collection

To analyze change over time in the campus urban forest, we used three data sources:
(1) inventories from 2003 and 2014, (2) institutional records of trees removed due to capital
projects, and (3) firsthand accounts of the University Landscape Architect (a co-author on
this manuscript), who has managed campus trees since 1994.

2.3.1. Tree Inventories

The campus inventories included plants that are considered either small trees or large
shrubs (e.g., Amelanchier spp., Hamamelis spp., Lagerstroemia spp.) as there is no standard
botanical definition of ‘tree’ [59] and all these woody plants fall under the purview of FRES
staff. We refer to all plants in the campus tree inventories as ‘trees’ throughout this paper
because these plants are managed as part of the campus urban forest.

The 2003 and 2014 inventories were conducted by Morris Arboretum’s Urban Forestry
Consultants. In 2003, tree species and circumference at breast height (CBH, to the nearest
2.54 cm) were collected on paper and transcribed to a spreadsheet. We converted CBH to
diameter at breast height (DBH), taking the quadratic sum for multi-stemmed trees [60].
Tree locations were recorded based on a grid system for the campus that mirrors the city
street grid (e.g., grid cell M38 for the area bordered by Walnut St. and Locust Walk, 38th
and 39th Sts.). Within each grid cell, trees were located within quadrants and assigned a
number (e.g., grid cell M38, quadrant 1, tree 20). The 2003 inventory was later paired with
a spatially explicit map, based on a supplemental inventory collected in 2005, and entered
into AutoCAD [61], which is a mapping software widely used in landscape design. The
grid cell and tree number connected the AutoCAD map to the inventory spreadsheet. Tree
planting site type (i.e., a description of the tree’s immediate location, [62]) was categorized
as street tree, other hardscape, or lawn, based on the AutoCAD map and the current BG-
BASE map (see description below). Street trees are in sidewalk cut-outs or trenches while
other hardscape trees are in plazas or courtyards.

For the 2014 inventory, tree data was collected and uploaded into BG-BASE, a software
system for vegetation records, which is used in botanic gardens, arboreta, and herbaria [63].
Data was collected on tablets, through which field crews confirmed tree locations while
looking at BG-MAPS, which are CAD-based maps. All trees were given an accession
number; trees that were new in the database as of 2014 only had this accession number,
whereas trees that were also present in the 2003 inventory retained the grid cell and tree
number while also receiving an accession number. The mortality of trees that were alive
in 2003 was determined based on removals noted in the 2014 inventory, and removed
and standing dead trees noted in intervening inventories in 2005 and 2012. Neither the
2005 nor the 2012 inventory covered the entire core campus area that was of interest to
this study; therefore, we only analyzed the 11-year mortality from 2003 to 2014 because
these inventories were the most spatially complete. We did not assess trees that were
planted post-2003 and died pre-2014, also known as “ghost mortalities”, as they take place
in between monitoring end points [11]. Incomplete DBH records from 2014 precluded an
assessment of DBH growth or basal area changes among campus trees between the 2003
and 2014 inventories.

We linked the inventories using a compound key based on the grid cell and tree
number (e.g., M38.1_20). We screened the records linked in this manner for mismatches
in species and decreases in DBH, which could indicate that a tree number was re-used for
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a new planting (i.e., the number did not retire following tree removal). For trees that did
not link using the compound key, we connected inventory records by manually examining
the AutoCAD and BG-BASE maps in conjunction with species and DBH records, and
discussions with the University Landscape Architect.

2.3.2. Categorizing Causes of Removal from Institutional Records and Firsthand Accounts

We documented causes of tree removal between the 2003 and 2014 inventories. In the
context of this managed campus landscape, we refer to ‘causes’ as the rationale for removal,
as reported by the campus tree managers and determined through institutional records.
Crucially, for trees that were removed due to declining health or risk management, Penn
landscape staff generally removed trees while they were still alive to maintain an attractive
campus with low tree-related risk. In general, during our study period, campus trees
were not allowed to complete the mortality spiral and die in-place [17,18,24]. Furthermore,
because of proactive management, in the rare instances of trees that may have died in-
place, it is unlikely that standing dead trees would persist in this campus landscape,
in contrast to neighborhoods where standing dead trees may linger for years due to
lack of stewardship [11,21]. Therefore, we refer to mortality cases in terms of removal
rationales, with the assumption that nearly all removals were of living (although sometimes
unhealthy) trees.

The causes of removal were grouped by:

(1) Removals due to tree health decline or risk management, including storm and wind dam-
age, pests and diseases, shading from trees or structures, tree risk management (i.e.,
removal of hazardous trees that could damage built infrastructure or injure people),
street tree stresses (e.g., de-icing road salt), vehicular accidents, and trunk girdling
(e.g., from signs or decorative lights);

(2) Human land use choices, including capital projects, other construction (e.g., building
façade and walkway upgrades, utility repairs), and aesthetic and functional landscape
preferences (e.g., trees interfere with social landscape uses or visual site lines); and

(3) Unknown.

At Penn, capital projects are currently defined as major renovation or construction
activities costing US$100,000 or more, such as the construction of new buildings or land-
scapes, or major renovations of existing built structures [64]. Capital project maps at the
campus archives include records of tree removals. Collectively, we consider capital projects
and other construction activities to be akin to renovation and redevelopment activities that
occur throughout urbanized landscapes. For tree losses that could not be directly linked to
capital project records, causes of removal were categorized based on the recollections of
the University Landscape Architect. Specifically, campus maps, removal data, and capital
projects records were discussed at-length during in-person meetings to categorize the
causes of removal.

Although there were undoubtedly intersecting impacts of human and biophysical
factors on the health and survival of trees in removal groups (1) and (2) that may have
predisposed them to decline and removal [24], the removal causes we analyzed were the
final contributing factors [17] from the perspective of the University Landscape Architect,
i.e., the justification or impetus for tree removal. We use the terms contributing and predis-
posing following Manion’s seminal disease decline spiral [17]. For removals due to tree
health decline or risk management (group (1)), these removals were considered necessary
by arboricultural professionals, such as trees suffering from abiotic or biotic stressors,
structural stability concerns, or safety concerns for pedestrians and infrastructure. The
motivations for removal often blended together tree health and safety concerns, particularly
for large trees, because declining health can make such trees hazardous. Some trees in
group (1) may have been predisposed to poor health due to prior human decisions, but our
cause of removal classification indicates the final contributing factor to tree removal, and
not the predisposing or inciting factors that made the tree more vulnerable. For instance, a
tree stressed from excessive winds, and subsequently removed due to this health decline,
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was deemed part of removal group (1), even though species selection and site placement
set the stage for those wind problems, as predisposing factors. For removals due to human
land use choices (group (2)), the removals were not directly caused by judgements about
tree health and safety, and instead reflect human priorities for landscape functions.

2.3.3. New Trees

New trees in 2014 consisted of trees that were planted between 2003 and 2014, and
also survived to 2014. We specifically noted the number of trees that were planted as part
of capital projects. However, we were unable to obtain comprehensive records about tree
preservation during capital projects for our study period.

2.4. Overview of Campus Tree Preservation and Governance Context

Because tree preservation and planting policies can restrict tree removals in cities
and/or promote new tree planting [35,41,65], we briefly explain the governance context
about tree preservation in Philadelphia and on the Penn campus. There is extensive over-
sight about campus tree removal and planting decisions by the University Landscape
Architect and Landscape Planner. These professionals have control over removals, plant-
ings, and replacements in areas of the campus that are not active capital projects, and they
also have influence regarding tree removals and additions spurred by capital projects. With
capital projects, the trees intended for removal and planting are first proposed by a con-
tracted landscape architect associated with a given project, then subsequently reviewed by
the Office of the University Architect, and sometimes adjusted by the University Landscape
Architect and Landscape Planner. These campus staff attempt to retain large healthy trees
when it is practical to do so (e.g., when a tree is not directly located within the footprint of a
new building). However, there is not a comprehensive campus tree policy, notwithstanding
the campus plans mentioning the importance of trees [49,57] and the existence of tree
management plans for particular taxa (e.g., regarding diseases and pests of Ulmus spp.
or Fraxinus spp.). In other words, during our study period, campus tree removals and
plantings were not tightly regulated through a formal codified process but were closely
managed by landscape and arboricultural professionals.

Furthermore, campus capital projects whose parcel’s land area was greater than
464.5 m2 fall under Philadelphia’s zoning code (Philadelphia Municipal Code §14-705) con-
cerning development standards for landscapes and trees. In 2012, new municipal policies
were established to promote tree preservation and planting during development [66,67].
Specifically, the policies were intended to curtail the removal of heritage trees, defined in
the code as trees that are both over 61 cm DBH and on a select species list (mostly natives).
However, tree preservation is not strictly required by this municipal policy. Rather, tree
removal is allowed when the tree is located in the intended building footprint, if “a certified
arborist has determined that the tree is dead, damaged, diseased, or a threat to public health
or safety”, or if the tree is considered problematic for traffic safety (Philadelphia Municipal
Code §14-705). Removed trees are required to be replaced, based on a system of credits in
relation to the size of preserved and removed trees on the parcel. These policies would not
have impacted capital projects on the Penn campus that were planned and approved prior
to 2012 (even if trees were removed post-2012) but did impact some projects that took place
in late 2013 and early 2014, towards the end of our study period.

Notably, street trees in Philadelphia fall under the purview of Philadelphia Parks &
Recreation (PPR), which gives permits for street tree planting and removal actions [68]. PPR
also has a list of permitted street tree species. Penn FRES staff have assumed management
responsibility for street trees within the core campus, including funding and overseeing
planting, maintenance, and removal. Species planting choices for private landscapes (i.e.,
most trees on the Penn campus) are not tightly regulated by the municipality.
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2.5. Data Analysis
2.5.1. Tree Demography

Our analysis of campus tree population changes followed a previous street tree mor-
tality study [11] and urban tree demography primer [8], which in turn adapted classic
demographic methods [69] to urban forests. We defined survival as trees observed to be
alive in 2014 that were also alive in 2003, and mortality as trees that were standing dead or
removed by 2014 that were alive in 2003. We calculated the annual mortality rate, qannual, as:

qannual = 1 − (
Kx

K0
)
(1/x)

where x is the time interval (11 years), K0 is the number of trees alive for the baseline
inventory (2003), and Kx is the number of trees alive at the end of x years (2014). We report
annual mortality rates for all living trees from 2003, and by DBH size class groups from
that baseline inventory (<15.3, 15.3–30.5, 30.6–45.7, 45.8–61.0, and >61.0 cm) and site type
(street tree, other hardscape, and lawn). Analyses using size class considered only trees
with known DBH from the 2003 inventory.

We also report the overall population size in 2003 and 2014, and the raw counts of
trees that died or were removed (mortality) and newly planted trees (recruitment). Notably,
while ecologists use ‘population’ to refer to individuals from the same species, urban
foresters have used ‘population’ more generally to refer to all trees within a geographic
area or landscape type [8].

2.5.2. Association between Size Class, Site Type, and Mortality

Because size class and site type have been found to be statistically associated with
mortality outcomes in other urban forestry studies [24], we assessed the association between
DBH size class and mortality, and between site type and mortality, using χ2 tests and odds
ratios. We used the ‘epitools’ package in R [70].

2.5.3. Compositional Changes and DBH of Removed Trees

We report the species richness and proportions of common species and genera. The
styling and format of species records varied, as sometimes only common names were used,
so data processing included the assignment of Latin names to each record. Nearly all
trees were identified to at least the genus level (99.97% in 2003 and 99.81% in 2014), but
around one-fifth of trees did not have species-level identification (19.2% of genus-level
identifications lacked species identifications in 2003). Our assessment of compositional
change focused on genera and species constituting over 2% of all trees in either 2003 or
2014. When we report species richness counts, we include only individual trees identified
to species or hybrids (e.g., Prunus × incam and Prunus serrulata would count as identified
species, but Prunus sp. would not). We also report basic summary statistics regarding the
size of removed trees (median and mean DBH of removed trees).

3. Results
3.1. Annual Mortality and Net Population Change

Within the core campus, the total number of live trees remained the same: 3694 in both
2003 and 2014. There were 1427 trees that were removed during this period, meaning that
over one-third (38.5%) of the live trees from 2003 were removed over the full 11-year study
period. The annual mortality rate was 4.3%. The number of newly planted trees (1427)
exactly equaled the number of trees lost.

3.2. Causes of Removal

Of the 1427 trees lost, 50.4% were caused by human land use choices, 48.7% were
caused by tree health decline and risk management, and 0.9% of removals had unknown
causes (Table 1). The single largest causal subgroup of tree loss was construction from
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capital projects (29.9% of all removals). Another 18.6% of removals were due to construc-
tion unrelated to a capital project; so, capital projects and other construction combined
accounted for 48.5% of all removals. Examples of capital projects and construction activities
include major renovations to dormitories and academic buildings (e.g., Harrison College
House, Steinberg-Dietrich Hall; see Figure 1), new academic buildings and dormitories
(e.g., Skirkanich Hall, McNeil Center for Early American Studies, New College House), the
installation of manicured parks (e.g., Shoemaker Green, Edward W. Kane Park), improve-
ments to walkways and building façades, and sculpture installation. The largest loss of
trees from a single capital project was New College House (now known as Lauder College
House) on Hill Field (85 removals). The second-largest loss of trees from a capital project
was the Annenberg Public Policy Center (51 removals). Removals due to aesthetic and
functional landscape preferences (2.0% of all removals) included trees that conflicted with
a high-traffic taxi stop, interfered with visual sight lines for security cameras, were deemed
to be in an overly dense cluster of other trees, and misaligned with landscape uses and
preferences of university administrators.

Table 1. Causes of tree removal (n = 1427) on the Penn campus, 2003–2014, and the median DBH of
those removals (for the subset of 1407 removed trees that had DBH values).

Cause n % of Total Median DBH of
Removals (cm)

human land use choices 719 50.4 14.6
capital projects 426 29.9 12.9
other construction 265 18.6 16.1
aesthetic and landscape preferences 28 2.0 12.5

tree health decline and risk management 695 48.7 10.5
unspecified general health decline 413 28.9 12.1
shading 115 8.1 4.9
street tree stresses 73 5.1 12.1
pests and diseases 37 2.6 8.9
storm damage 24 1.7 10.9
wind damage 20 1.4 8.9
tree risk management 8 0.6 30.3
accidents 4 0.3 8.9
girdling 1 0.1 26.7

unknown 13 0.9 13.7

all 1427 12.1

Within removals due to tree health decline and risk management, most were unspeci-
fied general health declines (Table 1), such as newly planted trees that failed to establish,
or declining old trees. In terms of specific causes of tree health problems that the Uni-
versity Landscape Architect could identify, shading was the most commonly identified
stressor (8.1% of all removals). Examples of trees that were unhealthy and removed due
to light limitation include 43 Magnolia spp., 24 Cornus spp., and 18 Prunus spp. (out of
115 shade-related removals). For street trees, stresses common to that site type (including
road salt) resulted in 5.1% of all removals, although street trees were also removed due to
other stressors discussed here (e.g., disease). Trees that were determined to be unhealthy
due to wind stress, and subsequently removed (1.4% of all removals), were mostly located
in the “superblock” of high-rise dormitories near 40th St. and Locust Walk, which is an area
well-known to Penn students and staff for excessive winds [71]. Removals due to pests and
disease (2.6% of all removals) were mostly Fraxinus spp. (23 out of 37 removals due to pests
and diseases), which often had white peach scale (Pseudaulacaspis pentagona). Notably, our
study took place before the confirmed arrival of the emerald ash borer (Agrilus planipennis)
in Philadelphia in 2016, which is fatal to Fraxinus spp. if left untreated. Very few trees
(0.6%) were removed primarily due to safety and infrastructure concerns related to tree



Forests 2022, 13, 871 10 of 21

risk management. However, as mentioned previously, risk management factored into
removal decisions for any large trees that had declining health. Rarely, vehicular accidents
damaged trees and caused removals along streets and walkways (0.3% of all removals). In
one instance, a tree suffered health decline due to girdling decorative lights (0.1% of all
removals). A summary of the mortality rates and common causes of removal for common
genera is provided in Table S1.

3.3. Plantings Associated with Capital Projects

Of the 1427 new trees present in 2014, 402 were from capital projects (28.2%). The
largest number of new trees from a capital project was 96 trees planted at Shoemaker
Green, at which a new greenspace was installed to replace aging tennis courts and parking
areas [72]; 38 trees were also removed due to the installation of Shoemaker Green. These
removals at Shoemaker Green included two relatively large, old Platanus × hispanica
(59.8 cm in 2003), which will be explained further in the discussion section.

3.4. Association between Size Class, Site Type, and Mortality

Considering the 3657 trees with known DBH from the 2003 inventory, smaller trees
(<15.3 cm) had the highest annual mortality, 4.7%, while the trees in the largest size class
(>61.0 cm) had the lowest annual mortality, 2.7% (Figure 2, Table 2). The smallest and
second-smallest size classes both had a significantly different mortality from the three
largest size class groups (Figure 2). The estimated odds ratios indicate a greater probability
of mortality for the two smallest size classes (Table S2). For example, the estimated odds
ratio for mortality, comparing trees < 15.3 cm vs. trees > 61.0 cm, was 2.0 (95% CI: 1.4–3.1).
Notably, capital projects and construction were relatively less frequent causes of removal
for the largest size class (35.3% of removals for trees > 61.0 cm) but a very common cause
of removal for the second-highest size class (70.0% of removals for trees 45.8–60.9 cm)
(Table 2).

Figure 2. Annual mortality rates by DBH size class. Classes with the same letter are not significantly
different.

Table 2. Annual mortality rates by DBH size class (for the subset of 3657 trees in 2003 that had
DBH values).

DBH Range
(cm)

Number Alive
in 2003 (K0)

% of 2003
Inventory

% Annual
Mortality Rate

(qannual)

% Removals Due to
Capital Projects and

Construction
<15.3 1981 54.2 4.7 42.9

15.3–30.5 879 24.0 4.6 54.8
30.6–45.7 449 12.3 3.3 65.2
45.8–61.0 216 5.9 2.9 70.0

>61.0 132 3.6 2.7 35.3
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In terms of site type, annual tree mortality was highest for street trees, at 5.4%, which
was significantly higher than mortality for lawn trees, at 4.2%, and both street and lawn
trees had significantly higher mortality than other hardscape trees, at 1.3% (Table 3). The
estimated odds ratio comparing street and lawn trees was 1.4 (95% CI: 1.2–1.7) (Table S3).
Notably, capital projects and construction were the cause of removal for 53.6% of lawn trees
but only 25.4% of street trees (Table 3).

Table 3. Annual mortality rates by site type (for all 3694 trees in 2003).

Site Type Number Alive
in 2003 (K0)

% of 2003
Inventory

% Annual
Mortality Rate

(qannual)

% Removals Due to
Capital Projects

and Construction

street tree 558 15.1 5.4 25.4
other hardscape 76 2.1 1.3 40.0

lawn 3060 82.9 4.2 53.6

3.5. DBH of Removed Trees

The mean DBH of removed trees (for the 1407 removed trees that had 2003 DBH data)
was 17.7 cm (standard deviation 15.6 cm), with a median value of 12.1 cm. The mean
DBH of the surviving trees (for the 2250 surviving trees that had 2003 DBH data) was 21.0
(standard deviation 18.4), with a median value of 14.6 cm.

Certain taxa had particularly large trees removed (Tables 4 and 5). For instance, the
median DBH of removed Tilia spp. was 30.7 cm. Trees removed due to human land use
choices tended to be larger in general, although the handful of trees removed primarily
due to risk management were quite large (Table 1). Trees removed due to shading tended
to be small trees located under the canopies of other trees.

3.6. Compositional Changes

The campus had high taxonomic richness, with 77 identified genera and 136 identified
species in 2003, and 72 genera and 143 species in 2014. A few taxa had very few individuals
in 2003, all later removed (e.g., two Abies sp.), and no new plantings of that taxa; these are
the taxonomic groups that were present in 2003 but not 2014.

Table 4. Most common species in 2003 and 2014. Only species representing 2% or more of the total in
either inventory are included, and trees identified to the genus level only (e.g., Acer sp., Prunus sp.)
are not included here. These 12 species account for 44.4% of all trees in 2003 and 41.9% in 2014.

Species % of 2003
Inventory

% of 2014
Inventory Change No. Removals Median DBH of

Removals (cm) No. Plantings

Acer rubrum 3.9 3.7 −0.2 38 20.7 30
Acer saccharum 1.9 2.0 +0.1 30 12.9 34
Cornus kousa 2.5 1.8 −0.7 40 4.0 14

Gelditsia triacanthos 6.8 7.8 +1.0 81 23.4 117
Liquidambar styraciflua 2.2 2.2 0.0 26 19.8 25
Liriodendron tulipifera 2.6 2.1 −0.5 58 8.1 40
Magnolia virginiana 6.1 6.1 0.0 73 4.2 72
Platanus × hispanica 7.9 6.2 −1.7 94 19.4 29

Quercus phellos 2.8 3.3 +0.5 25 31.5 45
Quercus rubra 2.1 1.7 −0.4 23 28.3 7
Tilia cordata 2.4 1.7 −0.7 43 30.7 16

Zelkova serrata 3.2 3.3 +0.1 30 10.1 32
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Table 5. Most common genera in 2003 and 2014. Only genera representing 2% or more of the total in
each inventory are included. These 18 genera account for 79.8% of all trees in 2003 and 78.4% in 2014.

Genus % of 2003
Inventory

% of 2014
Inventory Change No. Removals Median DBH of

Removals (cm) No. Plantings

Acer 7.4 6.7 −0.7 103 19.4 77
Amalanchier 1.8 6.1 +4.3 27 7.7 189

Betula 2.2 2.4 +0.2 60 12.0 67
Carpinus 1.4 2.1 +0.7 14 9.7 37
Cornus 4.2 4.5 +0.3 65 6.6 77

Fraxinus 2.7 1.3 −1.4 60 11.7 6
Gleditsia 6.8 7.8 +1.0 81 23.4 117

Liquidambar 2.2 2.2 0.0 26 19.8 25
Liriodendron 2.6 2.1 −0.5 58 8.1 40

Magnolia 10.3 9.8 −0.5 133 7.3 114
Malus 3.6 2.5 −1.1 65 20.2 26

Platanus 8.2 6.4 −1.8 97 19.4 30
Prunus 4.2 4.3 +0.1 71 13.2 76
Quercus 10.2 9.5 −0.7 136 13.7 109

Tilia 3.3 2.3 −1.0 56 30.7 21
Ulmus 2.6 3.0 +0.4 20 27.1 34
Zelkova 3.9 3.6 −0.3 45 8.1 33

Tables 4 and 5 show the species and genera that account for 2% or more of all trees
in either 2003 or 2014, including the number of trees planted and removed. The most
common species in 2003 was P. × hispanica while the most common species in 2014 was
Gleditsia triacanthos. In terms of genera, the most common in both 2003 and 2014 was
Magnolia spp. The largest increase for a genus was Amelanchier spp., which was only 1.8%
of all trees in 2003 but 6.1% in 2014. Meanwhile, there were decreases in the proportion of
campus trees for Fraxinus spp., Malus spp., and Platanus spp.

4. Discussion

Annual tree mortality on the Penn campus (4.3%) is relatively high in comparison to
past studies. Based on a recent literature review by Hilbert et al. [24], the median mortality
for 18 repeated inventories of mixed-age urban trees is 2.3%–2.6%, and the third quartile is
3.0%–3.3%, meaning that the mortality rate found in our study is considerably higher than
over 75% of past reported mortality rates. That literature review [24] spanned a range of
medium to large cities, and a variety of site types and land uses within cities. In urban tree
mortality studies of mixed-age trees that reported mortality rates separately by land use,
higher mortality tended to be in transportation, commercial, open park, and high-density
residential areas [73,74], aligning with the landscape conditions on the Penn campus. We
posit that two primary drivers were responsible for the relatively high mortality rate on this
campus: construction pressure and proactive management, with both drivers leading to
substantial tree removals. In Table 1, removals due to construction pressure are represented
by capital projects and other construction while proactive inspection cycles are tied to most
removals in the tree health decline and risk management causal group.

While construction and development activities were only cited as factors for mortality
in 15% of the quantitative mortality studies in Hilbert et al. [24], construction may play a
far larger role than this low percent suggests, particularly in urban cores [39]. On the Penn
campus, capital projects and other construction activities consisted of new buildings and
smaller-scale renovations to buildings, walkways, and utilities. The impacts of construction
on this college campus in Philadelphia reflect broader processes in urban forest systems.
For instance, building demolition following an earthquake was a driver of canopy loss in
Christchurch, New Zealand [37], building permits were associated with tree mortality in
Toronto, Canada [36], building and road construction were related to declining tree density
in Mississauga, Canada [75], and major development projects caused tree removal and
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canopy loss in Melbourne, Australia [39]. More broadly, construction activities in urbanized
landscapes are related to the phenomena of redevelopment, renovation, densification, and
infill, which occur on scales from single parcels or streetscapes to entire neighborhoods,
and these processes impact trees and greenspaces in a variety of ways [38,58,76–78]. Trees
in urban settings are routinely removed to make way for new buildings, roads, parking
lots, and other structures; to expand the physical footprint of such structures; or to upgrade
critical built infrastructure systems, such as utilities [39,65,76].

Indeed, many urban forest managers recognize the conflicts between promoting tree
canopy and construction pressure [79,80], and municipal tree ordinances and by-laws can
restrict or compensate for tree losses during redevelopment and construction [35,41,81,82],
and can require the preservation of tree rooting areas near construction zones [83]. During
most of our study period, tree removals on the Penn campus were not tightly regulated
by formal policies, but campus landscape personnel nonetheless enacted strong oversight,
retaining trees when feasible, and regularly replacing removed trees. In fact, the number of
trees removed during our study period exactly matched the number of trees planted, repre-
senting substantial turnover of the urban tree community [84]. This precise balancing of
planting and removals emerged from a series of decisions about numerous capital projects
and other sites on campus. Indeed, 38.5% of the 2003 inventory was removed over the entire
11-year period, and the same amount planted (albeit not necessarily at the same planting
sites), representing high turnover. Our data reflects the dynamism of urban forest systems,
as trees and greenspaces are frequently added to and removed from these systems due to
human interests and land use changes [9,11,39,84–86]. Construction activities can lead to
both tree removal and plantings, making construction-related processes and data streams
critical for improved understandings of urban tree demography and shifting diversity [8,87].
Municipal or campus policies regarding tree preservation, removals, and replacements
could potentially lower rates of tree loss and curtail construction impacts [41,65,88]. For
instance, Washington, DC has a strict tree law, which bans the removal of healthy trees
above a certain size, with developers fined for unpermitted removals [89]. Some cities
also require tree replacement following permitted removal on private properties, although
a recent study from Toronto demonstrated that 30% of residents did not comply with
this requirement [35]. Inter-city comparisons of tree removal and preservation policies
and enforcement, and associated removal and replacement data, are needed to gauge the
impacts of such policies on the rates of tree loss.

Not all human land use decisions that impacted tree removals on the Penn campus
involved construction. A few removals occurred due to interference with road signage
or security cameras or aesthetic preferences. Indeed, the conflict between trees and road
visibility is recognized as an ecosystem disservice [22,90]. These removals on the Penn
campus also align with residential tree removal decisions in Mississauga, Ontario, Canada,
in which aesthetics were sometimes the rationale for removal [33]. However, the most
commonly cited reasons for removal in that Mississauga study, and with a survey of
municipal forestry programs across the US [88], were poor tree health and risk concerns
for property or people. This national finding aligns with the 48.7% of removals on the
Penn campus in the health declines and risk management category. Deciding whether to
remove an unhealthy (but still living) tree is subjective, even for arborists [91]. In our study,
it appears that a relatively low tolerance for risk, and a low willingness to accept trees that
are not at peak health and appearance produced more removals. As we articulated in the
introduction, the removal of unhealthy but not yet dead trees is a distinctly urban process
of ‘tree euthanasia’ [26]. Such removals can signal high levels of maintenance, whereas an
abundance of standing dead trees can indicate lack of stewardship [21,22].

Crucially, the act of tree removal is expensive, especially for large trees, and re-
moval decision-making in urban forestry depends on routine monitoring and inspec-
tions [11,88,92]. A lack of financial resources may lead to the retention of undesired trees,
even standing dead or dying trees, by some residents and municipalities [11,33]. The
financial costs of removal were less of a burden on the Penn campus, as this campus
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represents an elite Ivy League institution, whose picturesque campus evokes the prestige
of the university [48]. Campus tree management also benefits from the involvement of
tree and landscape professionals, including the University Landscape Architect and Land-
scape Planner, Urban Park Manager, and a Board-Certified Master Arborist at the Morris
Arboretum. Around one-quarter of the new trees were planted as part of capital projects,
but the rest were planted at the discretion of these professionals. The fact that the number
of new trees planted equaled the number of removed trees is indicative of the high levels of
oversight given to the campus urban forest. Indeed, the proactive management that takes
place on the Penn campus today—with routine inspections to enable prompt management
decisions—is far from universal for cities. In a recent survey of municipal tree care in the
US, only 55% of communities reported having proactive systematic management, with
only 33% for large cities with populations over 1 million [88]. Many US towns and cities
primarily carry out reactive management that responds to the latest emergency, such as
pest outbreaks and storms, rather than proactive management to better prepare for such
crises [88]. Municipal foresters generally recognize that frequent inspections to identify,
treat, prune, or remove unhealthy, declining, or dead trees constitute best practices to sus-
tain this natural resource and protect public safety [93,94] but are sometimes unable to do
so due to limited budgets and capacity. Proactive monitoring and care require substantial
investment of funds and labor [92,93].

The relatively high annual mortality rates on the Penn campus, at an institution with
substantial wealth and arboricultural expertise, may seem to contradict past research that
associated higher mortality and tree canopy loss with areas of lower income and educational
attainment [24,95]. However, evidence linking socioeconomic status and mortality have
been mixed. For example, in Sacramento, California, planted yard trees in areas of middle
income had the highest survival, with trees in both lower- and higher-income areas having
worse survival [96]. Further research is needed to disentangle the tree care mechanisms
connecting wealth to tree removal and death in a variety of urban settings within and across
cities, explicitly recognizing the financial realities that enable or constrain tree removal
on residential and institutional lands. For this urban college campus, we postulate that
the influx of funding for capital projects, combined with frequent tree inspections and a
low tolerance for unhealthy trees, produced the relatively high mortality observed. In
short, more management translated to a high mortality rate. Crucially, this relatively high
mortality is not necessarily, in and of itself, a detriment to the campus urban forest. As long
as replacement plantings continue apace, and the campus continues to support mature
and large-stature trees, there can be sustainable numbers of trees and levels of canopy
cover and basal area over many years [10]. Furthermore, the current campus tree cover
and tree count may be at or close to maximal levels, in terms of supporting trees while
also maintaining other landscape uses [48]. Investigations in other elite campuses and
urban gardens would reveal whether the high mortality rate we observed is typical of other
well-funded urban landscapes.

The sustainable management of urban forests extends beyond removals and replace-
ments. Taxonomic diversity and composition are also critical to consider, particularly to
avoid overloading urban forests with monocultures that are vulnerable to invasive pests
and diseases [97]. The Penn campus had high taxonomic richness, with over 70 genera,
and only 2 genera constituting more than 10% of all trees in 2003, and no species repre-
senting more than 10% in either inventory. This exceeds diversification guidelines that are
commonplace in urban forest management [97].

The declining portions of Acer spp., Fraxinus spp., Malus spp., Platanus spp., Tilia
spp., and Quercus spp., and the rise of others such as Amelanchier spp. and G. triacanthos
show that the dominant taxa on campus are slowly shifting. The campus tree managers
make a concerted effort to promote taxonomic diversity, including in negotiations with
landscape architects designing capital projects, who may heavily weigh their designs
towards a few species. Other studies have noted that species go in and out of favor over
time due to fads among tree professionals [3,98]; for example, at present, Amelanchier spp.,
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Betula spp., G. triacanthos, and Magnolia spp. are popular among the landscape architects
hired to construct capital project designs on this campus. Caution is warranted with
respect to the decline in large-stature taxa such as Acer spp., Platanus spp., and Quercus
spp. In the northeastern region of the US, municipal streetscapes are currently being
planted with more small-stature species in comparison to past practices, which prioritized
large-stature shade trees [60,99]. This change has occurred, in part, due to the emphasis in
modern urban forestry on planting small-stature species under power lines and in restricted
growing spaces to avoid the potential for disservices from infrastructure conflicts [22]. Yet,
the planting and retention of large trees is important, especially given that large trees
produce the most environmental benefits, such as energy reduction through shading and
carbon sequestration [100]. For instance, when Shoemaker Green was installed, six large
P. × hispanica, which had been planted in the mid-20th century, were preserved through the
advocacy of campus tree managers, even though the initial site plans for this capital project
called for the removal of these trees [56]. Two other P. × hispanica at Shoemaker Green were
removed to promote better sight lines to the stadium next to this campus greenspace. This
example points to the strong influence of campus tree experts in promoting tree retention,
and the ways in which aesthetic considerations factor into the removal decisions for capital
projects. Additionally, the species decisions by the University Landscape Architect and
Landscape Planner continue to be influenced by the 1977 Landscape Development Plan,
which suggested specific taxa for various spaces on campus, such as entryways, walkways,
small plazas, and larger greenspaces [49]. The present composition and richness on campus,
and the slow shifts in composition we observed represent the accumulated impacts of
numerous individual site decisions, as various tree and landscape professionals leave
legacies on the landscape [3,48].

Currently, management plans for specific taxa threatened by pests and diseases (e.g.,
Fraxinus spp., Ulmus spp.), developed with the Morris Arboretum’s Urban Forestry Consul-
tants, strategize for the treatment of these trees to encourage the continued provisioning
of benefits. For example, tremendous expertise and expense has been expended in main-
taining one particular U. americana that was planted in 1896 and propagated from the
U. americana under which William Penn, the founder of Philadelphia and Pennsylvania,
purportedly signed a treaty with the Lenni Lenape tribe of Native Americans [48]. Campus
tree professionals’ ongoing efforts to preserve this tree include frequent inspections and
regular treatments to prevent Dutch elm disease (Ophiostoma spp.) [101]. This management
approach is rooted in an appreciation for the tree’s large size and associated regulating
ecosystem services, alongside its cultural significance. Future research on tree retention
decisions should investigate motivations ranging from environmental to social benefits and
cultural symbolism, and arboricultural expertise, financial resources, and policy structures
related to those decisions.

Like many urban forest systems [11,39,73], the Penn campus was dominated by small
trees, with approximately three-quarters of the trees being under 30.5 cm DBH in 2003
(Table 2). Annual mortality was higher for these small trees and there was a Type III
mortality curve based on size class (i.e., mortality is highest for the smallest trees, then
dropping off substantially for mid-sized and large trees), aligning with past studies on the
mortality of both urban and wildland trees [8,24,102]. Very small, recently planted trees
can have high mortality as they fail to establish, with drivers such as lack of maintenance
and poor site quality [21,24,103]. However, on the Penn campus, new trees are routinely
irrigated by landscape contractors for 1–2 years post-planting, so insufficient young tree
care was not a pronounced problem in this study system. Furthermore, the higher mortality
of trees under 30.5 cm on this campus includes juvenile trees that are past the establishment
years. Small and juvenile trees may be viewed as expendable, whether to make space
for a capital project, or to cut down unhealthy young trees and start fresh with new
plantings. When campus tree professionals strongly advocate for the preservation of
particular trees, they usually focus on very large trees (e.g., the P. × hispanica previously
mentioned at Shoemaker Green), just as municipal tree preservation laws generally focus
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only on large trees [41,89]. Indeed, for trees over 61 cm that were removed, relatively
fewer (35.3%) of these removals were due to capital projects (Table 2), possibly related to
the fact that Philadelphia’s heritage tree policies apply to trees over this size threshold.
Yet, capital projects were responsible for a much higher portion of tree removals in the
next-largest size class (70.0% of removals for trees 45.8–60.9 cm). Mid-sized urban trees
may, therefore, be particularly vulnerable to construction pressure. In acknowledgement
of the importance of preserving mid-sized trees, there is a potential recommendation in
Philadelphia’s forthcoming urban forest strategic plan to lower the heritage tree threshold
from 61 to 46 cm (E. Smith Fichman, pers. comm., 2 March 2022). The relatively higher
portion of lawn trees that were removed due to construction on the Penn campus (Table 3)
also suggests the importance of understanding heritage tree law’s impacts on private
properties, including institutional greenspaces.

Limitations of this research include the relatively narrow focus on a single, elite college
campus in one city, and the lack of complete and comparable DBH data from 2014. Analyses
of species-specific growth rates and basal area changes would be possible with repeated
inventories that longitudinally track individual trees and include careful re-measurements
of DBH [62]. However, since urban tree inventories, such as this campus inventory, are more
typically conducted with the goal of managing tree care workflows, these data may not be
conducive to comprehensive analyses of change over time (e.g., mortality, growth) [59]. For
instance, in our study, linking the data tree-by-tree across two separate inventory software
systems involved substantial personnel time for database management.

While the specific trends in the tree population and community dynamics on a college
campus will not be precisely the same as those in an entire city or metropolitan region, this
campus case study nonetheless provides insights into the drivers of urban forest change
over time. The highly urbanized nature of this campus, and the ways in which campus
tree management has echoed larger trends in urban forestry [48], make our investigation a
compelling case study to spur further research. Our approach demonstrates the value of
mixed-methods and transdisciplinary approaches, blending field data with institutional
records and firsthand accounts to improve understandings of urban tree removal. Studies
that rely on field observations and statistical correlations among variables predicting
mortality overlook the important component of human decision-making as a direct basis
of removal. For instance, with our field data, if we had only quantitative analysis of DBH
and site type to make inferences about the removal, we would not have illuminated the
crucial role of construction and proactive management. Given that tree removal in cities
is fundamentally linked to decision-making, more research is needed to take advantage
of institutional records, and to ask tree professionals and other land managers about their
justifications for removals. Municipal and consulting arborists sometimes use urban tree
inventory software to record when removal is needed for individual trees, as part of larger
efforts for proactive management and limiting risk [39,88]. These arborists could also note
their justification for each removal, following the categories used in our campus study,
to quantify the portion of trees removed for different reasons. This would be akin to
research in natural forest settings that documented the cause of death for trees in the Sierra
Nevada area of California [104]. For urban trees, interviews and focus groups regarding
the removal decision-making process would yield qualitative insights into the intersecting
factors that lead to removal, and the relative influence that different stakeholder groups
have on removal decisions. Additionally, geospatial analyses of urban canopy cover change
in relation to redevelopment or construction records [36,39] would produce insights into
the association between tree loss and construction across neighborhoods.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13060871/s1, Table S1: For genera representing 2% or more of
the total inventory in either 2003 or 2014, we show here: annual mortality, most common causes of
removal, the number of identified known species within the genus, and the most common species
within the genus. The number of species within each genus reflects species (or hybrids) present in
2003 and/or 2014. For the two most common species within each genus, we also report the portion a
given species constituted of that genus in 2003; Table S2: Association between 2003 size class and
mortality (n = 3657), with results for a χ2 test and odds ratio comparison of each size class pairing.
Significant outcomes (p < 0.05) are indicated in bold. Estimated odds ratios over 1 indicate that
mortality is more likely in the first class in the pairing; Table S3: Association between 2003 site
type and mortality (n = 3694), with results for a χ2 test and odds ratio comparison of each pairing.
Significant outcomes (p < 0.05) are indicated in bold. Estimated odds ratios over 1 indicate that
mortality is more likely in the first class in the pairing.

Author Contributions: Conceptualization, L.A.R. and J.P.F.; Methodology—study design, L.A.R.
and J.P.F.; Methodology—linking inventories and cause of removal coding, J.P.F., R.E.L. and C.E.C.;
Formal Analysis—L.A.R. and J.P.F.; Writing—original draft preparation, L.A.R.; Writing—review and
editing, L.A.R., J.P.F., R.E.L., C.E.C. and J.E.L.; Visualization, L.A.R.; Supervision, L.A.R.; Project Ad-
ministration, L.A.R.; Funding Acquisition, L.A.R. All authors have read and agreed to the published
version of the manuscript.

Funding: Funding was provided by Penn FRES and by a cooperative agreement between the USDA
Forest Service Philadelphia Field Station and the University of Pennsylvania, 14-JV-11242308.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are openly available at the USDA
Forest Service Research Data Archive at: https://doi.org/10.2737/RDS-2022-0038 (accessed on
1 February 2022).

Acknowledgments: We thank D. Garofalo and D. Hollenberg, formerly with Penn FRES, for support-
ing this research. This work was funded by Penn FRES and the USDA Forest Service Philadelphia
Field Station. We thank J. Rauer for assistance with archives for recent campus capital projects,
K. Heinlen for assistance with the campus map, and J. Henning for comments on an earlier version
of this manuscript. We also thank two reviewers for their constructive feedback. The findings and
conclusions of this publication are those of the authors and should not be construed to represent any
official USDA or US Government determination or policy.

Conflicts of Interest: Researchers from the funding agencies (USDA Forest Service and Penn FRES)
codesigned and coauthored the study.

References
1. Konijnendijk, C.C.; Ricard, R.M.; Kenney, A.; Randrup, T.B. Defining urban forestry—A comparative perspective of North

America and Europe. Urban For. Urban Green. 2006, 4, 93–103. [CrossRef]
2. Vogt, J.M.; Watkins, S.L.; Mincey, S.K.; Patterson, M.S.; Fischer, B.C. Explaining planted-tree survival and growth in urban

neighborhoods: A social-ecological approach to studying recently-planted trees in Indianapolis. Landsc. Urban Plan. 2015, 136,
130–143. [CrossRef]

3. Roman, L.A.; Pearsall, H.; Eisenman, T.S.; Conway, T.M.; Fahey, R.T.; Landry, S.; Vogt, J.; van Doorn, N.S.; Grove, J.M.;
Locke, D.H.; et al. Human and biophysical legacies shape contemporary urban forests: A literature synthesis. Urban For. Urban
Green. 2018, 31, 157–168. [CrossRef]

4. Young, R.F.; McPherson, E.G. Governing metropolitan green infrastructure in the United States. Landsc. Urban Plan. 2013, 109,
67–75. [CrossRef]

5. Nguyen, V.D.; Roman, L.A.; Locke, D.H.; Mincey, S.K.; Sanders, J.R.; Fichman, E.S.; Duran-Mitchell, M.; Tobing, S.L. Branching
out to residential lands: Missions and strategies of give tree distribution programs in the US. Urban For. Urban Green. 2017, 22,
24–35. [CrossRef]

6. Seamens, G.S. Mainstreaming the environmental benefits of street trees. Urban For. Urban Green. 2013, 12, 2–11. [CrossRef]
7. Escobedo, F.J.; Giannico, V.; Jim, C.Y.; Sanesi, G.; Lafortezza, R. Urban forests, ecosystem services, green infrastructure and

nature-based solutions: Nexus or evolving metaphors? Urban For. Urban Green. 2019, 37, 3–12. [CrossRef]

https://www.mdpi.com/article/10.3390/f13060871/s1
https://www.mdpi.com/article/10.3390/f13060871/s1
https://doi.org/10.2737/RDS-2022-0038
http://doi.org/10.1016/j.ufug.2005.11.003
http://doi.org/10.1016/j.landurbplan.2014.11.021
http://doi.org/10.1016/j.ufug.2018.03.004
http://doi.org/10.1016/j.landurbplan.2012.09.004
http://doi.org/10.1016/j.ufug.2017.01.007
http://doi.org/10.1016/j.ufug.2012.08.004
http://doi.org/10.1016/j.ufug.2018.02.011


Forests 2022, 13, 871 18 of 21

8. Roman, L.A.; Battles, J.J.; McBride, J.R. Urban Tree Mortality: A Primer on Demographic Approaches; GTR NRS-158; USDA Forest
Service: Newtown Square, PA, USA, 2016.

9. Van Doorn, N.S.; McPherson, E.G. Demographic trends in Claremont California’s street tree population. Urban For. Urban Green.
2018, 29, 200–211. [CrossRef]

10. Clark, J.R.; Matheny, N.P.; Cross, G.; Wake, V. A model of urban forest sustainability. J. Arboric. 1997, 23, 17–30. [CrossRef]
11. Roman, L.A.; Battles, J.J.; McBride, J.R. The balance of planting and mortality in a street tree population. Urban Ecosyst. 2014, 17,

387–404. [CrossRef]
12. McPherson, E.G.; Kotow, L. A municipal forest report card: Results for California, USA. Urban For. Urban Green. 2013, 12, 134–143.

[CrossRef]
13. Pearce, L.M.; Kirkpatric, J.B.; Davison, A. Using size class distributions to deduce the dynamics of the private urban forest.

Arboric. Urban For. 2013, 39, 74–84. [CrossRef]
14. Cowett, F.D.; Bassuk, N.L.; Grace, J.; Vorstadt, K. Tracking changes to urban trees over 100 years in Ithaca, NY, USA. Arboric.

Urban For. 2021, 47, 3–24. [CrossRef]
15. Roman, L.A. How many trees are enough? Tree death and the urban canopy. Scenar. J. 2014, 4, 1–8. Available online:

https://scenariojournal.com/article/how-many-trees-are-enough/ (accessed on 1 February 2022).
16. Das, A.J.; Battles, J.J.; Stephenson, N.L.; van Mantgem, P.J. The relationship between tree growth patterns and likelihood of

mortality: A study of two tree species in the Sierra Nevada. Can. J. For. Res. 2007, 37, 580–597. [CrossRef]
17. Manion, P.D. Tree Disease Concepts; Prentice-Hall: Englewood Cliffs, NJ, USA, 1981.
18. Franklin, J.F.; Shugart, H.H.; Harmon, M.E. Tree death as an ecological process. BioScience 1987, 37, 550–556. [CrossRef]
19. Stokland, J.N.; Siitonen, J.; Johsson, B.G. Biodiversity in Dead Wood; Cambridge University Press: New York, NY, USA, 2012.
20. Klein, R.W.; Koeser, A.K.; Hauer, R.J.; Hansen, G.; Escobedo, F.J. Risk assessment and risk perception of trees: A review of

literature relating to arboriculture and urban forestry. Arboric. Urban For. 2019, 45, 26–38. [CrossRef]
21. Breger, B.S.; Eisenman, T.S.; Kremer, M.E.; Roman, L.A.; Martin, D.G.; Rogan, J. Urban tree survival and stewardship in a

state-managed planting initiative. Urban For. Urban Green. 2019, 43, 126382. [CrossRef]
22. Roman, L.A.; Conway, T.M.; Eisenman, T.S.; Koeser, A.K.; Ordóñez Barona, C.; Locke, D.H.; Jenerette, G.D.; Östberg, J.; Vogt, J.

Beyond ‘trees are good’: Disservices, management costs, and tradeoffs in urban forestry. Ambio 2021, 50, 615–630. [CrossRef]
[PubMed]

23. Koeser, A.K.; Hauer, R.J.; Miesbauer, J.M.; Peterson, W. Municipal tree risk assessment in the United States: Findings from a
comprehensive survey of urban forest management. Arboric. J. 2016, 38, 218–229. [CrossRef]

24. Hilbert, D.R.; Roman, L.A.; Koeser, A.K.; Vogt, J.; van Doorn, N.S. Factors associated with urban tree mortality: A literature
review. Arboric. Urban For. 2019, 45, 167–200. [CrossRef]

25. Mortimer, M.J.; Kane, B. Hazard tree liability in the United States: Uncertain risks for owners and professionals. Urban For. Urban
Green. 2004, 2, 159–165. [CrossRef]

26. Kirkpatrick, J.B.; Davison, A.; Daniels, G.D. Sinners, scapegoats or fashion victims? Understanding the deaths of trees in the
green city. Geoforum 2013, 48, 165–176. [CrossRef]

27. Koeser, A.K.; Gilman, E.F.; Paz, M.; Harchick, C. Factors influencing urban tree planting program growth and survival in Florida,
United States. Urban For. Urban Green. 2014, 13, 655–661. [CrossRef]

28. Hostetler, A.E.; Rogan, J.; Martin, D.; DeLauer, V.; O’Neil-Dunne, J. Characterizing tree canopy loss using multi-source GIS data
in Central Massachusetts, USA. Remote Sens. Lett. 2013, 4, 1137–1146. [CrossRef]

29. Kovacs, K.F.; Haight, R.G.; Mercader, R.J.; McCullough, D.G. A bioeconomic analysis of an emerald ash borer invasion of an
urban forest with multiple jurisdictions. Resour. Energy Econ. 2014, 36, 270–289. [CrossRef]

30. Sadof, C.S.; Hughes, G.P.; Witte, A.R.; Peterson, D.J.; Ginzel, M.D. Tools for staging and managing emerald ash borer in the urban
forest. Arboric. Urban For. 2017, 43, 15–26. [CrossRef]

31. Mincey, S.K.; Hutten, M.; Fischer, B.C.; Evans, T.P.; Stewart, S.I.; Vogt, J.M. Structuring institutional analysis for ecosystem services:
A key to sustainable urban forest management. Urban Ecosyst. 2013, 16, 553–571. [CrossRef]

32. Groffman, P.M.; Cavender-Bares, J.; Bettez, N.D.; Grove, J.M.; Hall, S.J.; Heffernan, J.B.; Hobbie, S.E.; Larson, K.L.; Morse, J.L.;
Neill, C.; et al. Ecological homogenization of urban USA. Front. Ecol. Environ. 2014, 12, 74–81. [CrossRef]

33. Conway, T.M. Tending their urban forest: Residents’ motivations for tree planting and removal. Urban For. Urban Green. 2016, 17,
23–32. [CrossRef]

34. Conway, T.M.; Yip, V. Assessing residents’ reactions to urban forest disservices: A case study of a major storm event. Landsc.
Urban Plan. 2016, 153, 1–10. [CrossRef]

35. Conway, T.M.; Khatib, J.K.; Tetreult, J.; Almas, A.D. A private tree by-law’s contribution to maintaining a diverse urban forest:
Exploring homeowners’ replanting compliance and the role of construction activities in Toronto, Canada. Arboric. Urban For.
2022, 48, 9–26. [CrossRef]

36. Steenberg, J.W.N.; Robinson, P.J.; Millward, A.A. The influence of building renovation and rental housing on urban trees. J.
Environ. Plan. Manag. 2017, 61, 553–567. [CrossRef]

37. Morgenroth, J.; O’Neil-Dunne, J.; Apiolaza, L.A. Redevelopment and the urban forest: A study of tree removal and retention
during demolition activities. Appl. Geogr. 2017, 82, 1–10. [CrossRef]

http://doi.org/10.1016/j.ufug.2017.11.018
http://doi.org/10.48044/jauf.1997.003
http://doi.org/10.1007/s11252-013-0320-5
http://doi.org/10.1016/j.ufug.2013.01.003
http://doi.org/10.48044/jauf.2013.011
http://doi.org/10.48044/jauf.2021.002
https://scenariojournal.com/article/how-many-trees-are-enough/
http://doi.org/10.1139/X06-262
http://doi.org/10.2307/1310665
http://doi.org/10.48044/jauf.2019.003
http://doi.org/10.1016/j.ufug.2019.126382
http://doi.org/10.1007/s13280-020-01396-8
http://www.ncbi.nlm.nih.gov/pubmed/33011917
http://doi.org/10.1080/03071375.2016.1221178
http://doi.org/10.13140/RG.2.2.25953.15204
http://doi.org/10.1078/1618-8667-00032
http://doi.org/10.1016/j.geoforum.2013.04.018
http://doi.org/10.1016/j.ufug.2014.06.005
http://doi.org/10.1080/2150704X.2013.852704
http://doi.org/10.1016/j.reseneeco.2013.04.008
http://doi.org/10.48044/jauf.2017.002
http://doi.org/10.1007/s11252-013-0286-3
http://doi.org/10.1890/120374
http://doi.org/10.1016/j.ufug.2016.03.008
http://doi.org/10.1016/j.landurbplan.2016.04.016
http://doi.org/10.48044/jauf.2022.002
http://doi.org/10.1080/09640568.2017.1326883
http://doi.org/10.1016/j.apgeog.2017.02.011


Forests 2022, 13, 871 19 of 21

38. Guo, T.; Morgenroth, J.; Conway, T. To plant, remove, or retain: Understanding property owner decisions about trees during
redevelopment. Landsc. Urban Plan. 2019, 190, 103601. [CrossRef]

39. Croeser, T.; Ordóñez, C.; Threlfall, C.; Kendal, D.; van der Ree, R.; Callow, D.; Livesley, S.J. Patterns of tree removal and canopy
change on public and private land in the City of Melbourne. Sustain. Cities Soc. 2020, 56, 102096. [CrossRef]

40. Hill, E.; Dorfman, J.H.; Kramer, E. Evaluating the impact of government land use policies on tree canopy coverage. Land Use
Policy 2010, 27, 407–414. [CrossRef]

41. Lavy, B.L.; Hagelman, R.R., III. Protecting the urban forest: Variations in standards and sustainability dimensions of municipal
tree preservation ordinances. Urban For. Urban Green. 2019, 44, 126394. [CrossRef]

42. US Census. 2020 Decennial Census, Table P1. Generated by L.A. Roman Using. Available online: https://data.census.gov
(accessed on 19 November 2021).

43. Peel, M.C.; Finlayson, B.L.; Mcmahon, T.A. Updated world map of the Köppen-Geiger climate classification. Hydrol. Earth Syst.
Sci. 2007, 4, 439–473. [CrossRef]

44. National Oceanic and Atmospheric Administration (NOAA). U.S. Climate Normals, 1991–2020, for Philadelphia International
Airport. Generated by L.A. Roman Using. Available online: https://www.ncei.noaa.gov/products/land-based-station/us-
climate-normals (accessed on 20 May 2022).

45. Dyer, J.M. Revisiting the deciduous forests of eastern North America. BioScience 2006, 56, 341–352. [CrossRef]
46. Elsey-Quirk, T.; Smyth, A.; Piehler, M.; Mead, J.V.; Velinsky, D.J. Exchange of nitrogen through an urban tidal freshwater wetland

in Philadelphia, Pennsylvania. Wetl. Aquat. Proc. 2013, 42, 584–595. [CrossRef] [PubMed]
47. Paulachok, G.N. U.S. Geological Survey Water-Supply Paper 2346. In Geohydrology and Ground-Water Resources of Philadelphia,

Pennsylvania; US Government Printing Office: Southampton, PA, USA, 1991.
48. Roman, L.A.; Fristensky, J.P.; Eisenman, T.S.; Greenfield, E.J.; Lundgren, R.E.; Cerwinka, C.E.; Hewitt, D.A.; Welsh, C.C. Growing

Canopy on a College Campus: Understanding Urban Forest Change through Archival Records and Aerial Photography. Environ.
Manag. 2017, 60, 1042–1061. [CrossRef] [PubMed]

49. Center for Environmental Design (CED). Landscape Development Plan; Graduate School of Fine Arts, University of Pennsylvania:
Philadelphia, PA, USA, 1977.

50. Yin, R.K. Case Study Research: Design and Methods, 4th ed; Sage: Thousand Oaks, CA, USA, 2009.
51. Campbell, L.K.; Svendsen, E.S.; Roman, L.A. Knowledge Co-production at the Research-Practice Interface: Embedded Case

Studies from Urban Forestry. Environ. Manag. 2016, 57, 1262–1280. [CrossRef]
52. Vogt, J.; Abood, M. A transdisciplinary, mixed methods research agenda for evaluating the collective impact approach for tree

planting: The CommuniTree initiative in northwest Indiana, U.S. Urban For. Urban Green. 2020, 53, 126735. [CrossRef]
53. Gomez, T.; Derr, V. Landscapes as living laboratories for sustainable campus planning and stewardship: A scoping review of

approaches and practices. Landsc. Urban Plan. 2021, 216, 104259. [CrossRef]
54. Rhoades, R.W.; Stipes, R.J. Ice damage to trees on the Virginia Tech campus from ice storms. Northeast. Nat. 2007, 14, 51–60.

[CrossRef]
55. Copenheaver, C.A.; Seiler, J.R.; Peterson, J.A.; Evans, A.M.; McVay, J.L.; White, J.H. Stadium woods: A dendroecological analysis

of an old-growth forest fragment on a university campus. Dendrochronologia 2014, 32, 62–70. [CrossRef]
56. Bassett, C.G. The Environmental Benefits of Trees on an Urban College Campus. Master’s Thesis, University of Pennsylvania,

Philadelphia, PA, USA, 2015.
57. University of Pennsylvania. Climate Action Plan 2.0; University of Pennsylvania: Philadelphia, PA, USA, 2014. Available on-

line: http://www.sustainability.upenn.edu/sites/default/files/pdf/Penn%20Climate%20Action%20Plan%202.pdf (accessed on
1 February 2022).

58. Roman, L.A.; Catton, I.J.; Greenfield, E.J.; Pearsall, H.; Eisenman, T.S. Linking urban tree cover change and local history in a
post-industrial city. Land 2021, 10, 403. [CrossRef]

59. Van Doorn, N.S.; Roman, L.A.; McPherson, E.G.; Scharenbroch, B.C.; Henning, J.G.; Östberg, J.P.A.; Mueller, L.S.; Koeser, A.K.;
Mills, J.R.; Hallet, R.A.; et al. Urban Tree Monitoring: A Resource Guide; General Technical Report PSW-GTR-266; US Department of
Agriculture, Forest Service, Pacific Southwest Research Station: Albany, CA, USA, 2020; Volume 266, 132p. [CrossRef]

60. Magarik, Y.A.S.; Roman, L.A.; Henning, J.G. How should we measure the DBH of multi-stemmed trees? Urban For. Urban Green.
2020, 47, 126481. [CrossRef]

61. Autodesk; AutoCAD: San Rafael, CA, USA, 2000.
62. Roman, L.A.; van Doorn, N.S.; McPherson, E.G.; Scharenbroch, B.C.; Henning, J.G.; Östberg, J.P.A.; Mueller, L.S.; Mills, J.;

Hallett, R.; Sanders, J.; et al. Urban Tree Monitoring: A Field Guide; GTR-NRS-194; USDA Forest Service, Northern Research Station:
Madison, WI, USA, 2020; 48p. [CrossRef]

63. Walter, K.S.; O’Neal, M.J. BG-BASE: Software for botanical gardens and arboreta. Public Gard. 1993, 8, 21–22, 34–35.
64. University of Pennsylvania. What Is a Capital Project? University of Pennsylvania, Facilities & Real Estate Services: Philadelphia,

PA, USA, 2021. Available online: https://www.facilities.upenn.edu/capital-process/initiate-project (accessed on 4 October 2021).
65. Chojnacky, D.C.; Smith-McKenna, E.K.; Johnson, L.Y.; McGee, J.A.; Chojnacky, C.C. Evaluating urban canopy cover before and

after housing redevelopment in Falls Church, Virginia, USA. Arboric. Urban For. 2020, 46, 12–26. [CrossRef]
66. Greenberger, A. Zoning Code Remaps Future. The Philadelphia Inquirer, 22 August 2012.

http://doi.org/10.1016/j.landurbplan.2019.103601
http://doi.org/10.1016/j.scs.2020.102096
http://doi.org/10.1016/j.landusepol.2009.05.007
http://doi.org/10.1016/j.ufug.2019.126394
https://data.census.gov
http://doi.org/10.5194/hess-11-1633-2007
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals
https://www.ncei.noaa.gov/products/land-based-station/us-climate-normals
http://doi.org/10.1641/0006-3568(2006)56[341:RTDFOE]2.0.CO;2
http://doi.org/10.2134/jeq2012.0287
http://www.ncbi.nlm.nih.gov/pubmed/23673851
http://doi.org/10.1007/s00267-017-0934-0
http://www.ncbi.nlm.nih.gov/pubmed/28905095
http://doi.org/10.1007/s00267-016-0680-8
http://doi.org/10.1016/j.ufug.2020.126735
http://doi.org/10.1016/j.landurbplan.2021.104259
http://doi.org/10.1656/1092-6194(2007)14[51:IDTTOT]2.0.CO;2
http://doi.org/10.1016/j.dendro.2013.09.001
http://www.sustainability.upenn.edu/sites/default/files/pdf/Penn%20Climate%20Action%20Plan%202.pdf
http://doi.org/10.3390/land10040403
http://doi.org/10.2737/PSW-GTR-266
http://doi.org/10.1016/j.ufug.2019.126481
http://doi.org/10.2737/NRS-GTR-194
https://www.facilities.upenn.edu/capital-process/initiate-project
http://doi.org/10.48044/jauf.2020.002


Forests 2022, 13, 871 20 of 21

67. Ryback, S.A. New Zoning Code Seeks to Preserve Heritage Trees. Chestnut Hill Local, 5 November 2013. Available online: https:
//www.chestnuthilllocal.com/stories/new-zoning-code-seeks-to-preserve-heritage-trees,4153 (accessed on 1 February 2022).

68. Philadelphia Parks & Recreation (PPR). Street Tree Frequently Asked Questions (Last Updated 27 March 2019). Available online:
https://www.phila.gov/departments/philadelphia-parks-recreation/street-tree-frequently-asked-questions/ (accessed on
1 February 2022).

69. Sheil, D.; Burslem, D.F.R.P.; Alder, D. The Interpretation and Misinterpretation of Mortality Rate Measures. J. Ecol. 1995, 83,
331–333. [CrossRef]

70. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria,
2022; Available online: https://www.R-project.org (accessed on 1 February 2022).

71. Gandhi, N. Little Wind Relief from Superblock Planting. The Daily Pennsylvanian, 10 January 2006. Available online: https:
//www.thedp.com/article/2006/01/little_wind_relief_from_superblock_planting (accessed on 1 February 2022).

72. University of Pennsylvania. Shoemaker Green: The Red and Blue Turn Grey into a Green Sustainable Site; University of Pennsylvania
Almanac: Philadelphia, PA, USA, 2010; Volume 57, Available online: https://almanac.upenn.edu/archive/volumes/v57/n01/
shoemaker.html (accessed on 1 February 2022).

73. Nowak, D.J.; Kuroda, M.; Crane, D.E. Tree mortality rates and tree population projections in Baltimore, Maryland, USA. Urban
For. Urban Green. 2004, 2, 139–147. [CrossRef]

74. Lawrence, A.B.; Escobedo, F.J.; Staudhammer, C.L.; Zipperer, W. Analyzing growth and mortality in a subtropical urban forest
ecosystem. Landsc. Urban Plan. 2012, 104, 85–94. [CrossRef]

75. Bonney, M.T.; He, Y. Attributing drivers to spatio-temporal changes in tree density across a suburbanizing landscape since 1944.
Landsc. Urban Plan. 2019, 192, 103652. [CrossRef]

76. Haaland, C.; Konijnendijk van den Bosch, C. Challenges and strategies for urban green-space planning in cities undergoing
densification: A review. Urban For. Urban Green. 2015, 14, 760–771. [CrossRef]

77. Wolff, M.; Haase, A.; Haase, D.; Kabisch, N. The impact of urban regrowth on the built environment. Urban Stud. 2017, 54,
2683–2700. [CrossRef]

78. Kaspar, J.; Kendal, D.; Sore, R.; Livesley, S.J. Random point sampling to detect gain and loss in tree canopy cover in response to
urban densification. Urban For. Urban Green. 2017, 24, 26–34. [CrossRef]

79. Ordóñez, C.; Kendal, D.; Threlfall, C.G.; Hochuli, D.F.; Davern, M.; Fuller, R.A.; van der Ree, R.; Livesley, S.J. How urban forest
managers evaluate management and governance challenges in their decision-making. Forests 2020, 11, 963. [CrossRef]

80. Hartigan, M.; Fitzsimons, J.; Grenfell, M.; Kent, T. Developing a metropolitan-wide urban forest strategy for a large, expanding
and densifying capital city: Lessons from Melbourne, Australia. Land 2021, 10, 809. [CrossRef]

81. Conway, T.M.; Bang, E. Willing partners? Residential support for municipal urban forestry policies. Urban For. Urban Green. 2014,
12, 234–243. [CrossRef]

82. Clark, C.; Ordóñez, C.; Livesley, S.J. Private tree removal, public loss: Valuing and enforcing existing tree protection mechanisms
is the key to retaining urban trees on private land. Landsc. Urban Plan. 2020, 203, 103899. [CrossRef]

83. Benson, A.R.; Koeser, A.K.; Morgenroth, J. A test of tree protection zones: Responses of Quercus virginiana Mill trees to root
severance treatments. Urban For. Urban Green. 2019, 38, 54–63. [CrossRef]

84. Smith, I.A.; Dearborn, V.K.; Hutyra, L.R. Live fast, die young: Accelerated growth, mortality, and turnover in street tree. PLoS
ONE 2019, 14, e0215846. [CrossRef] [PubMed]

85. Zhou, W.; Wang, J.; Qian, Y.; Pickett, S.T.A.; Li, W.; Han, L. The rapid but “invisible” changes in urban greenspace: A comparative
study of nine Chinese cities. Sci. Total Environ. 2018, 627, 1572–1584. [CrossRef]

86. Healy, M.; Rogan, J.; Roman, L.A.; Nix, S.; Martin, D.G.; Geron, N. Historical urban tree canopy cover change in two post-industrial
cities. Environ. Manag. 2022, 1–19. [CrossRef]

87. Cowett, F.D.; Bassuk, N.L. Is street tree diversity increasing in New York State, USA? Arboric. Urban For. 2021, 47, 196–213.
[CrossRef]

88. Hauer, R.J.; Peterson, W.D. Municipal Tree Care and Management in the United States: A 2014 Urban & Community Forestry Census of
Tree Activities; Special Publication 16-1; College of Natural Resources, University of Wisconsin—Stevens Point: Stevens Point,
WI, USA, 2016.

89. Gardiner, K.B. Successfully Integrating Tree Protection with Development in the “City of Trees”. Get the Dirt Blog, 28 January 2019.
Available online: https://www.getthedirtblog.com/2019/01/28/successfully-integrating-tree-protection-with-development-
in-the-city-of-trees/ (accessed on 1 February 2022).

90. Delshammar, T.; Östberg, J.; Öxell, C. Urban trees and ecosystem disservices—A pilot study using complaints records from three
Swedish cities. Arboric. Urban For. 2015, 41, 187–193. [CrossRef]

91. Koeser, A.K.; Smiley, E.T. Impact of assessor on tree risk assessment ratings and prescribed mitigation measures. Urban For. Urban
Green. 2017, 24, 109–115. [CrossRef]

92. Roman, L.A.; Smith, B.C.; Dentice, D.; Maslin, M.; Abrams, G. Monitoring young tree survival with citizen scientists: The evolving
Tree Checkers program in Philadelphia, PA. Arboric. Urban For. 2018, 44, 255–265. [CrossRef]

93. Roman, L.A.; McPherson, E.G.; Scharenbroch, B.C.; Bartens, J. Identifying common practices and challenges for local urban tree
monitoring programs across the United States. Arboric. Urban For. 2013, 39, 292–299. [CrossRef]

https://www.chestnuthilllocal.com/stories/new-zoning-code-seeks-to-preserve-heritage-trees,4153
https://www.chestnuthilllocal.com/stories/new-zoning-code-seeks-to-preserve-heritage-trees,4153
https://www.phila.gov/departments/philadelphia-parks-recreation/street-tree-frequently-asked-questions/
http://doi.org/10.2307/2261571
https://www.R-project.org
https://www.thedp.com/article/2006/01/little_wind_relief_from_superblock_planting
https://www.thedp.com/article/2006/01/little_wind_relief_from_superblock_planting
https://almanac.upenn.edu/archive/volumes/v57/n01/shoemaker.html
https://almanac.upenn.edu/archive/volumes/v57/n01/shoemaker.html
http://doi.org/10.1078/1618-8667-00030
http://doi.org/10.1016/j.landurbplan.2011.10.004
http://doi.org/10.1016/j.landurbplan.2019.103652
http://doi.org/10.1016/j.ufug.2015.07.009
http://doi.org/10.1177/0042098016658231
http://doi.org/10.1016/j.ufug.2017.03.013
http://doi.org/10.3390/f11090963
http://doi.org/10.3390/land10080809
http://doi.org/10.1016/j.ufug.2014.02.003
http://doi.org/10.1016/j.landurbplan.2020.103899
http://doi.org/10.1016/j.ufug.2018.10.015
http://doi.org/10.1371/journal.pone.0215846
http://www.ncbi.nlm.nih.gov/pubmed/31067257
http://doi.org/10.1016/j.scitotenv.2018.01.335
http://doi.org/10.1007/s00267-022-01614-x
http://doi.org/10.48044/jauf.2021.018
https://www.getthedirtblog.com/2019/01/28/successfully-integrating-tree-protection-with-development-in-the-city-of-trees/
https://www.getthedirtblog.com/2019/01/28/successfully-integrating-tree-protection-with-development-in-the-city-of-trees/
http://doi.org/10.48044/jauf.2015.018
http://doi.org/10.1016/j.ufug.2017.03.027
http://doi.org/10.48044/jauf.2018.023
http://doi.org/10.48044/jauf.2013.038


Forests 2022, 13, 871 21 of 21

94. Vogt, J.; Hauer, R.J.; Fischer, B.C. The costs of maintaining and not maintaining the urban forest: A review of the urban forestry
and arboriculture literature. Arboric. Urban For. 2015, 41, 293–323. [CrossRef]

95. Locke, D.H.; Romolini, M.; Galvin, M.; O’Neil-Dunne, J.P.M.; Strauss, E.G. Tree canopy change in coastal Los Angeles, 2009–2014.
Cities Environ. 2017, 10, 3.

96. Ko, Y.; Lee, J.; McPherson, E.G.; Roman, L.A. Factors affecting long-term mortality of residential shade trees: Evidence from
Sacramento, California. Urban For. Urban Green. 2015, 14, 500–507. [CrossRef]

97. Laçan, I.; McBride, J.R. Pest vulnerability matrix (PVM): A graphic model for assessing the interaction between tree species
diversity and urban forest susceptibility to insects and diseases. Urban For. Urban Green. 2008, 7, 291–300. [CrossRef]

98. Avolio, M.L.; Pataki, D.E.; Trammell, T.L.E.; Endter-Wada, J. Biodiverse cities: The nursery industry, homeowners, and neighbor-
hood differences drive urban tree composition. Ecol. Monogr. 2018, 88, 259–276. [CrossRef]

99. Roman, L.A.; Eisenman, T.S. Drivers of Street Tree Species Selection: The Case of the London Planetrees in Philadelphia, Chapter 6.
In The Politics of Street Trees; Woudstra, J., Allen, C., Eds.; Routledge: London, UK, 2022.

100. McPherson, G.; Simpson, J.R.; Peper, P.J.; Maco, S.E.; Xiao, Q. Municipal forest benefits and costs in five US cities. J. Forest. 2005,
103, 411–416. [CrossRef]

101. Baillie, K.U. The stories trees tell. Penn Today, 21 April 2021. Available online: https://penntoday.upenn.edu/news/stories-trees-
tell (accessed on 1 February 2022).

102. Lines, E.R.; Coomes, D.A.; Purves, D.W. Influences of forest structure, climate and species composition on tree mortality across
the eastern US. PLoS ONE 2010, 5, e13212. [CrossRef]

103. Layman, R.M.; Day, S.D.; Mitchell, D.K.; Chen, Y. Below ground matters: Urban soil rehabilitation increases tree canopy and
speeds establishment. Urban For. Urban Green. 2016, 16, 25–35. [CrossRef]

104. Das, A.J.; Stephenson, N.L.; Davis, K.P. Why do trees die? Characterizing the drivers of background tree mortality. Ecology 2016,
97, 2616–2627. [CrossRef]

http://doi.org/10.48044/jauf.2015.027
http://doi.org/10.1016/j.ufug.2015.05.002
http://doi.org/10.1016/j.ufug.2008.06.002
http://doi.org/10.1002/ecm.1290
http://doi.org/10.1093/jof/103.8.411
https://penntoday.upenn.edu/news/stories-trees-tell
https://penntoday.upenn.edu/news/stories-trees-tell
http://doi.org/10.1371/journal.pone.0013212
http://doi.org/10.1016/j.ufug.2016.01.004
http://doi.org/10.1002/ecy.1497

	Introduction 
	Materials and Methods 
	Study System 
	Case Study Approach 
	Data Collection 
	Tree Inventories 
	Categorizing Causes of Removal from Institutional Records and Firsthand Accounts 
	New Trees 

	Overview of Campus Tree Preservation and Governance Context 
	Data Analysis 
	Tree Demography 
	Association between Size Class, Site Type, and Mortality 
	Compositional Changes and DBH of Removed Trees 


	Results 
	Annual Mortality and Net Population Change 
	Causes of Removal 
	Plantings Associated with Capital Projects 
	Association between Size Class, Site Type, and Mortality 
	DBH of Removed Trees 
	Compositional Changes 

	Discussion 
	References

