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Abstract. Urban forest management is a multistakeholder, multi-objective situation whereby a surfeit of synergistic or competing goals may
exist. Greater research and applied guidance for what works in which urban forest contexts could help improve urban tree and forest outcomes.
The challenge in conducting research of this nature is systematic definitions of “what works”” and “which contexts” across multidimensional,
polycentric urban forest social-ecological systems. This paper presents a comprehensive framework for studying the complexities in urban forest
systems (synthesized from numerous other frameworks in the field) that could be used to generate context-specific insights into urban forest
management and dynamics. The logic of using frameworks and specific frameworks that already exist within the field are reviewed. Then, |
present the urban forest social-ecological system (UFSES) framework. The UFSES framework specifies 5 first-tier factors: the Characteristics
of Trees in the Urban Forest (T); the Surrounding Growing Environment (E); Management & Institutions (M); and Characteristics of the Human
Community (H); which influence Urban Forest Outcomes (O). A detailed set of second-tier variables nested within these factors are presented
in tables at the end of the paper. The framework can foster holistic systems thinking in a systematic yet flexible way; provide a working draft
of'a common language for thinking about and studying urban forest systems; and enable comparative case research.
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INTRODUCTION
Urban forests are complex systems. Despite their rela-
tively simple appearances—all trees and forest resources
in and around the cities, towns, and communities where
people live, work, and play (Konijnendijk et al. 2006;
Vogt 2020a)—the characteristics of the ecological
and human elements in urban forests range widely: from
a large well-cared-for tree in a suburban front yard, to
arelatively neglected tree in a small tree pit in front of
a vacant commercial building; from a patch of wood-
lands adjacent to a paved trail in a public nature pre-
serve managed intensively to remove invasive species,
to a patch of minimally managed invasive woody
shrubs and trees along a railroad corridor, to a patch
of fruit trees in a vacant lot being used as a food gar-
den by the local neighborhood residents; from a palm
tree in the center of a golf course in a coastal tropical
city, to a sprawling sycamore in a public plaza paved
with cobblestones; from a diverse cohort of newly
planted trees on the shoulder next to a recently

upgraded highway exit ramp, to an allée of a single
species that have been growing nearly a century along
aresidential street in the old city center; trees in public
spaces and on private property; trees intentionally
transplanted and those grown spontaneously from seed
dispersed by wind or animal or muddy shoes; growing
in the isolation of a sea of grey infrastructure and in
patches of greenspace. The urban forest is highly varied
not only in appearance but in how people in urban areas
manage, mismanage, and interact with trees.

Across urban forestry and urban greening scholar-
ship, there are lots of ways of studying and thinking
about urban forest complexity (Table 1 defines key con-
cepts that appear in italics throughout the paper). Many
have effectively argued that urban trees and forests
are social-ecological systems (SESs)(Oleyar et al. 2008;
Mincey et al. 2013; Mincey and Vogt 2014; Vogt et
al. 2015d; Fischer 2018; Roman et al. 2018; Johnson
et al. 2019; Schmitt-Harsh and Mincey 2020; Vogt
2020b; Johnson et al. 2021; Roman et al. 2021b;
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Tzoulas et al. 2021; Lorenzo 2024). In SESs (some-
times also called “‘coupled human and natural systems”),
the interaction of human and environmental elements
is inextricably linked, resulting in complex systems
dynamics (Liu et al. 2007). Features of complex sys-
tems (Liu et al. 2007) include feedbacks (e.g., environ-
mental injustices in current street tree assemblages
resulting from race-based housing policies in US cities)
(Burghardt et al. 2022); nonlinearity (e.g., in urban
tree mortality curves through time)(Roman and Scatena
2011; Hilbert et al. 2019); legacy effects (e.g., of bio-
physical and socio-historical patterns in land use over
time)(Roman et al. 2018; Johnson et al. 2021); indirect
effects and unintended consequences (e.g., urban forest
ecosystem disservices such as the reaction of residents
to storm damage to and by trees)(Conway and Yip
2016; Roman et al. 2021b); vulnerability and resilience
(e.g., as connected to climate change)(Brandt et al.
2016; Steenberg et al. 2017); or socio-economic indica-
tors of resilience (Huff et al. 2020; Landry et al. 2020);
and more. Complex systems also exhibit hierarchies—
nested-ness or couplings across levels—wherein the
dynamics at one level influence and are influenced by
the dynamics at higher and lower levels (Holling
1992; Holling 2001; Cash et al. 2006; Liu et al. 2007;
Ostrom 2010; Unnikrishnan et al. 2023). In urban for-
ests, this can manifest as the dynamics of single trees,
private backyards, and urban forest patches influenc-
ing landscape-level ecological connectivity across large
urban agglomerations (Rudd et al. 2002; Pirnat and
Hladnik 2016; Johnson et al. 2021). The nested yet
decentralized complex nature of urban forest man-
agement has been described as polycentricity (Mincey
etal. 2013; Ordoiiez 2019; Ordoiiez et al. 2020; Tzoulas
et al. 2021) or mosaic governance (Buijs et al. 2016;
Buijs et al. 2019). But no matter the term used, the
multidimensional layering of actors (i.e., organizations
or individuals, sometimes called “stakeholders”)(cf.,
Reed et al. 2024), decision-making venues, and dis-
courses (i.e., narratives)(cf., Lawrence et al. 2013) with
biophysical conditions and human communities all
influence urban forest outcomes.

Amidst such complexity, urban forest manage-
ment—defined by Ordodiez et al. (2020) as “the stra-
tegic decisions, often guided by institutional mandates
or top-down policies, such as the canopy-cover or
tree diversity goals set by local governments; as well as
operational decisions, or those involving day-to-day
issues, such as where and how to protect, retain, or
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plant specific trees”—is a multistakeholder, multi-
objective situation whereby a surfeit of synergistic or
competing goals may exist. Urban forest manage-
ment and the companion field of arboriculture abound
with best management practices (BMPs), licenses,
voluntary certifications, and standards, all of which
attempt to standardized management practices to ensure
a high quality of tree care and a correspondingly high
quality urban forest. Some of these are legally man-
dated in certain circumstances (e.g., included as con-
tract specifications for tree work) or jurisdictions and
improve worker safety and tree health alike, such as
the pesticide applicators’ license required for applica-
tion of restricted use pesticides to treat some tree pests
and diseases in the United States pursuant to 40 CFR
§152.160 - §152.175. Voluntary standards include the
ANSI A300 Tree Care Standards, published by the
American National Standards Institute (ANSI) and the
Tree Care Industry Association (American National
Standards Institute 2023). Adherence to these standards
is sometimes mandated in tree care contracted by
municipalities to the private sector (Hauer and Peterson
2016a). The International Society of Arboriculture
(ISA) also maintains an updated series of BMP guides
for planting (Watson 2014), pruning (Lilly et al.
2019), and other kinds of tree care as well as multitree
management such as integrated pest management
(Wiseman and Raupp 2016) and tree inventory (Bond
2013). And the US Forest Service occasionally pub-
lishes relevant General Technical Reports containing
guidelines for particular activities in urban forestry
(e.g., tree monitoring)(Roman et al. 2020; van Doorn
et al. 2020).

However, BMPs are insufficiently context specific,
and goals are overly simplistic. One-size-fits-all fails
to capture the complexities described above. Manage-
ment practices geared towards achieving optimal tree
and urban forest quality and benefits in one place,
time, or circumstance may not work for another.
Existing standards, BMPs, and guides either focus
solely on how to best perform maintenance practices
as related to tree biology and physiology (e.g., prun-
ing) or provide a kind of menu of flexible options that
are adaptable to local contexts without making ade-
quate recommendations about which kinds of con-
texts are most appropriate for particular methods (e.g.,
Urban Tree Monitoring resource and field guide pro-
duced by the US Forest Service)(Roman et al. 2020;
van Doorn et al. 2020). For instance, it is undeniable
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Table 1. Definitions? of key concepts for understanding complexity in SESs, with examples from urban forestry. These words
appear in italics when first used in the main text. UFSES (urban forest social-ecological system); SES (social-ecological system).

Concept Definition Example or application to urban forest systems

Case study “An in-depth study of a single unit (a relatively bounded Most urban forest research that utilizes data from a single city is case study
phenomenon) where the scholar’s aim is to elucidate features | research, either explicitly (e.g., Mincey and Vogt 2014; Conway and Yip 2016;
of a larger class of similar phenomena” (Gerring 2004). Schmitt-Harsh and Mincey 2020; Vogt and Abood 2021; Freeman-Day and
Insights generated from case studies are transferable to Fischer 2022; Geron et al. 2023) or implicitly (e.g., Burghardt et al. 2022;
similar cases, but not generalizable. Bigelow et al. 2024). Multicity studies or meta-analyses are relatively rare,

although see the recent multicity studies by Esperon-Rodriguez et al. (2022)
and Chambers-Ostler et al. (2024).

Complexity “An interconnected network of components that cannot be | Why a particular tree or collection of trees exists in a particular urban
described by a few rules; generally manifest in structure, place cannot be accounted for by a simple explanation but rather is a
order and functioning emerging from the interactions among | function of a large set of interacting components (social, ecological,
diverse parts” (Levin 2000). economic, historical, etc.) through time.

Endogenous, | Features or components of the system (performance/function, | Endogenous factors that influence urban forest outcomes are numerous,

endogeneity dynamics, trends, etc.) arising from within the system. Ata | including everything from the biophysical characteristics of tree species
given level of analysis, endogenous variables influence and | and growing environments to management decisions and the wealth and
are influenced by other aspects of the system (cf., Levin 2000). | resources of human communities. (See also Table 3 through Table 8.)

Exogenous, Features or components of the system that arise from Exogenous factors to the UFSES include Earth system processes, such as

exogeneity outside of the system. At a given level of analysis, exogenous | climate change, and also national-level politics that influence funding, such
variables influence but are not influenced by endogenous as the Inflation Reduction Act of 2022 which provided funding for urban and
system components (or the relative influence of endogenous | community forestry in the United States (USDA 2023). (See also Table 9.)
on exogenous system components is relatively small)(cf.,

Levin 2000).

Feedbacks Linkages between components of a system that ultimately | A decline in tree canopy cover in a residential neighborhood precipitated
connect back and influence one another, also a “chain of by a pest may influence and be accompanied by overall disinvestment in
influence” (Levin 2000). that neighborhood, leading to further neglect of trees due to lack of resources

to care for the urban forest (through planting trees, pest management, etc.),
leading to a further decline in canopy cover.

Hierarchies, The nested-ness or couplings across levels. “Systems For example, trees nested within urban forest patches, nested within a

hierarchical organized in such a way as to create a larger system. neighborhood, nested within a municipality, nested within a larger

organization | Subsystems within systems” (Meadows 2008). metropolitan area, etc.

Indirect effects | Effects of one system component on another through an Planting trees in an underserved area of the city with low tree canopy cover
indirect series of interactions (where a direct effect is the without consulting neighborhood residents may have the intended effect of
direct impact of one component on another); may be difficult | increasing canopy and access to the benefits of trees, but it may also have
to predict and thus unanticipated. Sometimes indirect effects | the indirect effect of gentrifying the neighborhood and actually result in
are also unintended or undesirable consequences. Indirect excluding (now priced-out, former) residents from access to the benefits of
effects that are desirable may be conceived of as synergies. | these planted trees (e.g., Donovan et al. 2021; Wolf-Jacobs et al. 2023).

Institutions The “rules, norms, and strategies™ that structure the All kinds of planning management practices from pruning to tree inventory-
interactions of individuals and groups and between people | ing to urban forest master planning can be considered institutions. Norms
and our environments (Ostrom 2005a; Mincey et al. 2013). | of individuals regarding trees, such as the misconception that trees cause

sewer pipe damage, are institutions also. (See also Table 7.)

Legacy effects | The “cumulative and evolving impacts of past interactions | Current tree species composition in a given city is influenced by past pest
in CHANS [coupled human-natural systems] on current and disease exposure, the human decisions to treat or not treat when
and future conditions” (Liu et al. 2007). infestations occur, historical trends in tree species popularity, economic

trends influencing the financial ability of the municipality to replace and
replant public trees lost during an infestation, etc. (Roman et al. 2018).

Levels The “different positions on a scale” (Cash et al. 2006). See | Urban forest dynamics might be examined at the level of the individual
also the definition of Scales in this table. As-in level of analysis. | property owner or parcel or at the level of the entire city, for example.

Longitudinal | Repeated observations of the same units (trees, people, Street tree inventories may generate longitudinal data if they inventory the

data, cities, urban forests) through time. same trees at multiple points in time and connect the observations of the

longitudinal same tree across multiple years using unique identifiers or other methods;
studies see Roman et al. (2020) regarding tree monitoring methods.

Table 1 continued on next page
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Table 1. (continued)

Nonlinearity, | “Arelationship between two elements in a system where The relationship between tree diameter and the many functions and

nonlinear the cause does not produce a proportional (straight-line) benefits of trees (e.g., those associated with leaf surface area, such as air

relationship effect” (Meadows 2008). pollution removal and evapotranspiration) is nonlinear as trees grow. Tree
mortality rates are nonlinearly related to tree age/size.

Polycentricity | “Many centers of decision making which are formally Trees in a metropolitan area may be influenced by decisions made by the
independent of each other”; decision making entities may | local city and county governments; regional planning agencies; water, gas,
“function independently, or instead constitute an interdepen- | and electric utilities; nonprofit greening organizations; institutional
dent system of relations” where they “take each other into | landowners such as schools or hospitals; private-sector arborists and
account in competitive relationships, enter into various landscaping companies; individual urban residents; and many others.
contractual and cooperative undertakings or have recourse
to central mechanisms to resolve conflicts”; polycentric
systems may or may not yield “consistent and predictable
patterns of interacting behavior” (Ostrom et al. 1961).

Resilience The “capacity of a system to absorb disturbance and A resilient urban forest is one that can withstand some kind of disturbance
re-organize while undergoing change so as to still retain and still maintain its function as an urban forest and producer of ecological,
essentially the same function, structure, identity and social, and economic benefits. (See also Table 4, OS-1. Social-ecological
feedbacks” (Folke 2006); that is, a system’s ability to “still | resilience).
maintain the same relationships between populations or
state variables” despite perturbation (Holling 1973).

Scales The “spatial, temporal, quantitative, or analytical dimensions | Scales relevant to urban forests include the jurisdictional (e.g., municipality),
used to measure and study any phenomenon” (Cash etal. | spatial/geographic (e.g., watershed), temporal (e.g., 5-year planning
2006). horizon), analytical (e.g., social, political, economic), etc.

Transferability | The extension of research findings from one system to Findings about planted street tree survival rates in one city may be
another system that shares similarities to the study system; | transferable or applicable to planted street trees in another city if the
“the degree to which an inference about a particular sending | planting and management contexts are sufficiently similar. For instance,
context fits or generalizes to a particular receiving context” | street trees planted in tree pits in Philadelphia may be transferable to street
(Tashakkori et al. 2020). trees in tree pits in New York City; however, street tree research in the

Northeastern United States is likely not transferable to understanding the
dynamics of trees planted in urban-adjacent golf courses in Miami.

Vulnerability | The “...degree to which a system, subsystem, or system An urban forest with low species diversity may be particularly vulnerable
component is likely to experience harm due to exposure to | and experience long-lasting damage to a pest infestation affecting a particularly
a hazard, either a perturbation or a stress/stressor”” (Turner | abundant tree species. (See also Table 4, 08-4. Urban forest vulnerability).
et al. 2003; Steenberg et al. 2017).

“Definitions in this table draw substantially from those in two classic texts on complexity and systems thinking (Levin 2000; Meadows 2008).

that proper planting encourages root growth and ensures
that trees become established and thrive in the land-
scape. Yet BMPs for planting (Watson 2014) do not
account for differences in the growing environment
(e.g., planting in an open park setting versus a small
tree-pit) or variations in after-planting care and main-
tenance, although both of these factors interact with
at-planting decisions and influence tree establishment
(cf., the interaction of planting season with watering
method [Vogt et al. 2015d] and the interactions
between nursery container and irrigation/no irrigation
[Gilman 2001]). Similarly, for pruning, BMPs focus
on minimizing harm to the tree (reducing opportunity
for wounding and decay through appropriate branch
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collar pruning cuts)(Lilly et al. 2019) while improv-
ing tree structure and stability (e.g., maintaining a
strong central leader or trunk); however, there are
many kinds of pruning that are more aesthetic and
cultural than biological and these are scarcely
researched (Clark and Matheny 2010) and do not
appear in BMP guidance or ANSI tree pruning stan-
dards. Further, the aforementioned voluntary stan-
dards are largely applicable to single tree management,
that is, to arboriculture, while BMPs for managing
entire populations of trees in the urban forest largely
do not exist (cf., Vogt et al. 2015c¢)(see also Appendix
B). With acknowledgement to the fact that that BMPs
are useful practical guides and not intended to be
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applicable for every circumstance—indeed, in the
preface to the second edition of the Tree Planting
BMP, Watson and Himelick (2005) wrote, “The
authors recognize that trees are unique living organ-
isms and not all planting practices will work for all spe-
cies in all situations”—greater research and applied
guidance for what works when, where, and how, that
is in which urban forest contexts, could help improve
urban tree and forest outcomes. The challenge in con-
ducting research of this nature is systematic defini-
tions of “what works” and “which contexts.”

Compounding the aforementioned complexity of
urban forest systems is that research—and education
(Vogt et al. 2016)—happens within and across many
disparate fields of study, including (an incomplete list
in alphabetical order): arboriculture, biology, botany,
ecology, environmental science and studies, forestry,
geography and geographic information science (GIS),
horticulture, landscape architecture, natural resources,
public health/epidemiology, public policy/public affairs,
sociology, and urban planning. Such multidisciplinar-
ity has strengths. The inclusion of this many disciplines
demonstrates the broad salience of urban forestry and
urban greening issues. However, it can result in a dis-
ciplinary “cross-talk” problem (Vogt 2018) wherein
different fields utilize potentially vastly different meth-
ods and vocabularies to conduct research (e.g., Eisenman
etal. 2019).

In this paper, I present a comprehensive framework
for studying the complexities in urban forest systems
that could help harmonize vocabularies and be used
to generate context-specific insights into urban forest
management and dynamics. This paper proceeds as
follows. The first section, “Why Frameworks,” defines
frameworks and discusses their utility to research. The
second section, “Existing Frameworks,” summarizes
some select frameworks from within the field of urban
forestry. In the third section, I present the urban forest
social-ecological system (UFSES) framework, includ-
ing methods of its evolution and development. To
conclude, I discuss the potential for use and evolution of
the framework for urban forest research and practice.

WHY FRAMEWORKS
Frameworks help us organize our understanding of a
complex system with many parts. Good frameworks
gather insights from theory, research, and practice,
helping organize scientific inquiry and real-world
applications alike to ensure all aspects of a system are

considered. As I draw heavily on the work of Nobel
Prize-winning economist, political scientist, and nat-
ural resource management scholar Elinor Ostrom, it
is worth quoting her at length here about the utility of
frameworks. She usefully distinguishes a “framework™
from the often-conflated terms “theory” and “model.”
Frameworks, theories, and models are best understood,
she writes:
...Iin a nested manner to range from the most
general to the most precise set of assumptions
made by a scholar....[A] framework is intended
to contain the most general set of variables. ... It
provides a metatheoretical language to enable
scholars to discuss any particular theory or to
compare theories. A specific theory is used by
an analyst to specify which working parts of a
framework are considered useful to explain
diverse outcomes and how they relate to one
another....Models make precise assumptions
about a limited number of variables in a theory
that scholars use to examine the formal conse-
quences of these specific assumptions about the
motivation of actors and the structure of the sit-
uation they face. (Ostrom 2010)

Frameworks encourage use of a common language
where scholars of different disciplinary backgrounds
are conducting related lines of research from different
perspectives. “Without a common framework to orga-
nize findings,” Ostrom writes elsewhere, “isolated
knowledge cannot accumulate” (Ostrom 2009).

A framework is helpful for both descriptive and
diagnostic purposes. From a descriptive or explor-
atory research standpoint, a framework provides a set
of parameters or variables that can be used to describe
a system of interest intentionally and holistically,
including examining interactions between system
components. Without such a systems view, one may
miss important drivers of system function and dynam-
ics, and, especially when changing or improving sys-
tem outcomes is desired, any management efforts risk
indirect effects with unintended consequences
(Meadows 2008; Ostrom 2009). If only one particu-
lar system or case is described, this is a case study.
Multiple case studies examined through the lens of a
single framework with a common set of variables
evaluated for each case then allows for systematic
comparison across cases and enables scholars to
move beyond single-case research to see broader pat-
terns (Onghena et al. 2019). This accumulation of
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systematic cases is the kind of research for which
frameworks were useful to Ostrom and colleagues
(see also Appendix A).

Frameworks are also useful diagnostically (Ostrom
and Cox 2010). The logic of the diagnostic approach
is that a detailed understanding of a system—and in
particular the underlying structure and configuration
of the parts and interactions of parts, or “architecture
of a system” (Meadows 2008)—enables diagnosis of
the root causes and application of the best possible
solution to problems within the system (Ostrom and
Cox 2010). In natural resource commons scholarship
and practice, it is now widely acknowledged that
there is no one single “best” approach to all manage-
ment scenarios—there is no “panacea’ (Ostrom 2007;
Ostrom and Cox 2010). Applications of one-size-fits-all
best management practices will not ensure sustainable
commons management. Thus, a thorough accounting
of a system helps scholars and managers intervene
with prescriptions that have the best chance at achiev-
ing desired system outcomes (Ostrom 2007; Meadows
2008; Ostrom and Cox 2010). This is analogous to the
idea of transferability, whereby the results of research
conducted under particular circumstances or in a par-
ticular place are not generally applicable across all
other cases but instead are transferable to similar cases
(Tashakkori et al. 2020). The key factor in successful
diagnosis and transferability of research findings is a
sufficiently detailed understanding of the system at
hand—its components, interactions, observed out-
comes, dynamics over time, and so on—so that others
may thereby judge when and where future cases are
sufficiently similar as to warrant application of the
insights from the first case. Frameworks are a good
way to systematically organize our understanding of
complex systems and assess transferability of findings.

EXISTING FRAMEWORKS FOR
UNDERSTANDING URBAN FORESTS
Frameworks have been widely used to study systems of
all kinds, perhaps especially systems with both human
and natural components; see, for example, the review
of frameworks by Binder et al. (2013). Within the field
of urban forestry and urban greening, a fair number of
frameworks exist. Thirteen frameworks, all but one
(Clark et al. 1997) published since 2013, were syn-
thesized for the UFSES framework presented in this
paper. Table 2 describes each of the frameworks in
brief. Summary insights from these frameworks include:
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e Most treat human and biophysical components

as subsystems that interact with each other (Clark
etal. 1997; Kenney et al. 2011; Vogt and Fischer
2014; Vogt et al. 2015d; Roman et al. 2018; Hil-
bert et al. 2019; Vogt 2020b; Johnson et al. 2021).
A few frameworks focus exclusively on the more
human-centric aspects of governance and decision-
making (Lawrence et al. 2013; Mincey et al.
2013; Vogt et al. 2015c; Ordoiiez et al. 2020).
Some frameworks emphasize the response of
the urban forest and people in it to general dis-
turbances (Steenberg et al. 2017; Roman et al.
2018) or specifically to climate change (Brandt
etal. 2016).

Some frameworks focus on particular kinds of
urban forest outcomes, such as the mortality of
individual trees (Hilbert et al. 2019), persistence
of urban forest patches (Johnson et al. 2021), or
the robustness of urban forestry institutions and
policy arrangements (Mincey et al. 2013).

A few frameworks are dynamic and make
explicit the element of time or “legacies” (Roman
et al. 2018; Vogt 2020b; Johnson et al. 2021).
Many frameworks make use of nested categories
into which to group variables (Clark et al. 1997;
Kenney et al. 2011; Lawrence et al. 2013; Vogt
and Fischer 2014; Vogt et al. 2015d; Roman et al.
2018; Hilbert et al. 2019; Ordoéiiez et al. 2020;
Vogt 2020b; Johnson et al. 2021; Tzoulas et al.
2021).

Some further clarify (usually with arrows) which
variables or categories of variables interact with
one another (Mincey et al. 2013; Vogt and Fischer
2014; Steenberg et al. 2017; Roman et al. 2018;
Hilbert et al. 2019; Vogt 2020b; Johnson et al.
2021; Tzoulas et al. 2021).

Just half of frameworks are explicit in how they
attempt to link the function and interaction of
system components to observed urban forest
outcomes (Mincey et al. 2013; Vogt and Fischer
2014; Vogt et al. 2015d; Steenberg et al. 2017;
Roman et al. 2018; Hilbert et al. 2019; Vogt 2020b;
Johnson et al. 2021).

Models range from the relatively simple (Vogt
and Fischer 2014; Vogt et al. 2015c; Steenberg et
al. 2017) to the highly complex (Vogt 2020b;
Tzoulas et al. 2021) and from those with an
applied focus (Clark et al. 1997; Kenney et al.
2011; Vogt et al. 2015¢; Brandt et al. 2016) to the
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more theoretical and analytical in nature (Law-
rence et al. 2013; Mincey et al. 2013), with 2 pur-
porting to be useful to both theory and practice
(Clark et al. 1997; Tzoulas et al. 2021).

Overall, the frameworks have found varying degrees
of utility in research and practice (see Citations column
in Table 2). The earliest, most widely cited, and most
utilized by practitioners is the Clark et al. (1997) frame-
work (see also Appendix B). There are additional
frameworks related to UFSESs that have not been
explicitly or systematically incorporated into the
UFSES framework presented in the main article text
(see also Appendix C, which lists the citations to these
additional frameworks, acknowledging the breadth of
topics for which frameworks have been proposed;
since these additional references were not integrated
explicitly and systematically into the UFSES frame-
work presented below, they are excluded from Table 2).

A COMPREHENSIVE FRAMEWORK

Evolution of Urban Forest SES Thinking—
From a Perspective to a Framework

The purpose of this paper is to propose a framework
that comprehensively explores and defines urban for-
ests as SESs with nested interacting human and bio-
physical components. A chronology of the development
of this framework is helpful to understanding the
methods that led to Figure 1 and Figure 2 and Table 3
through Table 9 in this paper. The first version of the
urban forest SES perspective was published while I
was in graduate school conducting research on
recently planted trees with fellow Ph.D. student Sarah
Mincey under the guidance of our advisor Dr. Burney
Fischer with the Bloomington Urban Forestry
Research Group (BUFRG) at the Ostrom Workshop
at Indiana University. The BUFRG urban forest SES
perspective (SES1 in Table 2)(Vogt and Fischer 2014)
was an explicit combination of the Ostrom SES
(Ostrom 2009)(see also Appendix A), Clark et al.
(1997)(see also Appendix B), and an understanding
of tree physiology (Kozlowski and Pallardy 1997).
The SESI perspective was applied quantitatively to
data collected on trees planted by Keep Indianapolis
Beautiful, Inc., revealing that the full complex SES
variables predicted tree outcomes (survival and
growth) better than models that excluded any of the
SES components (Vogt et al. 2015d). A second, more
detailed iteration of the framework was published as
a draft UFSES framework in an encyclopedia entry

on “Urban forests as social-ecological systems”
(SES2 in Table 2)(Vogt 2020b). This version 2 inte-
grated some additional insights from frameworks
published in the urban forestry literature (Brandt et al.
2016; Steenberg et al. 2017) as well as some literature
reviews and synthesis research of which I was a part
(Vogt et al. 2015c; Roman et al. 2018; Hilbert et al.
2019). Most recently, my students and I at the Lab for
Urban Forestry in the Anthropocene (LUFA) at
DePaul University have applied the UFSES frame-
work to collaborative urban forestry in Northwest
Indiana using mixed qualitative and quantitative meth-
ods (e.g., Lorenzo 2024). This research has reinforced
the idea that planted tree survival and condition out-
comes are best explained by the totality of SES fac-
tors rather than any component in isolation.

The evolution of the comprehensive UFSES frame-
work reflects the development of my own thinking on
urban forests, including a synthesis of the above frame-
works with my experiences. It is the result of more
than a decade of thinking and learning about the urban
forest in the classroom, through fieldwork, and at
conferences and via webinars; reading about the urban
forest in journal articles, technical reports, newspapers,
and books; teaching the urban forest to students, com-
munity groups, and my young children; researching
the urban forest using applied, transdisciplinary, empir-
ical mixed methods with partner organizations (espe-
cially with urban forestry nonprofit organizations and
collaborative initiatives); and above all doing urban
forestry through participation in TreeKeeping with
Chicago-area greening nonprofit Openlands, the North-
west Indiana CommuniTree initiative steering com-
mittee, and Chicago’s Urban Forestry Advisory Board.
All the while, fellow researchers, professionals, stu-
dents, and community members have been my sound-
ing boards. With each new experience, I integrated
information into a new iteration of the framework.
What I present here is the version current to the pub-
lication of this journal issue; I expect the framework
to continue to evolve through use and critique (see
especially the section at the end of this paper, “A
Working Draft...”).

The Urban Forest Social-Ecological
Systems (UFSES) Framework

The UFSES framework presented here—elaborated
fully in Figure 1 and Figure 2 and Table 3 through
Table 9—specifies 5 first-tier factors (/talicized in
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Table 2. Select frameworks within the field of urban forestry and urban greening. Note that this is not an exhaustive list of
frameworks proposed or used in the urban forestry and urban greening field, just those that were influential and useful in the
development of the comprehensive framework proposed in this paper. A collection of the visuals (tables and figures) contain-
ing the details of these frameworks excerpted from the original papers along with annotations for how the specific components
of each framework aligns with the comprehensive UFSES framework presented in this paper is available by request from the
author. The “Cit. key” lettering system in the first column of this table gives each framework a shorthand name and appears in
the “Other UF framework” column of Table 3 through Table 9 in this paper. Asterisks next to the framework name indicate which
informed the evolution of the UFSES perspective and which influenced earlier versions of the UFSES framework. UFSES (urban
forest social-ecological system); Cit. key (citation key); UF (urban forest); SES (social-ecological system).

Cit. key | Framework name | Source(s) Citations® | Description (major system components in italics)

SUS Model of Clark et al. 577 total | Sustainable urban forests require 3 relatively separate, but equally important, components:
urban forest (1997) (388) Vegetation resource, Community framework, and Resource management approach. There
sustainability* Kenney et al. (189) are 20 specific criteria across all of these components. (Appendix B describes this widely

(2011) applied framework.)

INST Institutional Mincey et al. 121 In examining a decision-making situation or process, 7 major types of rules (in parentheses)
analysis forurban | (2013) are linked to the following parts of an “action situation”: Participants (Boundary rules),
forest ecosystems** Positions (Position rules), Actors (Choice rules), Information (Information rules), Control

(Aggregation rules), Costs and Benefits (Payoff rules), and Potential outcomes (Scope rules).

GOV1 | Urban forest Lawrence et al. 191 Urban forest governance can be qualitatively explored through 5 groups of variables:
governance (2013) Context, Institutional framework, Actors and coalitions, Resources, and Processes.
framework™**

SES1+ | UFSESs Vogt and Fischer | 143 total | Urban forest outcomes are produced by the Interactions of 4 major components:
perspective (2014) (32) Community, Biophysical environment, Tree, and Institutions & management. A set of

Vogtetal. (2015¢) | (111) specific variables can be operationalized for each of these major components.

MAIN | Urban forest Vogt et al. 173 A maintenance regime can be described by 6 kinds of information/decisions: Type, Who,
maintenance (2015b) Intensity, Frequency, Duration, and Extent. The given Costs of one or more maintenance
regimes** regime can be evaluated against desired outcomes or financial constraints.

CcC Urban forestry Brandt et al. 114 A 3-part approach, consisting of Regional assessment of impacts and tree species
climate change (2016)° vulnerability, Local vulnerability assessments, and culminating in Adaptation projects
response and planning, enables a community to plan and manage their urban forest in the face of
framework** climate change.

VULN | Urban forest Steenbergetal. | 73 Exposure (described by Components, stressors and disturbances and the Characteristics
ecosystem (2017) thereof) influences the Sensitivity of the urban forest (which is a combination of Urban
vulnerability** forest structure and Urban forest function), which in turn impacts the Potential impacts

and Adaptive capacity of the system.

LEG Human and Roman et al. 191 Biophysical legacies (inclusive of Ecological disturbance) and Human legacies
biophysical legacy | (2018) (including Legacies of historical periods and Neighborhood and community change)
effects in urban influence Urban forest spatio-temporal dynamics.
forests**

MOS Mosaic governance | Buijs et al. (2016) | 484 total | Four “interventions and processes” (Resources, Rules of the game, Discourses, and
of urban green Buijs etal. (2019) | (193) Actors) connect Local government planning to Interventions in urban greenspaces,
infrastructure*** (291) which happen through Scaling out and Scaling up processes.

MORT | Urban tree Hilbert et al. 104 Urban tree Mortality outcomes are influenced by 3 major levels of factors (Predisposing,
mortality (2019) Inciting, and Contributing) and at each level, factors in the Human and Biophysical parts
framework** of the system are considered.

SES2+ | Comprehensive Vogt (2020b) 28 Biophysical factors (Characteristics of the trees in the urban forest and the Surrounding
framework for growing environment) and Human factors (Institutions and Characteristics of Human
urban forests as Actors) interact with one another and influence Urban forest outcomes. These 5 core
SESs factors are also influenced by the Broader Ecosystem Context and Dynamics (especially

Ecological disturbances and Ecological “rules”) and the Larger Social, Economic, and
Political Context & Dynamics.

GOV2 | Urban forest Ordoiiez et al. 67 There are 4 dimensions of urban forest governance processes (Stakeholders, Rules of the
governance (2020) Game, Resources, and Discourse), and each dimensions includes numerous themes that
framework*** can be qualitatively examined.
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Table 2. (continued)

NBS Conceptual model | Tzoulas et al. 40 In this complex framework, the SES of a site comprises 12 external systems that “function
of the SES of (2021) slowly at large scales” and 12 internal systems that “function fast at small, spatial, and
nature-based temporal scales”. The 12 pairs of internal and external systems are coupled. Social pairs
solutions in urban (external systems listed first) include, e.g., Demographic-People and Cultural-Lifestyles;
environments*** Ecological pairs include, e.g., Biodiversity-Fauna and flora, Land change and N and P

Sflows-Soil and Climate-Weather: These site-level systems pairings are then influenced by
the planning and implementation of nature-based solutions along & stages of planning,
each paired with a design element.

BEY Beyond ‘trees are | Roman et al. 165 Trees and urban forests yield more than just benefits. Instead, a combination of Ecosystem
good’ evaluation (2021b) services, Ecosystem disservices, and Management costs can yield Positive synergies,
matrix*** Tradeoffs, and Negative synergies for people in the urban forest.

PAT Conceptual model | Johnson et al. 45 Six core factors within “co-produced urban forest assemblages” interact: People,
of urban forest (2021) Multilevel governance network, Regional economies, Forest patch condition, Local
patches*** biophysical factors, and Landscape configuration. These are influenced by Macro-scale

social drivers and Macro-scale biophysical drivers, and iterations of these interactions
through time yield Legacies that also influence patch dynamics.

“Number of citations according to Google Scholar as of 2024 March 11.

"See also the report covering the climate change response framework for forests that includes a section on urban forests (Swanston et al. 2016), as well as the companion report that
examines urban forests, climate change, and human health (Janowiak et al. 2021).

‘The GOV?2 framework of Ordofiez et al. (2020) is based in part on the GOV framework of Lawrence et al. (2013).

+ Indicates earlier versions of the UFSES framework presented in this paper.
* Influenced version 1 (SES1)(Vogt and Fischer 2014; Vogt et al. 2015d).

** Influenced version 2 (SES2)(Vogt 2020b).

**% Newly influential for the comprehensive UFSES framework.

Boundaries for system

Ecological Disturbances

of interest

Characteristics of Trees

Surrounding Growing

in the Urban Forest (T)

Environment (E)

Urban Forest
Outcomes (0O)

Management and <

Characteristics of the

Institutions (M)

Human Community (H)

Figure 1. A simple version of the urban forest social-ecological systems (UFSES) framework.
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Title Case throughout): the (1) Characteristics of
Trees in the Urban Forest (T)(Table 5) and the (2)
Surrounding Growing Environment (E)(Table 6) that
together form the Biophysical Subsystem, plus the
(3) Management & Institutions (M)(Table 7) and (4)
Characteristics of the Human Community (H)(Table
8) that form the Human Subsystem, which influence
(5) Urban Forest Outcomes (O)(Table 4). These 5,
endogenous first-tier factors (the colored boxes in the
center of Figure 1 and Figure 2) interact with one
another within the core urban forest system of interest

(e.g., a particular city, a single neighborhood)(Table
3) but are nested within broader systems exogenous
to the urban forest system of interest and influenced
by environmental context and larger social, eco-
nomic, and political systems.

First-tier factors are decomposable into second-tier
variables, which can be defined and clarified when
operationalized for measurement in research or prac-
tice (Figure 2)(I borrow the language of first- and
second-tier variables and the numbering convention
utilized by the original Ostrom SES framework

Table 3. System Definition (SYS). Endogenous second-tier variables defining the system of interest in the UFSES framework.
Abbreviations in the “Other UF frameworks” column correspond to shorthand citation keys for frameworks described in Table 2.
Notes for Table 3 through Table 9 appear in Appendix D. SYS (system definition); UFSES (urban forest social-ecological system);

UF (urban forest).
. Third-* and
Number Secf)nd-tler fourth-tier® Description and possible values Other UF
variable . frameworks
variable(s)
SYS1 System Identifying features and characteristics of the entire system GOV1
SYS1-1 Identifier* Name or other definitional descriptor of the UFSES of interest
SYS1-2 Size* Land area (or land and water area if appropriate)
A classification of the collection of trees/urban forests area or areas in question.
Types might include: street trees, manicured park trees, naturalized park trees,
urban forest patches (may include vacant lots), residential or yard trees, commu-
nally managed forests or woodlands, trees on large institutional landowners
SYS1-3 Urban forest type* (e.g., university or hospital or business campuses, which may or may not look
and function like manicured parks), and so on. There may be more than one
kind of urban forest relevant to any given analysis, and in complex ecologies
or management situations, it may be necessary to capture the set of second-
and third-tier variables for each SYSI-3. Urban forest type (Note 1).
SYS2 System boundaries Scale(s) and level(s) of interest (Note 2). GOV, CC, MOS
Level of geographic interest: e.g., single lot; larger site, such as a college campus;
. neighborhood or community area; entire community or collection of commu-
Geographic o . . . .
SYS2-1 boundaries® nities; regional level such as a metropolitan statistical area or multicounty plan-
ning region or watershed; larger levels than these likely encompass nonurban
areas but may be useful geographic boundaries in unique circumstances.
Jurisdictional Level of jurisdictional control of interest (e.g., city/municipality; county; a single
SYS2-2 . I Co . PAT
boundaries® park; institutional land management, such as university or hospital campuses).
h . .
glta::clt);):;:t(ii:sl;y E.g., only publicly managed trees (along streets and in parks), trees along
SYS2-3 - . stream corridors, or other meaningful boundaries or characteristics that define
analytical dimensions .
the system of interest (Note 3).
of relevance®
. . What time period(s) are of interest or being examined (year, season, decade);
. . Time 0 (baseline), S o . s
TIME-X | Time period | .. . , | may be multiple time periods if data is gathered at more than one point in time | PAT
Time 1, Time 2, etc. .
or examines change.
“Third-tier variable(s).

Fourth-tier variable(s).
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Table 4. Urban Forest Outcomes (O). Second-, third-, and fourth-tier variables relating to (O), one of the five core first-tier factors
in the UFSES framework. Abbreviations in the “Other UF frameworks” column correspond to shorthand citation keys for frame-
works described in Table 2. Notes for Table 3 through Table 9 appear in Appendix D. UFSES (urban forest social-ecological

system); UF (urban forest); DBH (diameter and breast height); RGR (relative growth rate).

. Third-* and
Number Sec?nd-tler fourth-tier’ Description and possible values Other UF
variable . frameworks
variable(s)
01 Urban forest composition At a system- (e.g., entire city) or sub-system (e.g., neighborhood, block face) level. | LEG, PAT
Number of taxa (genera, species, cultivars) represented in a particular area;
01-1 Richness or number of native (noninvasive) species; biodiversity metrics (that take into VULN. LEG
diversity” account both the number of taxa present as well as the number of individual ’
trees of each taxa)(Note 4).
Ol-1a Species distribution” Follows a deS}red rule (“10-20-30”, “5-10- 145 ), or that no single species (or SUS
genus) comprises more than X% of population in a particular boundary.
02 Individual tree structure Thc?se met'rlcs can 'be aggregated to the 'lev'el qf 'the urban forest or evaluated on
their own in statistical models that predict individual tree outcomes (Note 5).
Increase in DBH or circumference; for smaller trees, perhaps caliper (diameter 6”
. from the base of the tree) or total tree height. Could also use RGR calculated as
021 Tree growth the difference in the natural logs of tree DBH taken at 2 points in time divided SESI
by the length of time in between measurements.
022 Tree condition® Qualitative (e.g., gopfi, falr,' poor, dead) or numeric-based (e.g., tree appraisal- SUS. VULN
based) overall condition rating.
02-3 Tree su.rvwal/ Alive, standing dead, removed/missing, stump. SES1, MORT
mortality*
Other individual Any individual tree metric deemed m.eann.lgﬁll by thg relevant cgmmm1w and
02-X tree ontcome® stakeholder groups and measurable either in qualitative or quantitative terms
(e.g., pest presence, native species or not).
03 Urban forest structure At a system- (e.g., entire city) or sub-system (e.g., site, neighborhood, block VULN, PAT
face) level.
Tree size (age) Distribution of tree sizes (or age, as calculated by either tree planting date or
03-1 . g using a formula based on tree size and species) into bins (e.g., < 6” DBH, 6” SUS, VULN
distribution® >, . .
to 12” DBH, etc.) to reflect the relative maturity of the trees.
Total canopy cover | % of total land area covered by tree canopy (relative canopy cover indicates %
03-2 (relative canopy of plantable land area covered by tree canopy and excludes buildings from SUS, LEG
cover)® denominator).
Total
03-3 Oﬁie:sl:mber Total # of stems or total # planted or removed; net # of trees planted or removed.
Calculated using the diameter or circumference of trees to determine the total
034 Basal area® cross-sectional area occupied by tree stems (generally expressed as something
like square feet per acre when used by foresters)(Note 6).
For a particular part of the urban forest, generally used for street trees, where
03-5 Stocking level® stocking indicates the % of plantable public right-of-way, street-adjacent spaces
occupied by trees.
03-6 Natural areas® Area or percentgge o£ land in natural areas (e.g., remnant woodlots, “trees SUS
managed extensively”)(Kenney et al. 2011).
Other metric of Any urban forest structure metric deemed meaningful by the relevant community
03-X overall urban forest | and stakeholder groups and measurable either in qualitative or quantitative
structure® terms (e.g., percent native species, leaf area index).
Urban forest function and benefits . INST, VULN.
4 « » . > >
(0] (& monetary value) Also called “ecosystem services” (Note 7). BEY
04-1 Individual function | A particular benefit of interest (e.g., reduction in asthma rates) or category of
or benefit* benefits (improvements in human health and well-being).

Table 4 continued on next page

©2024 International Society of Arboriculture




438

Vogt: Comprehensive Framework for Urban Forest Social-Ecological Systems

Table 4. (continued)

Mo.net'a ry value of This is most commonly calculated via the tree benefits tools in the i-Tree
04-2 an individual o .
software suite (i-Tree Tools, www.itreetools.org).
benefit*
Asoregated benefits Total value of measurable benefits (all benefits that can be calculated in terms
gereg of money value, all benefits included in the i-Tree software/tools, etc.;
(for a category of . . . .
04-3 .| expressed in $ or local currency, # of lives saved or increased life expectancy
benefits expressed in L. . . .
comparable terms)’ years for health benefits, carbon dioxide equivalencies for climate benefits, or
other means of standardizing different kinds of benefits).
04-1a, Annualized benefits provided by the urban forest of interest (e.g., carbon
04-2a, Annual benefits” sequestered annually) or benefits accruing annually. For an individual function/
04-3a benefit (O4-1a), monetary value (O4-2a), or aggregated benefits (O4-3a).
04-1b, Total benefits provided by the urban forest at any given point in time (e.g.,
04-2b, Total benefits carbon stored). For an individual function/benefit (O4-1b), monetary value
04-3b (04-2b), or aggregated benefits (O4-3b).
05 Urban forest ecosystem disservices | Some disservices and costs could be conceptualized of as “externalities” inan | INST, VULN,
& costs economic sense (Note 8). BEY
Infrastructure Repair of sewer/water infrastructure due to tree root interference with aging pipes;
05-1 interference costs removal of tree limbs or debris blocking signage, power lines, storm drains, etc.;
(private cost)* lost revenue/repair costs from tree-initiated power outages; etc. (Note 9).
“Damages paid from a lawsuit or settlement awarded when trees or parts of
05-2 Liability costs® trees cause injury to persons or property, such as an improperly cared for tree
falling on a house, vehicle, or person” (Vogt 2020b)(Note 9).
Costs resulting from the opportunities forgone when spaces in which trees are
. planted “cannot be allocated to other competing uses, such as parking, bike
5-3 rt ts? .
o Opportunity costs lanes, sidewalk cafés, etc.; shade from trees may preclude use of sunny areas
for installation of solar panels or for gardening” (Vogt 2020b)(Note 9).
Disservices are “ecosystem generated functions, processes and attributes that
result in perceived or actual negative impacts on human wellbeing” (Shackleton
True ecosystem . o . . .
. R etal. 2016; Roman et al. 2021b); examples include “emissions of biogenic
disservices . . .
054 . volatile organic compounds (VOCs) by trees; allergies due to tree pollen; release
(externality-related .. . ” . .
costs)’ of carbon dioxide during decomposition of trees or tree debris or by maintenance
equipment (gas-powered chain saws, lift trucks used to access tree canopy
during maintenance, etc.); leaf/debris clean-up,” etc. (Vogt 2020b)(Note 9).
05X Other disservices or | Any metric of disservices/costs deemed meaningful by the relevant community
costs® and stakeholder group and measurable either in qualitative or quantitative terms.
Urban forest sustainability Overall rgetn? of change over tl.me; gsyally requires collecting data from gt
06 & persistence least 2 points in time, but sometimes it is possible to assess change retroactively | VULN
P such as through aerial photos, historical records, or other tools (Note 10).
h i . . . .
06-1 cc()vilfe ih canopy % increase or decrease in canopy cover between time 0 and time x.
0622 Survival (or A proportion or percentage of a tree population or sample surviving or dying,
mortality) rate* calculated annually or cumulatively over a particular time period.
0622 Annual survival “...proportion of individuals [trees] surviving [dying] over a year, from time x MORT
(mortality) rate” to time x + 1” (Roman et al. 2016)(Note 11).
Surv1v0r§ P “...proportion of a cohort surviving from planting to year x (in other words,
06-2b (cumulative . N MORT
R cumulative survival)” (Roman et al. 2016)(Note 11).
survival)
Number of trees planted during time 1 less number of trees removed during
063 Net change in time 1; can be expressed as a percentage or proportion of total number of trees
stocking level® (if available) or as a ratio (# planted:# removed) where > 1 indicates more
plantings than removals and < 1 indicates fewer plantings than removals.
064 Change in average | Change in average tree size (as indicative of a decline in overall urban forest
tree size® maturity and consequential loss of benefits).
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Table 4. (continued)

06-X

Other metric of
urban forest
sustainability/
persistence®

Any sustainability/persistence metric deemed meaningful by the relevant
community and stakeholder groups and measurable either in qualitative or
quantitative terms (e.g., does the tree population meet a sustainable age
distribution, achieve a desirable cost-benefit ratio, produce a certain level of
net benefits; community-determined satisfaction with urban forest resources; is
there an increase or decrease in the number of plantable spaces along street
right-of-way, or of plantable area in the city).

07 Urban forest multifunctionality

Outcomes related to measuring and achieving multiple urban forest functions
simultaneously

07-1

Multifunctionality

Ability of the urban forest to meet multiple desired functions simultaneously,
including environmental, ecological, social, economic, human health, etc.

MOS

Positive synergies®

““ A win-win situation that involves a mutual improvement of two ecosystem
services,” with an implied reduction in disservices; more broadly speaking,
positive synergies are situations in which the holistic impact is greater, and
more beneficial, than each individual component” (Felipe-Lucia et al. 2015;
Roman et al. 2021b)(Note 12).

BEY

07-3

Negative synergies®

“A lose-lose situation that involves a mutual increase in ecosystem disservices,
with an implied reduction in ecosystem services; also called ‘jointly negative’
outcomes; more broadly speaking, negative synergies are situations in which
the holistic impact is worse than each individual component” (Roman et al.
2021b)(Note 12).

BEY

07-4

Tradeoffs®

“A “[s]ituation in which land use or management actions increase the provision
of one ecosystem service and decrease the provision of another’, but could also
refer to a situation in which an ecosystem service increases while disservice(s)
also increase (i.e., win-lose)” (Felipe-Lucia et al. 2015; Roman et al. 2021b)
(Note 12).

BEY

07-X

Other multifunction-
ality metric®

Any multifunctionality metric deemed meaningful by the relevant community
and stakeholder groups and measurable either in qualitative or quantitative
terms (e.g., a ratio or other comparison of selected/relevant urban forest
benefits and disservices).

08 bance

Urban forest response to distur-

Outcomes related to how the urban forest reacts when perturbed or disturbed
by natural or human pressures

08-1

Social-ecological
resilience?

Demonstrated or predicted ability of the UFSES to withstand perturbation/
disturbance from pests, fire, climate disturbances, etc., after the Folk (2006)
definition of resilience as “capacity of a system to absorb disturbance and
re-organize while undergoing change so as to still retain essentially the same
function, structure, identity and feedbacks” (Note 13).

08-2

Institutional
robustness®

Demonstrated or predicted ability of urban forest social institutions, policies,
etc. to “maintain some desired system characteristic despite changes in the
behavior of its components parts, circumstances that contribute to long-enduring
or sustainable systems overall” (Anderies et al. 2004; Mincey et al. 2013).
Robust institutions are functional across a range of social-ecological
characteristics (Note 14).

INST

08-3

Urban forest
adaptive capacity®

Demonstrated or predicted “capacity for a system to shift or alter its conditions
to reduce its vulnerability or to improve its ability to function while stressed”
(Adger 2006; Steenberg et al. 2017)(Notes 15, 16).

VULN

08-4

Urban forest
vulnerability*

How much the urban forest will be harmed or damaged after exposure to a
stressor or hazard, for example pest infestations, storms, or climate change
(Steenberg et al. 2017)(Note 17).

VULN, CC

“Third-tier variable(s).
*Fourth-tier variable(s).
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Figure 2. The expanded urban forest social-ecological systems (UFSES) framework. See main text for a full verbal explanation. An earlier
version of this visual was published in Vogt (2020b). See Tables 3 through 9 in this paper for an expanded list of second-, third-, and
fourth-tier variables and citations to the literature that informed the development of the framework.
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[Ostrom 2009] and subsequent updates [Ostrom and
Cox 2010; Epstein et al. 2013; Cox 2014; McGinnis
and Ostrom 2014; Vogt et al. 2015b; Cole et al. 2019;
Cox et al. 2020; Unnikrishnan et al. 2023].) When a
high degree of system detail is desired and data is
available, these second-tier variables can be expanded
into nested sets of third- or even fourth-tier variables.
For example, second-tier variable M3. Proactive man-
agement activities comprises 10 identifiable third-tier
variables, including M3-2. Tree preservation planning,
which in turn includes 3 fourth-tier variables related
to the kinds of tree preservation planning that might be
engaged in: M3-2a. Tree preservation planning (during
new construction/development); M3-2b. Tree preser-
vation planning (during redevelopment/renovations);
and M3-2c. Tree preservation planning (during munic-
ipal capital improvements). Table 3 through Table 9
provide a working first draft of a list of second-,
third-, and some fourth-tier variables for the UFSES
framework: a common set of definitions that can be used
as a sort of menu of possibilities for operationalizing
or measuring variables in the framework. These tables
also include citations to the UF frameworks synthe-
sized in Table 2, and Appendix C includes other rele-
vant literature that informs the logic of each variable.

There are multiple ways to operationalize many of
the variables. Table 3 through Table 9 contain some
suggestions. For example, second-tier variable 71.
Tree taxonomy might be operationalized as tree genus
in one study for which genus is a sufficient level of
detail, while another study might require tree taxonomy
information at the level of species or even cultivar/
variety, and still others may only require information
about tree stature at maturity or growth habit. Some
variables in the framework will require greater elabo-
ration and specification than others. What specifica-
tion is necessary may be influenced by the particular
system of interest (SYS1), the system boundaries
(SYS2), and/or the time period under study (TIME-X)
(Table 3). For instance, the Characteristics of Trees in
the Urban Forest (T) are relatively well-defined by
tree biology and physiology (Kozlowski and Pallardy
1997; Pallardy 2008), and the same set of tree-related
variables are arguably always important to urban for-
est outcomes, no matter what the system of interest is.
More simply: the biology of trees is constant, even
while the interaction of tree biology with other rele-
vant variables may change across and within a system.
On the other hand, which of the second- and third-tier

variables within the Surrounding Growing Environ-
ment (E) and Characteristics of the Human Commu-
nity (H) factors are most relevant to outcomes might
differ greatly depending on the variability in these
elements of the system as well as by cultural factors.
(Still, there may be good reasons to nonetheless spec-
ify as many as possible of the variables in the full
UFSES framework if the purpose of analysis is to
examine comparative cases; see section “A Research
Agenda...” below.)

Across different geographies or urban forestry pro-
grams there may be a range of differences for vari-
ables within the Management & Institutions (M) factor.
For the UFSES framework, I draw a definition of
institutions from the field of political science and new
institutional economics (Ostrom 2005a) and as applied
to urban forestry by Mincey et al. (2013): “rules,
norms, and strategies” that structure the interactions
of individuals and groups and between people and
our environments. Political scientists have also referred
to institutions as the “rules-in-use” (i.e., the updated
Ostrom SES framework presented in McGinnis and
Ostrom [2014]), analogous to what urban forest gov-
ernance scholars using a variation of the “policy
arrangement approach” have called “rules of the
game” (Buijs et al. 2016; Buijs et al. 2019; Ordonez
et al. 2020; Konijnendijk et al. 2021; Geron et al.
2023). In colloquial terms, institutions are analogous
to management, broadly defined, which is why I cou-
ple these terms in the UFSES framework. Whatever
their formal title, there are a relatively large array of
possible institutions/rules-in-use for urban forests,
including operational level maintenance activities,
data/record keeping practices, means of proactive and
reactive management, norms, property rights, and legal
institutions (Table 7). There are also more compli-
cated, nested levels of institutions, such as “collective-
choice” level institutions (Ostrom 2005b), which refer
to rules and strategies about operations maintenance,
record keeping, and proactive management activities.
Collective-choice institutions, in other words, include
who and how it is decided that, for instance, tree
maintenance is conducted at a particular intensity or
frequency (i.e., a 5-year pruning cycle) as well as the
monitoring and enforcement of operational level main-
tenance activities (e.g., who enforces a warranty
guarantee on contractor plantings of municipal street
trees). A large and complex urban forest system of inter-
est may have a “thick” set of institutions, where all of
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the second- and third-tier variables in Table 7 require
specification; or, in a case of a relatively unmanaged
urban forest where only norms govern interactions
between people and trees, these “thin” institutions may
require little unpacking beyond a few statements describ-
ing these informal interactions.

Complex Urban Forest Outcomes and
System Endogeneity

Two key features of this UFSES framework are, first,
a focus on outcomes of the urban forest, which leads
to, second, an acknowledgement of system endogene-
ity. One goal of the UFSES framework is to help elu-
cidate how the confluence of parts within the urban
forest system are linked to the complex, nuanced,
multifaceted outcomes observed across urban forest
systems. Like the specification of the second- and
third-tier variables of interest, what outcomes are
most relevant is stakeholder-defined and can vary
case to case. Outcomes can include urban forest struc-
ture (O1. Urban forest composition, O2. Individual
tree structure, O3. Urban forest structure) and eco-
system services (O4. Urban forest function and bene-
fits [& monetary value]), but the UFSES framework
enables research to go beyond the archetypical “trees
are good” approach (Roman et al. 2021b). More
sophisticated outcomes are included in the UFSES
framework (Table 4) including O5. Urban forest eco-
system disservices & costs (including private costs
such as O5-1. Infrastructure interference costs [pri-
vate cost] and O5-2. Liability costs as well as public
costs such as O3-3. Opportunity costs and O5-4. True
ecosystem disservices [externality-related costs]). The
balance of ecosystem services and disservices is also
included as an outcome metric in the framework (O7.
Urban forest multifunctionality), including both posi-
tive and negative synergies and tradeoffs (O7-2, O7-3,
O7-4)(Roman et al. 2021b). Overall metrics of urban
forest performance through time are also included:
06. Urban forest sustainability & persistence; O8-1.
Social-ecological resilience; O8-2. Institutional robust-
ness; O8-3. Urban forest adaptive capacity; and
08-4. Urban forest vulnerability (Holling 1973;
Turner et al. 2003; Anderies et al. 2004; Mincey et al.
2013; Steenberg et al. 2017; Huff et al. 2020).

How outcomes interact with the endogeneous com-
ponents of the framework—the 5 central boxes in
Figure 2—and illustrate the polycentricity of the system
of interest within larger systems is a key insight here.
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In any system, components that are endogenous to the
system are those that influence and are influenced by
the other system components. In Figure 2, these inter-
actions are indicated with bidirectional arrows. Out-
comes are endogenous to the system. Urban forest
structure, sustainability, multifunctionality, resilience,
and so on are not only results of the other 4 main fac-
tors (including second- and third-tier variables) but
also influence these factors. Exogenous elements of
the framework are those that are relatively external to
the core system function at this level of analysis; they
have largely one-way interactions with the first- and
second-tier factors in the system. Exogenous elements
include Earth system processes like overall climate
patterns for a region but also regional and national
governance structures, economic systems, etc.

An example is illustrative. For instance, consider the
case of invasion of the urban forest by an invasive pest
such as the emerald ash borer (Agrilus planipennis)
(EAB) and its impact on the urban forest. The pest
itself is an exogenous factor. In the language of the
UFSES framework, EAB is a pulse disturbance
(Table 9) since onset can be sudden, particularly if
pest monitoring is insufficient or in the case of a new
unexpected pest. EAB influences the health and con-
dition (74. Canopy condition) of ash trees (Fraxinus
spp.(T1. Tree taxonomy) in the urban forest, and trees
that are in closer proximity to one another (£3. Prox-
imity to other features in the urban environment) will
be more swiftly impacted by the pest and facilitate
spread. Eventually, if left untreated, EAB will cause
the mortality of some or even all trees (0O2-3. Tree
survival/mortality), impacting the species mix of
remaining trees (O1. Urban forest composition). Many
human factors influence whether any trees are treated
for EAB, including if the community has data on the
presence of and location of ash trees (M2. Data/vecord
keeping practices), if they have a plan for how to deal
with pests generally (M3. Proactive management
activities), the presence and advocacy of stakeholder
groups (H6. List of stakeholders), and the available
budget of any groups who might be paying for treat-
ment (H9-3. Municipal budget/fiscal resources and
H10-3. Nonprofit budget/fiscal resources), to name a
few of many potentially relevant variables. The spe-
cies composition—both the initial as well as the
change due to EAB losses—in turn impacts many
operational-level choices surrounding EAB treatment
(e.g., MI-1. Type of maintenance [namely, removal
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versus a multiyear commitment to pesticide applica-
tion]; M1-2. Party performing the maintenance; M1-4.
Frequency; M1-8. Maintenance costs; etc.), which
are also influenced by other endogenous features of
the system (e.g., H13. Community adaptive capacity
& learning [or lack of learning from past pest infesta-
tions]). For an urban forest facing imminent infesta-
tion by EAB (or a future EAB-like pest attacking

primarily a single genus of trees), if managers had
access to a set of research-based case studies search-
able by system characteristics such as those identified
above, they might be able to more easily make deci-
sions that effectively preserve as many high quality
trees as possible while reducing pest management
costs to financially tenable levels.

Table 5. Characteristics of Trees in the Urban Forest (T). Second-, third-, and fourth-tier variables relating to (T), one of the five
core first-tier factors in the UFSES framework. Abbreviations in the “Other UF frameworks” column correspond to shorthand
citation keys for frameworks described in Table 2. Notes for Table 3 through Table 9 appear in Appendix D. UFSES (urban forest

social-ecological system); UF (urban forest); DBH (diameter at breast height).

Second-tier | Third-* and fourth-tier L . Other UF
Number . . Description and possible values
variable variable(s) frameworks
Tree taxon- Falfuly, genus3 spe.:cles,'cultlvar; Taxonomy influences tree forrp, 51ze-at.-matur1ty, average growith fate, SUS, SESI, CC,
T1 native/nonnative/invasive; seed drought/flood tolerance, nutrient requirements, pest vulnerabilities,
omy ) . . VULN, MORT
source climate change vulnerability, etc. (Note 18).
T1-1 Tree traits' Tree traits are nested Wlthm T] . Tree taxonomy as traits are directly
connected to the species/cultivar of a tree.
T1-1a Tree type® Deciduous, coniferous, evergreen, fruit trees, palms, etc.
Ti-1b Stature/expected size-at-maturity’ | Large, medium, small, ornamental, etc.
T1-1¢c Tree form/growth habit" Excurrent, decurrent, columnar, etc.
How well a tree is expected to be able to withstand periods of low or
Ti-1d Drought or flood tolerance® no rainfall/water or excessive moisture during periods of flooding;
connected to tree species and cultivar.
Planting packaging type/size, Legacy effects of nursery growing conditions impact tree outcomes
At-planting | nursery of origin, size/age of tree | during the establishment phase, 3 to 5 years post-transplanting,
T2 . . . - . SES1, MORT
parameters | at time of planting, planting especially; less relevant for larger, mature trees, unless the tree is
season, etc.” planted improperly or the planting packaging is left on (Notes 18, 19).
Current DPH’ caliper, total helgl{t of tree, Impacts the provision of benefits, likelihood of survival, risk SES1, VULN,
T3 . width of crown, proportion of tree
tree size - b assessment, etc. (Note 18). MORT
in live crown, etc.
Crown dieback, crown exposure to
T4 Canopy light, leaf density, leaf condition Canopy condition affects tree health/vigor and the level of urban SES1, VULN,
condition | such as presence and degree of forest benefits (Note 18). MORT
chlorosis, canopy pest presence, etc.”
Trunk Presence of a root flare, damage | Trunk condition affects tree health/vigor and overall condition;
T5 condition to lower trunk, trunk pest extensive damage to the trunk can be a contributing factor to tree SES1, MORT
presence, etc.” mortality (Note 18).
1l Evi f oth tot ” . .
Overa vidence of o .er damage to ree.e, Overall assessment of condition affects tree health/vigor, vulnerabili-
T6 tree overall good-fair-poor or numeric to pests and diseases, etc. (Note 18) SES1, MORT
condition | condition rating, hazard rating, etc.” tytop T '
Date of planting, years (or days) . . .
T Tree age since planting, number of growth Calculated or estimated age from size or from known planting date or SESI, MORT
. . N from number of growth rings (Note 18).
rings, estimated age

“Third-tier variable(s).
"Fourth-tier variable(s).
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Table 6. Surrounding Growing Environment (E). Second-, third-, and fourth-tier variables relating to (E), one of the five core
first-tier factors in the UFSES framework. Abbreviations in the “Other UF frameworks” column correspond to shorthand cita-
tion keys for frameworks described in Table 2. Notes for Table 3 through Table 9 appear in Appendix D. UFSES (urban forest
social-ecological system); UF (urban forest); SOM (soil organic matter); CEC (cation exchange capacity).

Second-tier | Third-" and fourth-tier L . Other UF
Number . . Description and possible values
variable variable(s) frameworks
El Near-tree considerations Features of the growing environment nearest to the tree or trees.
. Whether the tree is touching or otherwise interfering with buildings, fences,
Interference with above- . o e .
E1-1 . signs, lighting, aboveground utility wires, or other aboveground infrastruc- SES1
ground infrastructure® ture
Interference with at/ Whether the tree roots are interfering with building foundations; sidewalks, curbs,
El1-2 . . e SESI
belowground infrastructure® | roads, or other paved surfaces; water/sewer lines, underground utility wires, etc.
Ground cover under the . . .
E13 canopy and/or at the base Imperv'lous/pemous surface; k'1nd of ground cover present (turf grass, SESI
perennials, planted annuals, soil, weeds, concrete, mulched ground, etc.).
of the tree
E2 Planting area characteristics Features related to the space in which the trees is located. MORT
E2-1 Type of planting area® Boulevard/tree lawn, tree pit, median, road shoulder, park, front or back yard, etc. | SES1
E2-2 Planting area dimension(s)* | Width, length, depth; total available rooting volume. SES1
F23 Planting substrate: Kind of medium into which the tree has been planted: soil, structural soil,
gravel, etc.
. Elevation relative to nearby roads or other paved or impervious surfaces
Other planting area . .
E2-X .. (above or below grade); presence/intactness of a curb; previous land use/ SES1
characteristics® . . .
brownfield status, etc.; impact of exposure to pollutants, water infiltration, etc.
Proximity Other trees or vegetation,
to other roads, sidewalks, buildings,
E3 features in bodies of water, other Influences competition for light and space, exposure to heat and pollutants, etc. | SES1
the urban above or belowground
environment | infrastructure, etc.”
Physical characteristics of surrounding growing environment; can be defined
4 Urban form locally (e.g., within a particular distance of a tree or forest of .1nterest) or for LEG, MORT
an entire system or part of a system (e.g., a census tract or neighborhood/
community area).
E4-1 Impervious surfaces® Percentage of land area in pavement, buildings, other nonpermeable surfaces. | SESI
Macrolevel land use categorization (residential vs. commercial vs. industrial use;
Zoning and/or land use single vs. mixed use); microlevel land use (residential-estate, residential-high
E4-2 . . . S .o | PAT
type—current® density, etc.), or specific land use (hospital, residential apartment building with
6+ units, office building, school, playground, vacant lot, etc.).
E43 Age of buildings/ Date of construction of a particular building, the average building in a
neighborhood* neighborhood, or date of the founding of a neighborhood.
R4 Lot size and design® Total lot dimensions; design might include building type and height, setback
from street, etc.
E4-5 Construction® Ex.ter?t, 1nten51ty,. recency of constrgct.lon of apy l?md (roads, curbs/sidewalks, MORT
buildings, other infrastructure repair) in the vicinity.
Other important character- . .
E4-X istics of urban form* The width/type/busyness of nearby roads/sidewalks, etc.
Ecological gtvee:(z::lllls;tcilsvl::;als):tl::ue SUS, SESI
and environ- ’ A huge variety of nearby ecological parameters might be relevant; which ’ ’
(# acres, # trees planted), . VULN,
mental char- should be considered depends on the system and the urban forest outcomes of
E5 . watershed catchment area, | . . . MOS,
acteristics of interest, where system boundaries are drawn, and how much variability there
open greenspace or canopy | . o . MORT,
nearby urban . is across the system within the boundaries.
. cover in vicinity, local NBS, PAT
environment . .
microclimate, etc.”
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Table 6. (continued)

6 Soil/substrate conditions ?;t;ziantlally impact tree outcomes and can vary widely across the urban PAT, NBS

E6-1 Soil volume* In chlc feet or meters, how much soil growing volume is available to the VULN
tree’s root system.

. . . Temperature, evaporation, infiltration/retention/drainage rates, splashing, soil
E6-2 1 physical rties* . L S ’ ’
6 Soil physical properties density, soil porosity, compaction (Note 20).

E63 Soil chemical properties* SOM .content,‘ CEC, pH/a;ldﬁcaﬂon, p}ant nuvtl?entv availability, micronutrient VULN
chelation, toxic material binding potential, salinization (Note 20).

E6-4 Soil biological properties* Carbqn resource, energy supPly, mlcroﬂora activity/biomass, mineralization
capacity, bio-aggregation, soil fauna, bio-pores (Note 20).

“Third-tier variable(s).
*Fourth-tier variable(s).

Table 7. Management & Institutions (M). Second-, third-, and fourth-tier variables relating to (M), one of the five core first-tier
factors in the UFSES framework. Abbreviations in the “Other UF frameworks” column correspond to shorthand citation keys for
frameworks described in Table 2. Notes for Table 3 through Table 9 appear in Appendix D. UFSES (urban forest social-ecological
system); UF (urban forest); NLCD (National Land Cover Database).

Second-tier | Third-* and fourth-tier L. . Other UF
Number . . Description and possible values
variable variable(s) frameworks
SUS, MAIN,

Specifics of on-the-ground maintenance activities, including tree care activities

M1 Operational level maintenance activities . . .
as well as planting and site preparation.

MOS, VULN,
NBS, PAT

Planting (including site preparation), pruning, watering, mulching, staking, soil
Mi-1 Type of maintenance® and nutrient management (aeration, fertilizing), tree removal, pest treatment(s), | MAIN, SES1
other cultural management practices, etc.

Municipal crews (forestry staff, generalist public works staff), public utility

P forming th . .
Mi-2 at:ty performing the (electric, gas) company, contracted arborists/landscapers, local nonprofit staff, MAIN, SES1
maintenance* . .
homeowners, volunteers (including who manages the volunteers), etc.
M3 Intensity’ How much malntgnapce is performed, (e.g., how much of the crown is pruned, MAIN
how much water is given).
M4 Frequency* How f)ften maintenance is performed (e.g., on a 4- or 6-year pruning cycle, MAIN
watering once per week).
MI1-5 Duration® For how long maintenance is performed (e.g., for just the first growing season, MAIN

throughout a tree’s life).

What part of a tree, or which trees, are maintained (e.g., removing branches
M1-6 Extent® below a desired clearance height or removing no more than X% of total canopy, | MAIN
maintaining only trees on heavily trafficked streets).

M1-7 Seasonal timing® When during the year (e.g., year-round, leaf-on, April-November).
Monetary costs of operational-level maintenance activities; may also include the
. . ; . MAIN, BEY,
Mi1-8 Maintenance costs® monetary value of unpaid volunteers who perform tree maintenance; different GOV2
from total municipal tree budget (H9-3).
What kind of data is collected; when and how data is collected; in what form
and/or for what reason/purposes data is used; how regularly is it updated; etc.
M2 Data/record keeping practices (e.g., 100% public tree inventory kept up-to-date with planting and removal NBS
activities, prunings, and other tree maintenance entered into record-keeping
system when performed).
M2-1 Is)?;ettict::ne inventory On-the-ground, virtual (street-level imagery), windshield, or other. SUS

Table 7 continued on next page
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Table 7. (continued)

M2-1a Method of data collection” anﬂ?e-ground .mventory with smartphones, paper records, Lidar-based
individual tree inventory, etc.
M2-1b Frequency of updating® Sporadically/as needed, at regular intervals, as work is performed, etc.
M2-1c Specific variables gathered | List of variables included in inventory, such as species, location information,
during inventory® condition/maintenance needs, etc.
What kind of spatial data is the canopy cover data generated from? Lidar/
M2-2 Canopy cover data® high-resolution images, NLCD data, photo interpretation, digitized aerial SUS
photos, etc.
M2-2a Resolution of canopy data® | 30-m resolution, 3-m resolution, point sampling, etc.
M2-2b Frequency of updating® Sporadically/as needed, at regular intervals, etc.
Tree care work: most salient for public trees, trees in parks or along the public
M2-3 Tree care records® right-of-way (or, for institutional urban forests, semipublic trees on institutional
properties, e.g., college campuses).
M2-3a Planting records/ How/are records of tree planting locations kept, how often is planting data
locations® updated, etc.
M2-3b run.lng hrecords/ How/are records of tree pruning/trimming activities kept/updated, etc.
locations'
M2-3¢ Remf)valbrecords/ How/are records of tree removals kept/updated.
locations
Other maintenance .
M2- .
3x records/locations® Inspections, pest treatments, etc
M2-4 Transparency of data® Data availability and transparency to other interested parties, the general public.
M2-5 Data/record keeping costs® | Direct, monetary costs of data/record keeping.
Other data/record .
M2-X .
Keeping practices* Private property tree data, etc
Urban tree and forest management activities separate from operational level GOV,
M3 Proactive management activities maintenance activities (Ml)g(Note 20) P P VULN, MOS,
' GOV2,NBS
Urban forestry strategic or More holistic th"cm day-to-day management planmng or operations level plans; may
M3-1 master planning efforts' involve strategic assessments of planting opportunities, greenspace or greenway | SUS, MOS
P g plans, etc.; master planning efforts may involve some or all of M3-2 through M3-9.
Plans, policies, or procedures, including permitting, to protect trees during
M3-2 Tree preservation construction or redevelopment efforts, including municipal capital improve- SUS
planning® ments; protecting existing mature trees and tree canopy is crucial to ensuring the
continued benefits these existing trees provide.
Tree preservation planning Pra.ctwes to manage/Protect trees (on both pnvat.e property and Pubhc nght—of-.way)
. . during the construction of completely new buildings on previously non-built-up
M3-2a (during new construction/ . .
., lands (e.g., remnant woodlands or other semitreed habitat, treed vacant lots,
development) .
farmlands with tree breaks).
Tree preservation planning Practlf:es to malinage/protect tre@ (on both pqvate property a.nd public rl.ght-ofiw.ay)
. on existing built-up lands during construction that could include razing existing
M3-2b (during redevelopment/ o - . " . . MORT
renovations)" structures, digging new foundations, creating additions, or otherwise altering a
property on an existing urban lot.
The extent to which municipal improvement projects in the public right-of-way
Tree preservation planning | (e.g., water/sewer, road, sidewalk repairs or upgrades) preserve or fail to preserve
M3-2¢ (during municipal capital | mature trees in the right-of-way; indicates how the city values green infrastruc-
improvements)” ture as an asset class relative to the improvement of grey infrastructures like roads
and sewer lines.
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Table 7. (continued)
Plans, policies, or procedures to consider or alter urban forest maintenance and
. . ices | he ch i ipitation, :

M3-3 Climate change planning* management practlces mn re'sponse to the changes n pl’eClpltathI.l temperatures cC
storm frequency and intensity, and other local- to regional-level impacts
resulting from global climate changes.

. Pl lici t isk or h ial, eith
Risk assessment ans, policies, or procedures to assess tree ris or azard potentlz'i , either after a SUS, MORT,
M3-4 physical disturbance, such as a storm or fire, or in response to resident requests
procedures® BEY
(and follow-through on these plans).
M35 Pest/disease management | Plans, policies, or procedures for how to proceed in managing major tree pests
planning® or disease infestations (e.g., emerald ash borer [Agrilus planipennis)).
Plans, policies, or procedures for how to manage natural areas, nature preserves,
M3-6 Natural areas planning® | or larger tracts of more “intact” urban forest/woodlands, including plans for the | SUS
connectivity of natural areas or greenways.
Equity considerations in Considerations made for the equitable distribution of trees/urban forest resources
M3-7 l(&lx ning® and of maintenance/management efforts based on race/ethnicity, income, or MOS
P g other socio-demographic dimensions, as well as based on existing trees/canopy.
Knowledge transfer Public educati.on efff)ﬂs of stakeholfier groups such as municipal govemme.n.ts, GOV,
M3-8 A nonprofits, universities, and others; includes fact sheets, workshops, advertising/
activities® . . . GOV2
social media campaigns, etc.
Program evaluation, quality improvements, assessments, audits by internal or
M3-9 Evaluation and assessment® | external parties, etc.; response to the results of these evaluations could also be GOV1
documented.
Participation in standards | Participation in urban forestry assessment or standards programs, such as the
M3-9a ) . . . -
programs Arbor Day Foundation Tree City/Campus/Line programs and similar (Note 22).
M3-10 Proactive management Direct, monetary costs of proactive management (e.g., cost of a consultant-prepared
costs® urban forest management plan).
. R to storms, pests, or other disturb , resident/311 ts lik VULN,
M4 Other reactive management activities d:tffi(sn;l)sizk(-)usp(z;llstefi).s or ofher disturbances, residen fequests ke MORT
Md-1 Costs of reactive Direct, monetary costs of reactive tree maintenance activities (e.g., storm BEY
management® clean-up costs, tree removal costs due to lack of pest management, etc.).
Rules and strategies about operational level maintenance, record keeping, and GOV1,

M5 Collective-choice level institutions pro.active mapagement activities (e..g., who anq how it is decided that trc?e . VULN,
maintenance is conducted at a particular intensity, frequency, etc.); monitoring | MOS, GOV2,
and enforcement of operational level maintenance activities (Note 24). PAT
Procedures (and adequate resources) for enforcing ordinances (e.g., tree

M5-1 Enforcement of preservation ordinances) and contracts with private companies for tree care NBS

ordinances and contracts® | (e.g., ensuring quality tree planting occurs and evaluating tree survival and
pursuing any warranty guarantees per tree condition).
Collective-choice level:

M5-2 Boundary rules, Position | Seven kinds of rules that help specify the kinds of institutions relevant to

rules, Choice rules, Infor- | operational-level tree maintenance decisions; see Figure 3 in Mincey et al.

through . . . . . INST

mation rules, Aggregation | (2013) for a fully specified example with all rule types; some of these kinds of

M5-X e . L

rules, Payoff rules, Scope | rules may be inside M3. Proactive management activities (Note 25).
rules®
M5-Y Other collective-choice Additional kinds of rules, norms, strategies about the operational-level
level institutions® management decisions
Rules and strategies about who makes collective-choice level rules (e.g., the
oL . N ordinance, case-law, policy, informal tradition, or other decision-making GOV1,MOS
M6 Constitutional-choice level institut . o . ’ ) . ’ ’
onstitutionak-cholce fevel msttutions enabling authority that specifies who and how operational level maintenance GOV2, PAT
decisions are made)(Note 24).

Table 7 continued on next page
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Table 7. (continued)

Constitutional-choice
Mé6-1 leve.l:. Boundary ru!es, Seven kinds of rules that help specify the kinds of institutions relevant to
Position rules, Choice . . . . . L
through . collective-choice level decision-making; see Figure 4 in Mincey et al. (2013) INST
M6-X rules, Information rules, for a fully specified example with all rule types (Note 25)
Aggregation rules, Payoff ySp P P '
rules, Scope rules®
N Additional kinds of rules, norms, strategies about the collective-choice level
Other constitution- e . .
Mé6-Y . e el e institutions (e.g., who can make the collective-choice level rules, norms,
al-choice level institutions® .
strategies)
Rules and strategies about the manner in which constitutional-choice level
M7 Meta-constitutional level institutions decisions are made. (e.g., thej ctnabhng al{fh.onty); kmd/7 ftyle of gove@ent GOV,
(e.g., mayor-council at municipal level; “right to work” state; constitutional GOV2, PAT
democracy at national level)(Note 24).
M8 Property rights regimes, Land Ownership of and/or legal responsibility for tree and/or tree-planting space GOV,
ownership, access rights, use rights® (Note 26). GOV2, PAT
Ordinances, laws, regulations, and judicial precedents/case law regarding the
R planting, preservation, care, removal, and liability issues related to trees (including
MIMX Legal institutions procedures for sanctioning violators); might be specified inside M5 and M6 for ggx;’
those legal institutions which specify collective-choice or constitutional-level
institutions (Note 27).
Individual and/or shared view/values on trees/yards/lawns and their benefits,
Norms/behaviors costs, risks, level Sf .tr.ee care, 1nxa51ve spemes ma.nagement, aesthetic SUS. GOV,
M10/HX preferences, etc.; “civic ecology” behaviors on private yards such as lawncare MOS. MORT
activities, leaf management, vegetable, perennial, or native gardening, etc. (Note ’
28).

“Third-tier variable(s).
Fourth-tier variable(s).

Table 8. Characteristics of the Human Community (H). Second-, third-, and fourth-tier variables relating to (H), one of the five
core first-tier factors in the UFSES framework. Abbreviations in the “Other UF frameworks” column correspond to shorthand
citation keys for frameworks described in Table 2. Notes for Table 3 through Table 9 appear in Appendix D. UFSES (urban forest
social-ecological system); UF (urban forest).

Second-tier | Third-* and fourth-tier® o . Other UF
Number . . Description and possible values
variable variable(s) frameworks
H1 Size and density At a system (e.g., entire city) or subsystem (e.g., neighborhood, block face) level. | GOV1
Overall number of people living in the area of interest, or the overall geographic
H1-1 Size of community* size in terms of area of land (or land and water if significant water resources are
present and impactful).
. o Density of people living in the community (# of people per unit area, # of
H1-2 Population density households per unit area, # of dwelling units per unit area). VULN
. . Composite characteristics of people within a particular geography (community, | GOV1, LEG,
H2 Socio-demographics neighborhood, etc.)(Note 29). MORT, NBS
-1 Racelethnicity® Dlstnbun.on of r%.101a1 and/or ethnic identities .of individuals living within a SES|
geographic area into locally relevant categories.
H2-1a Language spoken® First language or language spoken at home by individuals/households.
H2-2 Age of people® Mean or median age of community, or a distribution of ages (Note 30).
H2-3 Gender? Distribution of individuals into categories of Male, Female, and Other (Note 30).
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Table 8. (continued)

H2-4

Income*

Mean or median of individuals per capita or per household; the most commonly
used metric in the USA is that collected by the Census Bureau (median household
income).

SESI,
VULN

H2-5

Education levels®

Distribution of individuals into locally relevant categories based on level of education
(e.g., less than 8th grade, less than high school, high school graduate or GED,
some college, etc.); could use the median level of education as a single metric.

SESI,
VULN

H2-6

Unemployment rates®

Proportion of the working-age population (18+, or other locally relevant cut-off
age) who does not have a job.

SES1

H2-7

Homeownership/owner
occupancy rate*

Proportion of households owning their home or proportion of homes in the
geographic area that are owner occupied; especially important for neighborhoods
with large percentages of single-family homes.

SESI,
VULN,
MORT

H2-8

Housing/building
vacancy rate’

Proportion of buildings, homes, and/or businesses that are vacant and unoccupied.

SES1

H2-X

Other demographic or
socio-economic factors*

E.g., family structure, residence time in neighborhood, home value.

SESI,
VULN

H2-#V

Variability (homogeneity
or heterogeneity) in
socio-demographics®

How much variability there is for any of the relevant socio-demographic factors
analyzed; could be expressed as a variance or standard deviation of the mean,
95% confidence intervals for population-level estimates, or as a set of minimum,
maximum, or other percentiles (25th, 75th, etc.).

H2-#T

Change in
socio-demographics®

Rate of change in any of the socio-demographic factors can be captured (e.g.,
H2-1T could be used to express the change in the percentage of a community
identifying as nonwhite between decadal censuses; H2-6T could capture the %
decrease in the unemployment rate in the past 2 years).

LEG, MORT

H3

Legacies of historical periods

Within community legacies of colonial history, redlining areas, industrial and
postindustrial changes in land use, shifting socio-economic and demographic
composition of communities, etc.; relevance of these factors vary within the
urban forest system of interest (Note 31).

GOV1, LEG

H4

Community capacity

Indicators of capacity might include: social capital (bonding, bridging, linking)
and other resources of individuals and community/neighborhood groups
influencing the urban forest; practical experience in managing trees, gardens, or
other natural resources, or taking care of public space; neighborhood ties, social
cohesion, trust, reciprocity, etc.; what relevant variables are indicative of
community capacity may vary widely across and even within communities;
community-defined capacity may be different endogenously defined (by the
community itself) than exogenously defined (by researchers, outsiders).

HS

Evidence of tree care

Evidence of the community caring (or not caring) for trees/greenspace, including
presence of care indicators (e.g., watering bags/irrigation systems, seating areas,
bird feeders, yard art near the tree[s]/tree space) or evidence of a lack of care
(e.g., trash, vandalism in or near the tree[s]/tree space).

SESI,
VULN,
MORT

Hé List of stakeholders

List of relevant stakeholders; might be individuals, groups, and/or types of
groups as appropriate to the system of interest; includes parties performing
operational-level maintenance as well as those engaged in other planning and
policy type activities; stakeholders are defined as “actors who influence, interact,
and benefit from urban forests” (Vogt and Abood 2021) and might be an
individual (e.g., the mayor), a group (e.g., municipal tree crew members), an
organization (a nonprofit organization, a private tree care company), or a type of
individual (e.g., homeowners); interactions of stakeholders with the trees in the
urban forest may be formal/official (e.g., municipal tree care activities) or informal
(homeowners benefiting from temperature regulating effects of shade trees)(Note 32).

GOV,
MOS, GOV2

Table 8 continued on next page
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Table 8. (continued)

If applicable, identify those stakeholders who are most deeply and/or broadly
Core stakeholders connected to urban forestry efforts throughout the system of interest or stakehold-
Hé6-1 (leaders, entrepreneurs, | ers who are local leaders in urban forestry or who otherwise have an outsized
bridging groups)® influence on the system,; core stakeholders could be the formal members of a
steering committee, advisory body, or just those who are informally influential.
Network structure refers to the connections between stakeholder groups or
Stakeholder network individuals; could refer to netwgrks with .re.spect to a particular aspect of the
He6-2 structure® system such as knowledge sharing or decision making, or to more general
network structure; could identify particular kinds of stakeholders such as
boundary actors or bridging organizations, etc. (Note 33).
Level of expertise/training of
H7 stakeholders/stewards SESI
Level of expertise: Experience, training, certifications, and/or education of individuals within
H7-1 Municipal staff* stakeholder groups; includes the frequency, intensity, formality of professional LEG
development activities for paid professionals, retraining requirements for
HI-2 Level of expertise: volunteers, compliance/licensing re-up requirements, etc.; professional LEG
Nonprofit staff* certifications and licenses, especially for paid staff or contractors (e.g., Certified
Level of expertise: Arborists®, Board Certified Master Arborists®, TRAQ or other qualifications,
H7-3 Private sector® Certified Foresters); level of training/volunteer certifications of community
Level of tiser volunteers (e.g., Master Gardener, “tree steward” certifications, etc.); formal
H7-4 evel of expertise: education in relevant fields (arboriculture, forestry, horticulture, but also,
Volunteers® . .
community organizing, etc.).
Level of expertise:
H7-X Other stewards®
Degree of collaboration, cooperation, and conflict (and conflict resolution)
Stakeholder collaboration, cooperation, between stakeholders; includes cooperat'lon between public agencies managing SUS, MOS,
HS8 . . trees, support or lack of support from private, nonprofit, and philanthropic
& conflict resolution o . i . GOV2
organizations, and the green industry; involvement of the general public;
bridging or convening groups and collaborative/regional initiatives, etc.
. - Characteristics of the relevant municipal/local government authority(ies)(city, MORT,
H9 Stakeholder characteristics: Municipal village, town, hamlet, county, etc.) that impact the urban forest (Note 34). GOV2
HO-1 Municipal department(s) | Particular department(s)/division(s) responsible for care of public trees and/or
or division(s)® with ordinance enforcement responsibilities for trees on private and public property.
H9-2 Municipal human Number of sFaff (1n§1v1duals, fulljtlme equivalencies), work hours, contracted SUS. GOV2
resources® staff, staff with particular credentials, etc.
.. Budget of the department responsible for tree management (e.g., annual
M 1 t/fiscal = . .
H9-3 umclpaa budget/fisca municipal tree budget; contract value); or proportion of the total municipal SUS, GOV1
resources .
budget dedicated to the care and management of trees.
. Any other relevant factors related to the municipal authority and its urban forest
Other municipal . S . .
H9-X . . management (e.g., if a municipality has made a specific tree planting goal, the
characteristics® . S
mission of this initiative could be relevant).
Characteristics of any local, regional, or national-level nonprofit organizations SUS. MORT
H10 Stakeholder characteristics: Nonprofit | (including philanthropic organizations, formal/informal community/neighborhood G O\}Z ’
groups/associations) that impact the urban forest of interest.
- Overall mission/goal of the nonprofit organization(s)(or program[s]) that impacts
H10-1 N fit . M
0 onprolit mission the urban forest)(Note 35). 08
Nonprofit human Number of nonprofit staff (individuals, full-time equivalencies), work hours, GOV,
H10-2 . . o
resources® level of expertise/education/training, etc. GOV2
H10-3 Nonprofit budget/fiscal | Budget of the authority responsible for tree management (e.g., annual municipal
resources® tree budget; contract value).
H10-X Other nonprofit Any other relevant factors related to a nonprofit organization and its urban forest
characteristics® management.
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Table 8. (continued)
Characteristics or capacity in the private sector that regularly impact the urban
Stakeholder characteristics: forest, 1nclu'd1ng.t'he 1nv01Yement of large 1nst1tL'1t10na1 'land holde'rs such as SUS, GOV,
H11 . colleges/universities, hospitals, business parks, industrial properties, etc. (e.g.,

Private sector . . . GOV2
number of local tree care companies, dollar value of local green industry [if available],
prevalence/quality of institutional urban forest management plans/practices).

H12 Stakeholder characteristics: Other Characteristics of additional authorities not specified in H9 through H11. GOV2

Community adaptive capacity Demonstrgted or anFlclpateq ce.lpacny for adapting to change or leamlng from .

H13 & learnin past experiences; might be indicated by access to fiscal and other kinds of capital VULN
g (natural, built, human, social, cultural, political) that often enable adaptation;
level of stakeholder buy-in to proposed changes (Note 36).
“Third-tier variable(s).

Fourth-tier variable(s).

Table 9. Exogenous Factors. Second-tier variables relating to the exogenous factors in the broader environmental and social-
economic-political systems of which urban forests are a part. Abbreviations in the “Other UF frameworks” column correspond
to shorthand citation keys for frameworks described in Table 2. Notes for Table 3 through Table 9 appear in Appendix D. UFSES
(urban forest social-ecological system); UF (urban forest).

Second-tier variable Description and possible third-tier variables g:rlz:vlvjtﬁ'ks
Broader Environmental Context & Dynamics (ENV)
Biome characteristics Chmatf.: (landscape-level), type of native biome/ecosystem, topography, pre-urbanization MORT, PAT
vegetation and land cover, etc.
Climate change, stratospheric ozone depletion, atmospheric aerosol loading, ocean acidification,
Earth system . . . . .
biogeochemical flows, freshwater change, land system change, biosphere integrity, novel NBS
processes .
entities (Note 37).
Polycentricity of Earth | Nested, multilevel, multiscale; from cellular- to organism- to landscape- and continent-level; NBS
systems from mitosis to global biogeophysical cycles and weather patterns, etc. (Note 38).
Ecological Disturbances (ED)
Ecological disturbances that occur at a relatively discrete period in time (measurable in hours or
days) and onset is often sudden; can be predictable or unpredictable. Examples include storms
“Pulse” disturbances and extreme weather events (thunderstorm, tornado, hurricane, derecho/flatline winds, polar VULN, LEG
vortex/extreme cold, ice storms, blizzard, heat dome/extreme heat events, dust storm, etc.), fires
at the wildland-urban interface, some kinds of pest and disease outbreaks, etc.
Ecological disturbances that occur more gradually over relatively longer periods of time than
“pulse” disturbances, such as gradually increasing temperatures due to climate change, long CC. VULN
“Press” disturbances | term changes in precipitation patterns including flood/drought, El Nifio/La Nifia multiyear LE é ’
weather cycles, etc.; some kinds of pest and disease outbreaks that come on more gradually and
persist long term might be “press” disturbances.
Characteristics of . .
these disturbances Magnitude, frequency, duration, extent (Note 39). VULN, CC
Ecological Rules (ER)(Note 40)
Physical phenomena Urban heat island effect, light penetration, air pollutant dispersal, etc. VULN
y! p ghtp P %
Biogeochemical Photosynthesis and flows of nutrients through urban ecosystems, soil processes, etc.
phenomena
Biological/ecological Competition between individual organisms and between species, natural selection and evolu-
phenomena tionary processes, ecological succession, landscape fragmentation and patch dynamics, etc.

Table 9 continued on next page
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Table 9. (continued)

Larger Social, Economic, and Political Context & Dynamics (SOC)

Historical decisions around tree planting/care, including species symbolism, civic beautification
Human legacies movements, park creat.lon, street tI‘G-:C planting, national and r.e.glonal 1dent'1ty as connected. to LEG
trees or forests, trends in urban design and development, political popularity or unpopularity of
trees and forests, etc. (Note 41).
Sub-national (state/
provincial, county/ Policies, laws, regulations, initiatives, funding, etc. at a level larger or higher up than the level of MORT
municipal) govern- analysis for the system of interest.
ment factors
National and multina- . . e . . .
. Policies, laws, regulations, initiatives, funding, etc. at the single country level (e.g., Spain) or
tional government . . MORT
factors higher (e.g., the European Union).
Largescale social and | Geopolitical stability, epidemics/pandemics, market economics/incentives, old/new/social media PAT. NBS
economic systems influences, national/global demographic trends, cultural paradigms, etc. ?
.. Nested multilevel, multiscale; management of urban forests within a single place is nested
Polycentricity of i . .. . . .
within larger regional, state/provincial, national, and international levels of governance and NBS
governance structures . . .
across public, private, nonprofit, and informal sectors (Note 42).

SYSTEMS BOUNDARIES: JURISDICTIONAL,
GEOGRAPHICAL, AND TEMPORAL
CONSIDERATIONS
What is endogenous versus exogenous to the system
is defined by system boundaries and level of analysis
(Table 3). What is endogenous at one level of analysis
may be exogenous at another level. To extend the
example above, municipal-level decisions of whether
and how to treat public trees for EAB that are endog-
enous at the level of the entire city may be better
thought of as exogenous if the level of analysis of
interest is a single park governed independently by a
park advisory council or conservancy (e.g., the case
of New York City’s Central Park Conservancy). Thus,
an important consideration in applying the UFSES
framework—whether as a thought experiment or to
any particular system one may be researching, man-
aging, or of which we are a part—is answering the

question, what are the system s boundaries?
Boundaries can refer to the physical or analytical
bounds of a system and are helpfully conceptualized
as a combination of the scale and level of analysis. In
a seminal article from the field of natural resource
management, Cash et al. (2006) articulated the criti-
cal importance of scales and levels for enacting effec-
tive governance of human-environment systems. Scales,
according to these authors, are the “spatial, temporal,
quantitative, or analytical dimensions used to measure
and study any phenomenon,” while /evels refer to the
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“different positions on a scale” (Cash et al. 20006).
For UFSESs, defining the levels of operation within
jurisdictional, geographical, analytical, and temporal
scales are important. Jurisdiction refers to the entity
or entities possessing legal authority over a particular
kind of situation or geography. For urban forests, we
might consider jurisdictional boundaries (SYS2-2),
such as a local municipality, and further within those
bounds only the public trees over which a municipality
may have management authority. Boundaries existing
in physical space (SYS2-1. Geographic boundaries)
may overlap jurisdictional boundaries (e.g., a line can
be drawn on a map demarcating city limits for a
municipality), or they may be more ecological in
nature (e.g., a watershed boundary may not align with
municipal jurisdictional boundary). We may also con-
sider the relevant analytical scale for a system as
urban forest type (SYS1-3), a qualitative classification
describing a collection of trees or forested spaces
within an urban area at the intersection of growing
environment, management regime, and/or land owner-
ship. Urban forest type may refer to street trees, park
trees (manicured versus naturalized parks might be
considered together or separate depending on the sys-
tem), residential/yard trees, and closed-canopy settings
such as urban forest patches (cf., Johnson et al. 2021;
Freeman-Day and Fischer 2022). Urban forest type
may overlap with jurisdictional boundaries (e.g., street
trees may all be managed by a municipal authority) or
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not (e.g., trees along different road classes may be
managed by separate governmental authorities, such
as highway right-of-way trees versus those along sur-
face roads). Some urban forest types may resemble one
another (e.g., trees and forested areas on a college or
university campus may be treated like a manicured
public park accessible to and used by the campus com-
munity and the general public, while trees in a similar
park-like setting of a secure industrial facility may
not be accessed by people at all).

Temporal aspects similarly can have an impact on
the understanding of how human and biophysical
factors in the UFSES impact outcomes. Temporal
boundaries refer to the time period of interest for under-
standing urban forest system outcomes. Analyzing a
particular urban forest or part of an urban forest at a
single point in time provides a “snapshot” of the cur-
rent state of the system and captures relationships
between system components at a particular moment.
But snapshot analysis cannot tell us how a system
might change through time; monitoring and longitu-
dinal studies are necessary for that (van Doorn et al.
2020). Further, existing best management practices
often reflect snapshot-style management: for instance,
what the best optimal pruning for a single street tree
or group of trees in a given year is may look quite dif-
ferent for trees managed on 5-year pruning/inspection
cycles versus those on a 10-year cycle versus those in
amunicipality that only prunes trees by resident request.
Operationalizing the second- and third-tier variables
in the UFSES framework at multiple points in time
could elucidate how urban forest outcomes change
through time, how the core components and variables
within the UFSES interact to produce outcomes, and
whether these interactions change in quality, direc-
tion, or magnitude through time. Both when in time
and over what time period is important. How and which
characteristics of trees and the surrounding environ-
ment are connected to urban forest change, for
instance, may be different if change is measured as
growth at the level of the individual tree (O2-1. Tree
growth) during the period of establishment less than 5
years after trees are planted (e.g., Vogt et al. 2015d),
rather than if urban forest change is measured as an
increase or decrease in urban tree canopy cover (O6-1.
Change in canopy cover) over a span of decades (e.g.,
Roman et al. 2021a). A better understanding of how
trees with different characteristics in different growing
environments surrounded by different communities

of people respond over time to different kinds of man-
agement (as well as an understanding of how manage-
ment decisions are made) could powerfully aid urban
foresters and communities in making more holistic and
context-informed decisions as they manage their trees.

Why these kinds of analytical boundaries matter
becomes clear if we consider the level of variability
within second- or third-tier variables for a particular
system. To operationalize the UFSES framework
requires making determinations about which second-
and third-tier variables might be most relevant for a
system of interest. A comparison of 2 hypothetical
scenarios is instructive. In Subdivision A, the only
trees planted are public street trees between the street
and the sidewalk which fall under the management
jurisdiction of a municipal authority, such as a Divi-
sion of Forestry within a Department of Public Works,
who manages all street trees the same way (e.g., 5S-year
pruning cycle; trees planted within the past 3 years
are watered only during summer droughts). In Subdi-
vision B, the street trees in boulevards along 2 major
through-roads are managed by the Division of For-
estry, but there are also trees in front and backyards
and in cul-de-sacs on the public right-of-way that are
the responsibility of the residents’/homeowners, as
well as trees recently planted around a retention pond
between the subdivision and the county highway that
are the responsibility of a homeowners’ association
(HOA) that collects dues from homeowners and con-
tracts out care of this semipublic space to a local land-
scaping firm; the stipulation for the collection of dues
as well as who manages which trees are specified in a
codes, covenants, and restrictions (CCR) attached to
the deeds for all homes in membership of the HOA.
Now, for both cases, if the question of interest is
strictly municipally managed trees—a jurisdictionally
bounded inquiry—one need only consider second-tier
variables relating to M1. Operational level mainte-
nance activities as the only trees of import are street
trees planted in the public right-of-way and managed
uniformly by the Division of Forestry. If, however, one
is more broadly concerned with the canopy cover and
provision of tree benefits across entire subdivisions—a
geographically bounded inquiry—one should cer-
tainly consider variations in maintenance and property
rights. In the more complicated case of Subdivision B,
the legal responsibility for tree care and management
varies quite a bit across all the trees planted in the
new development, and therefore MS8. Property rights
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regimes (who owns and manages what lands) and
MI/MX. Legal institutions (such as the CCR agree-
ment) are likely relevant to explaining patterns of
observed canopy cover across the entire subdivision.
The UFSES framework should be flexible in its oper-
ationalization so as to allow application to systems
with different boundaries.

A RESEARCH AGENDA AND DATABASE FOR
URBAN FOREST SOCIAL-ECOLOGICAL
SYSTEMS
I hope the UFSES framework will be taken up by
other researchers, adapted to their use, and through
those efforts we can accumulate holistic knowledge
and develop context-specific insights for manage-
ment and practice of UFSESs as complex systems.
There are 3 major benefits of research guided by the
UFSES framework presented above. First, the frame-
work can foster holistic, systems thinking in a sys-
tematic yet flexible way. Second, in doing so, it can
provide a working draft of a common language for
thinking about and studying urban forest systems.
And third, the framework systematically applied can
enable comparative case research with the goal of
developing applied urban forest management insights.

Systematic Yet Flexible Systems Thinking
Operationalizing the framework is by necessity a
unique operation for each UFSES, for each case. For
any particular case—geography/cultural context, juris-
diction, research question, or practical application—
there may be different second- and third-tier variables
that are most relevant to that case, or the same second-
tier variable may be operationalized slightly differ-
ently (e.g., measuring 73. Current tree size as DBH
versus caliper). The systematic listing of variables in
Table 3 through Table 9 requires one to consider each
in the context of their system, documenting informa-
tion that while not appearing germane to a case at first
blush might be revealed as important when viewed in
confluence with other variables or in comparison
with other cases. In this way, the framework can be a
starting point for building out research on how
social-ecological elements of a system interact to pro-
duce urban forest outcomes. The detailed specifica-
tion of a compendium of cases according to the
UFSES could elucidate those system components
that might be most relevant to the particular outcomes
and dynamics of interest for any given research ques-
tion, policy proposal, or application to practice.
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A Working Draft of a Common Language
There are trade-offs in developing a framework that
is both systematic and flexible. Flexibility allows for
application across a diverse range of cases, yet the
common language utilized in the framework needs to
encourage accumulation of sufficiently comparable
data so as to allow for comparison of cases and trans-
ferability of insights gained. “Language matters,”
Reed et al. (2024) write in a recent critique of the use
of the term “stakeholder” across transdisciplinary
research contexts. They continue: “The specific words
we use represent knowledge, construct concepts and
convey meaning and are, therefore, central to how we
relate, communicate, engage, and even conceptualise
the world.” I agree. For this reason, I’ve provided a
downloadable Microsoft Excel/Google Sheets ver-
sion of all the second- through fourth-tier variables
that appear in Table 3 through Table 9 at the following
URL: https://tinyurl.com/UFSES. This Google Sheet
serves as a working version of a common lexicon for
multi-, inter-, and transdisciplinary studies of UFSES
using the framework. The framework is still at its
most flexible; I have not specified detailed metrics or
precise measurement methods for any of the second-,
third-, or fourth-tier variables in Table 3 through
Table 9, though I have mentioned in the table notes
(Appendix D) existing standardized measurement
guides where available (e.g., the Urban Tree Monitor-
ing guides of the US Forest Service)(Roman et al. 2020;
van Doorn et al. 2020). Further synthesis research
and discussions among users of the UFSES frame-
work and with urban forestry and arboriculture prac-
titioners can and should refine these definitions and
provide linkages to common procedures and methods
to fit the plethora of urban forest systems and man-
agement scenarios.

Standardization of definitions in a common lan-
guage is a challenge often mentioned in urban for-
estry and adjacent fields; two separate recent reviews
connecting the three literatures around urban ecosys-
tem services (UES), green infrastructure (GI), and the
newest term “nature-based solutions” (NBS) both came
to similar conclusions: that although the three fields
had different disciplinary origins, they have inter-
sected and begun to learn from one another (Esc-
obedo et al. 2019; Fang et al. 2023). Escobedo et al.
(2019) concluded, “Although language and meta-
phors will evolve, care is especially necessary in
clearly defining these metaphors as this can affect
research (e.g., meta-analyses and reviews based on
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inconsistent definitions) as well as community and
policy uptake of these metaphors.” Although these
authors were speaking specifically about the intersec-
tion of UES, GI, and NBS language, the sentiment
regarding clear definitions and common terms resounds
for all of urban forest and urban greening research
and practice.

Comparable Case Research

As cases that utilize the framework amass, one way
of ensuring that “knowledge accumulates” (Ostrom
2009) is to create a searchable database of urban for-
est systems replete with information about the System
Definition (SYS), Characteristics of Trees in the Urban
Forest (T), Surrounding Growing Environment (E),
Management & Institutions (M), and Characteristics
of the Human Community (H), as well as Urban Forest
Outcomes (O). In this manner, researchers might then
utilize aggregate data on the cases in qualitative or
even statistical analyses that generate larger insights.
Once the database is sufficiently developed, practi-
tioners in search of insights for practice could search
for a case sufficiently similar to their own in commu-
nity characteristics or management practices and view
observed outcomes and system characteristics for the
comparative case. The Holy Grail of a database of
context-specific best management practices is likely a
long way off, but comparable case research using this
systematic framework would be a first step.

Such an approach would not be unique to urban
forestry. Other research areas have been examined by
the consistent gathering of particular kinds of data
that is then entered into a common database or repos-
itory. The Ostrom SES framework (see also Appen-
dix A) and its precursor, the institutional analysis and
development framework (e.g., Ostrom 1986), have
been applied to the comprehensive study of factors
influencing successful and sustainable management
across a wide variety of natural resource “commons”
including fisheries, irrigation systems, and commu-
nally managed forests (Partelow 2018; Cox et al. 2021).
The current generation of SES scholars studying
these systems have developed the Social-Ecological
Systems Meta-Analysis Database project (SESMAD
2014). SESMAD is a set of relational databases
resulting in a “repository of variables,” 177 in total,
connected to environmental governance across a wide
variety of common-pool resources, studied across
many academic disciplines, though notably urban cases
are largely absent from SESMAD.

To my knowledge, no similar approach has been
promoted or utilized for urban forests to date. The
closest is the “case studies” collected in the Vibrant
Cities Lab website (Vibrant Cities Lab 2023) hosted
by the US Forest Service and American Forests. The
narrative examples on this website are presented in a
common format and through the lens of the USFS’s
“Urban Forestry Toolkit.” While these cases are not
searchable or analyzable as-is by researchers looking
to generate insights via statistical or comparative case
research, the Vibrant Cities Lab stories would be a
good starting point to search for urban forest systems
to include in a database organized along the lines of
the UFSES framework.

Developing and maintaining such a database is not
without its challenges. Among other challenges, Cox
et al. (2021) identified the issue of trade-offs between
“case-based relevancy and generalizability” that I also
experienced in the development of Table 3 through
Table 9 in this paper. Based on their experiences with
SESMAD, these authors identify a “checklist of
issues” researchers should consider when developing
such “broadly comparative research projects” (Cox et
al. 2021). This may be a good checklist to consult if
the UFSES framework is developed into a database
of cases. The benefits and drawbacks of a UFSES
database and management thereof would be a laud-
able task for a collaborative group of scholars and
practitioners to take on, perhaps through a large research
grant, the support of a professional society such as the
International Society of Arboriculture, or support
from a foundation or synthesis research outfit, similar
to the now-sunsetting National Socio-Environmental
Synthesis Center, SESYNC, which supported collab-
orative transdisciplinary, team-based research includ-
ing the 2016 “Growing the urban forest” workshop
(Roman et al. 2015) that led to the publication by
Roman et al. (2018).

CONCLUSION
Context matters. Ecologists know this. Foresters know
this. Sociologists and anthropologists and geogra-
phers know this. Urban forestry research is getting
more holistic and less case-study oriented. However,
the body of evidence accumulating in the field at
present is inconsistent in which parts of urban forest
context are examined and how. Many literature reviews
in the past decade across a variety of topic areas have
noted such. In a review of research on municipal
urban forest decision making: “knowledge of how

©2024 International Society of Arboriculture
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municipal managers take decisions and what influ-
ences their decisions is dispersed across disparate
bodies of knowledge and case studies” (Ordonez et
al. 2019). In a review of urban forest air quality bene-
fits and asthma: “The substantial differences in how
epidemiology and natural science study and draw
conclusions relating to air quality and urban vegeta-
tion exhibit ‘disciplinary crosstalk’—poor communi-
cation, unconscious misunderstandings, and inconsistent
use of terms and literature between disciplines”
(Eisenman et al. 2019). In a review of urban forest
resilience: “there is not yet consensus on what makes
the urban forest more resilient, nor the degree to which
urban forests improve overall resilience in cities” (Huff
et al. 2020). In a review on urban tree planting and
social equity: “we have attempted to highlight some
practical recommendations. . .to help identify best prac-
tices for equitable tree planting,” while simultaneously
noting that “some of these successful strategies might
be difficult to implement in certain contexts”, yet the
literature is unable to provide any insights about said
context (Myers et al. 2023). Other literatures make
the clarion call for databases and a common language.
In a review of urban tree mortality: “for both research
and practice, researchers, arborists, and urban forest
practitioners should explicitly define mortality, sur-
vival, and the procedures used to measure and calcu-
late each...[and] not only should definitions be clear,
procedures should be standardized” (Hilbert et al.
2019). In a review on tree maintenance costs: “Large,
long-term data sets, with lots of variables, [few of
which exist] are one way to begin to understand more
fully the marginal causal impact of different levels and
combinations of maintenance activities on tree and
urban forests outcomes, benefits, and costs” (Vogt et
al. 2015c). Case study research has also identified the
importance of context: Bigelow et al. (2024) con-
clude their Philadelphia street tree survival by stating,
“comparative mortality studies are need across differ-
ent regions and countries with distinct ecological,
socioeconomic, and political contexts.”

The UFSES framework as put forth in this article
could ensure that teams of scholars more fully and
systematically examine our study systems, initially
enabling greater transferability of findings and even-
tually yielding accumulation of systematic case studies
and more sophisticated practical insights to go beyond
panacea-like BMPs to fully adaptive management that
will stand up to the complexities and polycentricities
of modern urban forests.

©2024 International Society of Arboriculture
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Résumé. La gestion des foréts urbaines est un domaine comport-
ant de nombreuses parties prenantes et de multiples objectifs,
dans lequel il peut y avoir une surabondance d’intentions syn-
ergiques ou concurrentes. Une recherche plus poussée et des ori-
entations empiriques sur les éléments qui fonctionnent selon les
différents contextes de foréts urbaines pourraient contribuer a
améliorer I’'impact des arbres et des foréts urbaines. Le défi de
mener des recherches de cette nature réside dans la définition sys-
tématique des “éléments qui fonctionnent” et de “quels contex-
tes” parmi les systémes socio-écologiques multidimensionnels et
polycentriques que sont les foréts urbaines. Cette étude propose
un cadre global pour 1’étude des complexités des systémes for-
estiers urbains (synthétisés a partir de nombreux autres cadres du
domaine) qui pourrait étre utilisé pour générer des connaissances
spécifiques au contexte de la gestion et de la dynamique des foréts
urbaines. La logique d’utilisation de certains cadres généraux et
d’autres davantage spécifiques déja existants dans le domaine est
examinée. Par la suite, je présente le cadre du systéme socio-
¢écologique de la forét urbaine (SSEFU). Le cadre de ’'SSEFU
spécifie cinq facteurs de premier niveau : les caractéristiques des
arbres de la forét urbaine (A), le milieu environnant de crois-
sance (E), la gestion et les institutions (G) et les caractéristiques
de la communauté humaine (H), qui influencent les impacts de la

©2024 International Society of Arboriculture



462 Vogt: Comprehensive Framework for Urban Forest Social-Ecological Systems

forét urbaine (O). Un ensemble détaillé de variables de second
niveau imbriquées parmi ces facteurs est présenté dans les tab-
leaux a la fin du document. Le cadre peut favoriser une réflexion
holistique sur les systémes d’une maniére systématique mais flex-
ible, fournir une ébauche de langage commun afin de penser et
d’étudier les systemes forestiers urbains, et permettre une recher-
che comparative de cas.

Zusammenfassung. Die Bewirtschaftung stidtischer Walder
ist eine Situation mit vielen Beteiligten und Zielen, wobei es eine
Fille von synergetischen oder konkurrierenden Zielen geben
kann. Eine umfassendere Forschung und angewandte Anleitung
dazu, was in welchen Kontexten des stidtischen Waldes funk-
tioniert, konnte dazu beitragen, die Ergebnisse bei stidtischen
Béaumen und Wildern zu verbessern. Die Herausforderung bei
der Durchfithrung von Forschungsarbeiten dieser Art besteht in
der systematischen Definition dessen, “was funktioniert” und “in
welchen Kontexten” in multidimensionalen, polyzentrischen
sozial-6kologischen Systemen des stadtischen Waldes. In diesem
Beitrag wird ein umfassender Rahmen fiir die Untersuchung der
Komplexitit stadtischer Waldsysteme vorgestellt (eine Synthese
aus zahlreichen anderen Rahmenwerken auf diesem Gebiet), der
zur Gewinnung kontextspezifischer Erkenntnisse tiber die
Bewirtschaftung und Dynamik stddtischer Wiélder genutzt
werden kann. Die Logik der Verwendung von Rahmenwerken
und spezifische Rahmenwerke, die bereits in diesem Bereich
existieren, werden {iberpriift. AnschlieBend stelle ich das
sozial-0kologische System des stidtischen Waldes (UFSES) vor.
Der UFSES-Rahmen spezifiziert fiinf Faktoren der ersten Ebene:
die Merkmale der Bdume im stddtischen Wald (T), das umge-
bende wachsende Umfeld (E), Management und Institutionen
(M) und die Merkmale der menschlichen Gemeinschafi (H), die
die Ergebnisse des stddtischen Waldes (O) beeinflussen. Ein
detaillierter Satz von Variablen der zweiten Ebene, die in diese
Faktoren eingebettet sind, wird in Tabellen am Ende des Papiers
dargestellt. Der Rahmen kann das ganzheitliche Denken in Syste-
men auf systematische und dennoch flexible Weise fordern, einen
Arbeitsentwurf fiir eine gemeinsame Sprache zum Nachdenken
iiber und zur Untersuchung von stadtischen Waldsystemen liefern
und vergleichende Fallforschung ermoglichen.

Resumen. El manejo de los bosques urbanos es una situacion
de multiples partes interesadas y objetivos diversos, en la que
puede existir un exceso de puntos sinérgicos o contrapuestos.
Una mayor investigacion y orientacion aplicada sobre lo que fun-
ciona en contextos de bosques urbanos podria ayudar a mejorar
los beneficios de los arboles y bosques urbanos. El desafio de lle-
var a cabo investigaciones de esta naturaleza son las definiciones
sistematicas de “qué funciona” y “qué contextos” en los sistemas
socio-ecologicos multidimensionales y policéntricos de los
bosques urbanos. Este articulo presenta un marco integral para
estudiar las complejidades de los sistemas forestales urbanos (sin-
tetizado a partir de muchos otros marcos en el campo) que podria
utilizarse para generar informacion especifica sobre la gestion y
la dindmica de los bosques urbanos. Se revisa la 16gica de uso de
marcos tedricos y marcos técnicos especificos que ya existen den-
tro del campo. A continuacion, se presenta el marco de referencia
del sistema socio-ecolégico del bosque urbano (SSEBU). El
marco de la SSEBU especifica 5 factores de primer nivel: las
Caracteristicas de los Arboles en el Bosque Urbano (4); el
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Entorno de Crecimiento Circundante (E); Gestion e Instituciones
(G); y Caracteristicas de la Comunidad Humana (H); que
influyen en los Resultados de los Bosques Urbanos (R). Al final
del documento se presenta en tablas un conjunto detallado de
variables de segundo nivel anidadas dentro de estos factores. El
marco puede fomentar el pensamiento sistémico holistico de una
manera sistematica pero flexible; proporcionar un borrador de
trabajo de un lenguaje comun para pensar y estudiar los sistemas
forestales urbanos; y permitir la investigacion comparativa de los
estudios de caso.
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Appendix A.

The Ostrom Social-Ecological Systems (SES) Framework for Studying the Commons

Elinor Ostrom wrote extensively about the use of frameworks specifically for studying common pool resources.
Common pool resources are resource systems that “are sufficiently large that it is difficult, but not impossible, to
define recognized users and exclude other users altogether” and “each person’s use of such resources subtracts bene-
fits that others might enjoy” (Ostrom 2008). Common pool resource systems include not only communally managed
fisheries, forests, irrigation systems, but also knowledge commons and even parts of the internet. Common pool
resources are frequently also social-ecological systems. Based on several decades of studying the commons with col-
leagues, Ostrom developed the social-ecological systems (SES) framework in order to “clarify the structure of an SES
so we understand the niche involved and how a particular solution may help to improve outcomes or make them
worse” (Ostrom 2007). The framework (Figure S1) distinguished 4 core subsystems—Resource Units (RU), Resource
Systems (RS), Governance Systems (GS), and Actors (4)(called Users in previous iterations of the framework)—
which have Interactions (I) that produce Outcomes (O)(Ostrom 2007; Ostrom 2009; McGinnis and Ostrom 2014;
Partelow 2018). These major “first tier’” components act as categories of variables in which second-tier variables can
be elucidated for further system definition and study; Ostrom (2007) called this the “decomposable” structure of a
system. The endogenous interactions of the first- and second-tier variables in the SES are influenced by 2 exogenous
subsystems: Social, Economic, and Political Settings (S), and Related Ecosystems (ECO). The SES framework was
subsequently adapted and amended by other scholars (Ostrom and Cox 2010; Epstein et al. 2013; Cox 2014; McGin-
nis and Ostrom 2014; Vogt et al. 2015b; Cole et al. 2019; Cox et al. 2020; Unnikrishnan et al. 2023).

Social, Economic, and Political Settings (S)
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Figure S1. The Ostrom social-ecological systems (SES) framework. Used with permission from McGinnis and Ostrom (2014).

A very few scholars have applied the Ostrom SES framework directly to the analysis of urban ecosystems, including urban
water systems (Perrotti et al. 2020; O’Connor and Levin 2023) and land use change and development (Deslatte et al.
2022). Nagendra and Ostrom (2014) applied the Ostrom SES framework to examine urban lakes as social-ecological
commons in Bangalore, India. The only explicit application of the Ostrom SES to urban forests is in Schmitt-Harsh
and Mincey (2020), who applied the framework to compare residential urban forest structure for homeowners’ asso-
ciations versus neighborhood associations. My own previous research (Vogt et al. 2015d; Lorenzo 2024) has applied
an urban forest SES perspective based on the Ostrom SES, though not explicitly made use of the framework itself.

Appendix continued on next page
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Appendix B.

A “Model of Urban Forest Sustainability”’—the Clark et al. (1997) Framework

The most widely cited framework within the field of urban forestry—and quite possibly the closest to an urban forest
BMP—is the “model of urban forest sustainability” presented by Clark et al. (1997). Although they use the word
“model” in their paper, what they present is better described as a “framework” as I use the term in this paper. The cen-
tral tenet put forth by these authors is that a “sustainable urban forest”—defined as “The naturally occurring and
planted trees in cities which are managed to provide the inhabitants with a continuing level of economic, social, envi-
ronmental and ecological benefits today and into the future”—requires 3 components: a healthy “vegetation resource”
(i.e., the trees, forests, and surrounding ecosystem); a supportive community; and adequate management (Clark et al.
1997). Clark et al. (1997) go on to specify a set of “criteria” for each of the 3 components. For instance, within the
vegetation resource, they identify criteria that communities should meet for canopy cover (“achieve climate-appropriate
tree cover, community-wide”), age distribution (“provide for uneven age distribution”), species mix (“provide for
species diversity”), and native vegetation (“preserve and manage regional biodiversity””)(Clark et al. 1997). The com-
munity and management components have their own criteria that the framework purports are crucial to meet for a
sustainable urban forest to persist.

The urban forest sustainability framework has been used in practice as a standard to which to compare municipal
forest management. Clark and Matheny (1998) applied their own framework to 25 US cities via use of open- and
closed-ended questions on a survey. Kenney et al. (2011) operationalized the Clark et al. (1997) framework by further
detailing and clarifying numeric measurements or “indicators” for levels of “low,” “moderate,” “good,” and “optimal”
performance in order to more systematically evaluate the performance of a particular community’s urban forest. For
instance, for the “relative canopy cover” criteria, optimal performance is measured as canopy cover equaling “75%-
100% of the potential,” while the lowest performance level is indicated by existing cover of only “0-25% of the
potential” (Kenney et al. 2011). In 2016, Michael Leff of the USDA Forest Service and The Davey Institute (a
research division of The Davey Tree Company) developed a detailed guide for evaluating a community’s urban for-
est based on the Kenney et al. (2011) indicators approach and then translating the results into a plan for goal-setting
and future urban forest management (Leff 2016). The Left guide has been utilized by consultants, municipalities, and
others as a practical approach to evaluate and manage urban forests (e.g., as an evaluative tool informing the 2023
City of Chicago Urban Forest Management Plan)(City of Chicago 2023).
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Appendix C.

Frameworks Related to Urban Forest Social-Ecological Systems That Have Not Been Explicitly
and Systematically Incorporated into the UFSES Framework Presented in the Main Article Text
There are additional frameworks (sometimes called “conceptual models™) proposed in a number of fields.
Examples are included below. This is not an exhaustive list but rather meant to acknowledge the breadth of
topics for which frameworks have been proposed.

Additional frameworks from the field of urban forestry and urban greening:
¢ Urban forest ecosystem services (Dobbs et al. 2011; Cortinovis and Geneletti 2019)
e Civic ecology education (Tidball and Krasny 2010)
e Urban forest stewardship (Moskell and Allred 2013)
¢ Governance of informal urban greenspace (Stanford et al. 2022)
¢ Biogeochemical drivers of land-use change (Li et al. 2023)
¢ Governance assessment of nature-based solutions (van der Jagt et al. 2023)

Additional frameworks from related fields:
e Urban ecology:
- Classic frameworks (Pickett et al. 1997; Alberti 2008)
- Newer frameworks (Pickett et al. 2017; Andersson et al. 2021)
- Urban conservation and restoration (Klaus and Kiehl 2021)
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Appendix C.

“Frameworks” that would be better classified as research approaches:
¢ The Stewardship Mapping and Assessment Project (STEW-MAP)(Svendsen et al. 2016)

Annex (Frameworks Excluded From the Comprehensive UFSES Framework

Described in the Main Text)

Alberti M. 2008. Modeling the urban ecosystem: A conceptual framework. In: Marzluff JM, Bradley G, Ryan C,
Shulenberger E, Endlicher W, ALberti M, Simon U, ZumBrunnen C, editors. Urban ecology: An international
perspective on the interaction between humans and nature. p. 623-646. https://doi.org/10.1007/978-0-387
-73412-5 41

Andersson E, Haase D, Anderson P, Cortinovis C, Goodness J, Kendal D, Lausch A, McPhearson T, Sikorska D,
Wellmann T. 2021. What are the traits of a social-ecological system: Towards a framework in support of urban
sustainability. npj Urban Sustainability. 1:14. https://doi.org/10.1038/s42949-020-00008-4

Cortinovis C, Geneletti D. 2019. A framework to explore the effects of urban planning decisions on regulating eco-
system services in cities. Ecosystem Services. 38:100946. https://doi.org/10.1016/j.ecoser.2019.100946

Dobbs C, Escobedo FJ, Zipperer WC. 2011. A framework for developing urban forest ecosystem services and
goods indicators. Landscape and Urban Planning. 99(3-4):196-206. https://doi.org/10.1016/j.landurbplan.2010
.11.004

Klaus VH, Kiehl K. 2021. A conceptual framework for urban ecological restoration and rehabilitation. Basic and
Applied Ecology. 52:82-94. https://doi.org/10.1016/j.baae.2021.02.010

Li L, Zhan W, Ju W, Pefiuelas J, Zhu Z, Peng S, Zhu X, Liu Z, Zhou Y, LiJ, Lai J, Huang F, Yin G, Fu Y, Li M, Yu
C. 2023. Competition between biogeochemical drivers and land-cover changes determines urban greening or
browning. Remote Sensing of Environment. 287:113481. https://doi.org/10.1016/j.rse.2023.113481

Moskell C, Allred SB. 2013. Integrating human and natural systems in community psychology: An ecological model
of stewardship behavior. American Journal of Community Psychology. 51(1-2):1-14. https://doi.org/10.1007/
$10464-012-9532-8

Pickett STA, Burch WR Jr, Dalton SE, Foresman TW, Grove JM, Rowntree R. 1997. A conceptual framework for the
study of human ecosystems in urban areas. Urban Ecosystems. 1:185-199. https://doi.org/10.1023/A:1018531712889

Pickett STA, Cadenasso ML, Rosi-Marshall EJ, Belt KT, Groffman PM, Grove JM, Irwin EG, Kaushal SS, LaDeau
SL, Nilon CH, Swan CM, Warren PS. 2017. Dynamic heterogeneity: A framework to promote ecological integra-
tion and hypothesis generation in urban systems. Urban Ecosystems. 20:1-14. https://doi.org/10.1007/s11252
-016-0574-9

Stanford HR, Garrard GE, Kirk H, Hurley J. 2022. A social-ecological framework for identifying and governing
informal greenspaces in cities. Landscape and Urban Planning. 221:104378. https://doi.org/10.1016/j.landurbplan
.2022.104378

Svendsen ES, Campbell LK, Fisher DK, Connolly JJT, Johnson ML, Sonti NF, Locke DH, Westphal LM, Fisher CL,
Grove M, Romolini M, Blahna DJ, Wolf KL. 2016. Stewardship mapping and assessment project: A framework
for understanding community-based environmental stewardship. Newtown Square (PA, USA): USDA Forest
Service, Northern Research Station. General Technical Report No. 156. 134 p. https://doi .org/10.2737/
NRS-GTR-156

Tidball KG, Krasny ME. 2010. Urban environmental education from a social-ecological perspective: Conceptual
framework for civic ecology education. Cities and the Environment. 3(1):11. https://doi.org/10.15365/cate.31112010

van der Jagt APN, Buijs A, Dobbs C, van Lierop M, Pauleit S, Randrup TB, Skiba A, Wild T. 2023. With the process
comes the progress: A systematic review to support governance assessment of urban nature-based solutions.
Urban Forestry & Urban Greening. 87:128067. https://doi.org/10.1016/j.ufug.2023.128067
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Appendix D.

Notes for Table 3 Through Table 9

Table 3

1.

W

Other authors have attempted typologies for urban forest or related systems. Adams and Lindsey (2009) pro-
vided a classification system for greenspace patches as remnant habitat patches, successional habitat patches,
and managed habitat patches. Vogt (2020b) uses a gradient-based classification to identify urban forest types
based on management intensity and degree of urbanization and identifies the following: well-maintained street
trees, yard trees, manicured parks, urban forest natural areas, vacant lots and brownfields, and neglected street
trees.

. The language on scales and levels within scales is in the style of Cash et al. (2006).
. Some kinds of boundaries—such as only publicly managed trees in a system of interest—would not be truly

a holistic look at the system but may be a boundary that is useful for management-purposes for a particular
stakeholder, such as a municipal forestry department. However, even then, it is arguably useful to still consider
all trees within the boundary of a municipality as the system of interest, as dynamics of trees on private prop-
erty arguably influence public trees (e.g., prevalence of pests that don’t pay attention to human property rights).

Table 4

4.

10.

11.

12.

13.
14.

15.

16.

Biodiversity metrics like Shannon’s diversity index could be used, although these are less commonly used in
urban forestry than in ecology. However, see Galle et al. (2021) for a comparison of the diversity of street tree
assemblages internationally using the Shannon diversity index.

. Individual tree outcomes such as growth or condition might not be particularly useful metrics on their own

for larger systems of interest (the neighborhood-level and above) and might be better accompanied by larger,
systems-level outcomes.

. Basal area may not be particularly meaningful to urban forest systems, except perhaps to urban forest patches.

Basal area may be more meaningful if any part of the urban forest is managed as timbered forestland (in rare
cases).

. The definition of ecosystem services is from Roman et al. (2021b), the “benefits that people derive from func-

tioning ecosystems,” based on Costanza et al. (1997).

. The Ostrom SES framework (Ostrom 2009; McGinnis and Ostrom 2014) also considers “Externalities to other

SESs” as one of their Outcomes.

. Categories of ecosystem disservices costs after “Types of costs associated with urban forests” appearing in

Table 2 in Vogt (2020b).

For examples of how aerial photographs and historical data have been used to analyze urban forest sustainabil-
ity see Roman et al. (2017), Roman et al. (2021a), and Freeman-Day and Fischer (2022).

Definitions of annual mortality rate and survivorship from Roman et al. (2016); this report is a good authority
on how to collect data that enables one to measure and calculate tree mortality and survival metrics.

The logic of categorizing not just O4. Urban forest function and benefits (& monetary value) and O5. Urban
forest ecosystem disservices & costs, but also positive synergies, negative synergies, and tradeoffs after Roman
etal. (2021D).

See also the review of the literature on urban forestry resilience by Huff et al. (2020).

Robustness in the literature is usually reserved for social characteristics/dynamics of systems, while resilience
generally refers to ecological or social-ecological functions/behaviors of systems (Mincey et al. 2013; Huff et
al. 2020).

Steenberg et al. (2017) note that adaptive capacity and resilience are sometimes conflated and considered the
same thing. They are included separately here with unique definitions so as to allow for separation of these as
system outcomes if desired.

Adaptive capacity of communities is included as H13. Community adaptive capacity & learning, which refers
to social adaptive capacity rather than whole-system adaptive capacity.
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Appendix D. (continued)

17.

See the extensive discussion of vulnerability, resilience/adaptive capacity, and related concepts of exposure
(“the magnitude, frequency, duration, and spatial extent of stressors and disturbances that affect a system”) and
sensitivity (“relative level of response by a system to stressors or disturbances”) in Steenberg et al. (2017). In
the framework for urban forest vulnerability, which draws extensively on the general framework for sustainability
and vulnerability by Turner et al. (2003), Steenberg et al. (2017) present a long list of “potential indicators” of
urban forest exposure, sensitivity, and adaptive capacity, most of which have been captured elsewhere in this
UFSES framework.

Table 5

18.

19.

The US Forest Service has published a pair of General Technical Reports on Urban Tree Monitoring inclusive
of a Resource Guide (van Doorn et al. 2020) and Field Guide (Roman et al. 2020), which together contain
detailed guidance and recommendations on how to measure many of the second-tier variables related to Char-
acteristics of Trees in the Urban Forest (T).

Others have researched the importance of at-planting characteristics (e.g., Gilman and Beeson 1996; Gilman
2001; Watson 2005). See also Vogt et al. (2015d) on the importance of keeping track of at-planting data.

Table 6

20.

The list of potentially relevant soil variables in E6-1, E6-2, and E6-3 are borrowed from the “conceptual model
for the effects of organic materials on soil quality, tree health and environmental health” presented by Scharen-
broch (2009) as resulting from a meta-analysis and literature review, although this was not included as one of
the core frameworks synthesized for the UFSES framework.

Table 7

21.

22.

23.

24.

25.

26.

27.

28.

Ordoiiez et al. (2019) comments on the necessity of distinguishing operational from management activities:
“Future research aimed at gaining insights on urban forest governance and decision-making from the perspec-
tive of municipal managers will benefit from distinguishing operational capacities (i.e., budgets, personnel)
from management processes (i.e., coordination), and focus on how municipal managers understand, facilitate,
and find support in management processes” (Ordoiiez et al. 2019).

As reference, see the summary of existing standardized assessment programs (Tree City USA, Tree Cities of the
World, Society of Municipal Arborists, Urban Forest Sustainability and Management Audit, and Urban Sal-
vaged and Reclaimed Wood) by Kadam and Dwiveldi (2021).

Excludes 311-based reactive tree maintenance activities (e.g., a resident request for removal of a dead tree),
which fall under M1. Operational level maintenance activities.

Levels of institutions (operational, collective-choice, constitutional-choice, meta-constitutional) are after Ostrom
(2005a): “All rules are nested in another set of rules that define how the first set of rules can be changed.”

The 7 types of rules are specified further in the original institutional analysis and development (IAD) framework;
see also Ostrom (2005a), plus the application to urban forests by Mincey et al. (2013).

As clarified in McGinnis and Ostrom (2014): ““.. .property-rights systems are not rules. Instead, property-rights
systems define relations among people in relation to things, and specify both duties and obligations.”

Legal institutions may exist as part of the collective-choice (M5), constitutional-choice (M6), and meta-
constitutional choice (M7) levels depending on the particular urban forest under examination and can be given
appropriate numbering (e.g., an ordinance establishing a tree advisory board formally tasked with undertaking
urban forest strategic/master planning might be numbered M5-2, but if that ordinance established a pro-forma
tree board with no legal authority it might be numbered M9-1).

The original Ostrom SES framework (Ostrom 2009)(see also Appendix A) put norms inside the Actors (A) cat-
egory (equivalent to the UFSES framework’s Characteristics of the Human Community [H] first-tier factor),
while more recent updates (McGinnis and Ostrom 2014; Cole et al. 2019) put norms in the Governance Systems

Appendix continued on next page
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(GS) first-tier category (the UFSES framework’s Management and Institutions [M]). However, if for a particu-
lar application of UFSES framework norms/behaviors aren’t shared across stakeholder groups, these could be
separated out and specified within H9-X, H10-X, or HI11-X.

Table 8

29.

30.

31.

32.

33.

34.

35.

36.

What socio-demographic characteristics are most interesting or relevant to a particular system of interest depends
on the human communities being examined, the boundaries of the system, as well as the level of variability in
socio-demographics within and across study areas. Some of the most common socio-demographic metrics used
in urban forestry studies are listed in H2. Socio-demographics.

If demographics are relevant for the particular community(ies) of interest, the distribution of age ranges by gen-
der could be examined together using the “population pyramid” graph used by demographers.

A wide variety of historical legacies might impact observed urban forest outcomes, and what kinds of legacies
are important to one place might not be important to another. See the recent review paper by Roman et al. (2018)
as well as case studies of legacies by Roman et al. (2017), Roman et al. (2021a), and Freeman-Day and Fischer
(2022). Legacies also appear in the Ostrom SES framework (see also Appendix A) in their Actors (4) first-tier
factor (Ostrom 2009; McGinnis and Ostrom 2014).

Reed et al. (2024) recently wrote an extensive commentary critiquing transdisciplinary sustainability research’s
use of the term ““stakeholder.” These authors identify the “stakeholder paradigm™ as problematic because of the
origins of the term in the financial sector and corporate context, especially as related to the colonial harm per-
petuated on indigenous communities. In their view, the term stakeholder “reduces the relationships between peo-
ple and place to financial or economic transactions that ignore the cultural and spiritual significance of the land
and the non-human species to which people are inherently connected” and “ignores power imbalances and his-
tories of colonisation and dispossession” (Reed et al. 2024). These critiques are valid; however, as the term
“stakeholder” is commonly used within urban forestry research and practitioner, the UFSES framework will use
this term for now until a more ethically acceptable term becomes more broadly used. Reed et al. (2024) suggest
“co-develop[ing] vocabularies” with all relevant parties as part of the research and engagement process.

The knowledge-action systems approach by Mufioz-Erickson (2014), which seeks to identify the connections
between social networks and how knowledge translates into decision making for urban environmental gover-
nance, provides a good example of the kinds of metrics related to stakeholder networks that might be used for
M6-2 in the UFSES framework.

For municipal forestry in the United States, the 2014 municipal forestry census project examined the many
dimensions of municipal tree care and management activities; see the full report with results (Hauer and Peterson
2016a) as well as the Arborist News series with summaries of particular aspects of municipal tree management,
including human resource capacities (Hauer and Peterson 2016b; Peterson and Hauer 2016) and budgeting and
financing (Hauer and Peterson 2016¢; Johnson et al. 2016).

For a discussion of the impact of nonprofit mission on urban greening nonprofit activities, see Nguyen et al.
(2017).

See also Urban Forest Outcomes (O) variable OS§-3. Urban forest adaptive capacity, which refers to whole-system
adaptive capacity, as well as Notes 15 and 16 above.

Table 9

37.

38.
39.

40.

Earth system processes are included after the planetary boundaries framework (Rockstrom et al. 2009; Steffen
et al. 2015; Richardson et al. 2023). Similar language is used in the external ecological factors of the nature-
based solutions conceptual model by Tzoulas et al. (2021).

See also Cash et al. (2006) and Holling (2001) regarding the nested-ness of ecological systems.

Disturbance language borrowed from the field of ecology; e.g., Walker and Willig (1999), also used in Steen-
berg et al. (2017).

“Ecological rules” idea borrowed from the Epstein et al. (2013) and Vogt et al. (2015b) updates of the Ostrom
SES framework.
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Appendix D. (continued)

41. Human legacies also appear as endogenous factors within the Characteristics of the Human Community (H) as
H3. Legacies of historical periods. Whether legacies should be considered as endogenous to the system (H3) or
exogenous (SOC) depends on the boundaries of the system of interest, including the time period under exam-
ination. See Roman et al. (2018).

42. The term polycentric can be defined as “many centers of decision-making” after Ostrom et al. (1961) and has
been applied to urban forest systems by Mincey et al. (2013) and Ordoéiiez (2019), among others.
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