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Urban forested natural areas are an important component of the forest and tree
canopy in northeastern United States urban areas. Although similar to native forests
in surrounding regions in structure, composition, and function, these natural areas
are threatened by multiple, co-occurring biological and climate stressors that are
exacerbated by the urban environment. Furthermore, forests in cities often lack
application of formal silvicultural approaches reliant upon evidence-based applied
ecological sciences. These include both urban- and climate-adapted silvicultural
techniques to increase the resilience and sustainability of native forests in cities. With
this in mind, we convened a group of urban forest practitioners and researchers from
along a latitudinal gradient in the northeastern United States to participate in a workshop
focused on co-developing long-term, replicated ecological studies that will underlie the
basis for potential silvicultural applications to urban forests. In this article we review the
process and outcomes of the workshop, including an assessment of forest vulnerability,
and adaptive capacity across the region, as well as shared management goals and

Frontiers in Ecology and Evolution | www.frontiersin.org 1 December 2021 | Volume 9 | Article 750495

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2021.750495
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fevo.2021.750495
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2021.750495&domain=pdf&date_stamp=2021-12-21
https://www.frontiersin.org/articles/10.3389/fevo.2021.750495/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-750495 December 21, 2021 Time: 10:52 # 2

Piana et al. Climate Adapted Silviculture in the City

objectives. We discuss the social and ecological challenges of managing urban oak-
dominated mixed hardwood forests relative to non-urban forests and identify potential
examples of urban- and climate-adapted silviculture strategies created by practitioners
and researchers. In doing so, we highlight the challenges and need for basic and
long-term applied ecological research relevant to silvicultural applications in cities.

Keywords: urban forests, urban forestry, silviculture, forest restoration, climate adaptation, climate vulnerability,
resilience

INTRODUCTION

Creating, restoring, and maintaining urban greenspace is
a critical component for promoting human equity and
infrastructure resilience in cities worldwide. Specifically, Urban
Forested Natural Areas (UFNA’s) are of particular importance for
cities in forested biomes. The socio-ecological contexts of these
urban greenspace types have only recently been defined (e.g.,
Pregitzer et al., 2019a; Johnson et al., 2020; Piana et al., 2021a)
and can be similar to non-urban native forests in composition,
structure, and function (e.g., Pregitzer et al., 2019b; Piana et al.,
2021b).

Natural areas (includes forests, wetlands, grasslands, and
deserts) occupy 84% of municipal parkland in the United States
(Trust for Public Land [TPL], 2017) and UFNA’s, in particular,
are common across some of the world’s largest and densest
cities (Lawrence et al., 2013). For such cities, UFNA’s provide a
disproportionate amount of the total ecosystem services (Mexia
et al., 2018; Pregitzer et al., 2021). Urban Forested Natural Areas
help mitigate the urban heat island effect, stormwater and coastal
flooding, and provide opportunities for people to interact with
nature—leading to improved physical and mental health (e.g.,
Frumkin et al., 2017; Mexia et al., 2018; Bratman et al., 2019).
Therefore, it is imperative that these forests are resilient to current
and expected effects of biological and climate stressors that are
exacerbated by urban environment.

Despite their importance there is a lack of well-defined
silvicultural options for practices that address current and future
challenges associated with climate change and urban pressures
(Pregitzer et al., 2019c; Piana et al., 2021a). Climate adaptive
frameworks for urban forestry are emerging (e.g., Ordóñez and
Duinker, 2014) but need to be developed for specific urban forest
types including UFNA’s. The similarity between UFNA’s and
surrounding native forests presents an opportunity to draw upon
the techniques of silviculture. Defined as the “art and science
of controlling establishment, growth, composition, health, and
quality of forests . . . to meet the diverse needs and values
of landowners and society,” silviculture is informed by more
than 100 years of study and practice in the United States,
mostly in non-urban forested areas (Ashton and Kelty, 2018).
However, there are several factors that complicate the application
of silviculture in urban areas. For example, not all traditional
silvicultural practices may be practical or possible in UFNA’s
(e.g., prescribed burn, harvesting, use of herbicides, limited deer
control options) given the social-ecological context, including
policy, law, and/or public perception of these greenspaces.
However, the primary issue is that though many of the same

problems in urban natural areas are faced in non-urban
areas (e.g., climate change, invasive pests and plants, deer
herbivory, aging canopy, and pollutants), they are under greater
interacting extremes from these stressors because of much greater
fragmentation, higher chronic levels of disturbance, and the
ever-present urban heat island effect (e.g., Hellmann et al.,
2010; IPCC, 2019; Johnson et al., 2020; Trammell et al., 2020;
Piana et al., 2021b). Urban Forested Natural Areas currently
face more extreme conditions (Gill et al., 2007; Kirshen et al.,
2008) that our more rural forests might experience in the future
(Carreiro and Tripler, 2005).

Cities can contribute to emerging research efforts focused
on adapting current silvicultural techniques to more extreme
conditions and circumstances (e.g., Kern et al., 2017; Nagel
et al., 2017; D’Amato and Palik, 2021). Lastly, given that
UFNA’s are part of a social-ecological system (Vogt, 2020), the
development of silvicultural applications in an urban world will
necessarily need to develop a community-based management
strategy (Campbell et al., 2016). There is a need and opportunity
for UFNA research and practice to apply both existing and
emerging adaptive silviculture techniques for urban forest
management circumstances.

It is our perspective that urban silviculture strategies are
required to address the urban and climate vulnerabilities of
natural areas in cities. This can be best achieved by convening
practitioners and scientists to co-create novel strategies focused
on specific forest types and conditions within cities. Collectively
this approach supports the implementation of evidence-based
practices and the establishment of long-term studies necessary to
support this emerging field of practice.

THE NORTHEAST URBAN
SILVICULTURE WORKSHOP

To address these needs, we organized the Northeast Urban
Silviculture workshop, which met virtually during a series of
five meetings (December 2020 – January 2021). The participants
included municipal and private forest practitioners from
Baltimore, MD; Philadelphia, PA; Somerset, NJ; Westchester
County, NY; New York City, NY; Hartford, CT; and Springfield,
MA. In addition, researchers from the United States Forest
Service, University of Massachusetts, University of Connecticut,
Yale University, Rutgers University, and the University of
Delaware participated. The overarching question for the
workshop was: How does the urban social-ecological system
interact with our potential to sustainably manage oak dominated
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FIGURE 1 | Participating cities and forest sites and summary of overall impacts, adaptive capacity, and vulnerability for selected sites in each city. The Northeast
Urban Silviculture workshop focused on oak forests in cities along a north-south gradient in the eastern United States and involved scientists and land managers in a
facilitated workshop with the goal of developing a replicated long-term ecological study. Impacts were defined as the direct and indirect consequences of climate
change and urbanization on forests. Impacts could be beneficial or harmful to a particular forest or ecosystem type and the magnitude of those impacts depend on
the sensitivity of the forest to change. Rankings were identified on a scale from “Low” to “High” (Supplementary Material). Vulnerability, which we define as a
function of a forest’s potential impacts and adaptive capacity, is the susceptibility of a system to the adverse effects of urbanization and/or climate change.

mixed hardwood forests in cities? The overall goal was to develop
a network of long-term, replicated studies across these sites to
test this question.

We used an existing field-tested framework focused on
adapting UFNA’s to climate change (Brandt et al., 2016)
to: (1) engage participants in the co-creation of urban and
climate change adaptation strategies and (2) use an adaptive
planning process to design specific silvicultural treatments. This
framework also provided an opportunity to examine social
learning through knowledge exchange during the workshop and
the potential to enhance development of treatments to increase
urban forest resilience through resulting outcomes.

Oak dominated mixed hardwood forests are the most
dominant forest type group across the eastern United States
(Ruefenacht et al., 2008; Oswalt et al., 2014) and are common in
regional cities represented within the workshop. As an important
genus of the eastern United States, conserving the oak resource is
also a priority for foresters and ecologists (Dey, 2014; Hanberry
and Nowacki, 2016). In general, sustaining native oak forest
communities (both urban and rural) is particularly important
because they provide critical habitats for migratory birds and
other wildlife species. Given that one of our goals was to
create a replicated experimental design across multiple cities,
practitioners identified closed-canopy, oak-dominant forested
areas in each city that can accommodate long-term study plots.

Managers were also tasked with selecting “good woods,”
meaning intact relatively large tracts of closed-canopy forests
with minimal invasive plant and site disturbance, dominated by
native trees in the canopy and midstory. Such areas are especially
valuable in cities because of the local ecosystem services they
provide, such as access to high quality recreational greenspace for
residents. However, even “good woods” in urban areas typically
have limited natural regeneration of native tree species, high
pressures of herbivory from deer, and high pollutant loading
all resulting in a dissimilarity between the mature canopy and
seedling composition (e.g., Pregitzer et al., 2019b; Piana et al.,

2021b). As a result, today’s “good woods” are vulnerable to future
disturbance, such as windthrow and pests, and may become
tomorrow’s invaded forest gaps. We opened the workshop series
with managers’ providing a virtual field tour of their selected
sites, including their social and ecological context and potential
constraints, creating a shared knowledge about the potential
network of study sites.

URBAN OAK-DOMINATED HARDWOOD
FOREST VULNERABILITY ASSESSMENT

During the workshop, practitioners completed a vulnerability
assessment for their potential study sites (Supplementary
Material), using a self-assessment worksheet that was modified
from previously developed concepts (Brandt et al., 2016).
For each of their selected potential forest sites, practitioners
were asked to identify physical impact factors associated with
climate change (e.g., susceptibility to increased drought, or
precipitation from storm events); biological impact factors
associated with climate change (e.g., species-specific responses
to increasing temperatures); impact factors from human
activity (e.g., trampling, adjacent land use and edge effect);
and local urban ecosystem stressors (e.g., land use history,
urban heat island, localized pollution or contamination).
We asked participants to evaluate adaptive capacity, which
was defined as the ability of the proposed study area to
accommodate or cope with potential climate change and
urbanization impacts with minimal disruption, in three sub-
categories: biological, organizational-technical, and economic-
social. The top five overall impact and adaptive capacity factors
were highlighted by participants and an “overall” impact and
adaptive capacity score assigned (Figure 1 and Table 1). Lastly,
the impact and adaptive capacity scores were used by the
practitioners to determine the overall vulnerability for their
potential study sites.
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The vulnerability assessment revealed many shared impact
factors across the region. Across all cities, the potential study
areas are particularly susceptible to canopy loss and characterized
by limited advance regeneration of oak or any other tree species to
sustain current forest communities. Impact factors of particular
concern were intense herbivory pressure and threat from invasive
plants, pests, and pathogens, as well as increased or more intense
storm events. Public perception and ordinances are potential
barriers to effective management. The vulnerability assessment
not only identified individual factors of concern with respect to
the sustainability of these forests but suggested that despite being
characterized as “good woods,” even the healthiest urban oak-
dominated hardwood forests are vulnerable to current and future
urban and climate impacts. The vulnerability of these forests
means that both proactive and reactive long-term management
strategies need to be developed to ensure their sustainability as
an important ecological component of urban greenspace.

Climate change vulnerability assessments of non-urban oak-
dominated hardwood forests for the Mid-Atlantic and New
England regions suggest these forests to be less vulnerable than
other forest types in the region, primarily because of their likely
ability to persist in hotter more extreme climates of higher
rainfall with stronger episodic droughts (Butler-Leopold et al.,
2018; Janowiak et al., 2018). However, urban oak forests tend
to be more fragmented, disturbed, and dominated by more
invasive species than their non-urban counterparts, potentially
reducing their adaptive capacity. In addition, impacts from
increased extremes of high temperature and high levels of air-
borne pollutants create the urban heat island effect (Cregg and
Dix, 2001). These, and other factors, such as increased herbivory,
may conspire to create early establishment barriers (Piana et al.,
2021a). Though the causative factors may be amplified and/or
different in cities, failure to regenerate oak-dominated hardwood
forests is a regional phenomenon (Dey, 2014).

ADAPTIVE MANAGEMENT STRATEGIES

The vulnerability assessment described above was used
to facilitate a dialog focused on management challenges,
opportunities, and adaptation planning. Focusing on the selected
sites in each city, our group participated in a semi-structured
process to define management goals and objectives, incorporate
vulnerability assessment information, identify challenges and
opportunities associated with current or projected climate change
and urban forest conditions, select potential adaptation strategies
from a menu of peer-reviewed options, and develop potential
on-the-ground tactics (e.g., thinning or planting technique).
For this exercise, we piloted the newly developed “Urban Forest
Climate and Health Menu” (Janowiak et al., 2021), developed
for use with the Adaptation Workbook (Swanston et al., 2016).
Subsequent exercises focused on identifying specific tactics that
could be implemented to achieve these management goals.

For our group, we reached consensus around a management
goal for healthy oak forests focused on creating a native tree
canopy that is resilient to future disturbance; not necessarily to
maintain these forests as oak dominant. Discussion highlighted

several issues and perspectives regarding forest management,
which drew upon silvicultural expertise and local knowledge
of participants, including regeneration options, deer herbivory,
vulnerability to gap events, and pest and plant invasion risk.
Social factors, including public perception of tree removal and
other management activities, along with rules and regulations
of governance organizations that prevent specific actions,
were viewed as very important social and political factors
affecting effective management of these sites. Participants reached
consensus on management strategies and approaches that retain
existing trees, sustaining or enhancing functional diversity (i.e.,
oaks and other masting tree species, e.g., hickory, beech),
and increased structural and species diversity through the
establishment of multiple age classes (Table 1). According to
climate adaptation models, many of the masting tree species
of the region (oak, hickory) are predicted to be better suited
to future conditions of a changing climate (e.g., drought
tolerance) (Janowiak et al., 2018). Furthermore, oak trees are
ecologically important in these systems and represent a key
functional group in the forest community (Hanberry and
Nowacki, 2016). Oaks can form monodominant stands like
some other native species (e.g., Fagus grandifolia) on poorer,
drier soils but usually, because of land use history and other
factors, are found as canopy trees in mixture with other more
mesophytic species on better soils; promoting greater native
tree diversity. Such soils and sites support higher native species
mixtures across a greater diversity of trophic levels and habitat
heterogeneity (e.g., Hansen, 2000; Tallamy and Shropshire, 2009;
Stoler and Relyea, 2011).

There are several barriers and challenges to implementing
silviculture commonly used to sustain oak forests (Dey, 2014;
Iverson et al., 2019). For instance, oak often relies on treatments
that simulate episodic disturbances whereby there is significant
canopy tree removal and increased light that coincides with
masting and soil surface perturbations (e.g., Loftis and McGee,
1992; Dey et al., 2010). In cities, canopy removal is usually
not viable because of public resistance to cutting trees, but also
because of ecological concern of an already high rate of canopy
loss from drought, exotic insects and disease, limited forest area,
and high public visibility. Silvicultural techniques need to be
tested that include this context and then evaluated for efficacy and
acceptability (Pastick et al., 2021). Furthermore, deer, altered site
conditions, and invasive plants may also limit oak regeneration
and recruitment even when light and site treatment is no longer
a limiting factor.

Similar challenges, “not enough light and too many deer,” exist
in non-urban oak forests (e.g., Dey, 2014) and are a challenge
for selecting regeneration methods focused on creating canopy
openings of sufficient size to establish new age-classes (e.g.,
Kern et al., 2017). We reached broad consensus on alternative
management tactics which included: (1) leveraging existing
and/or newly formed canopy gaps instead of creating them;
(2) using temporary fencing around such openings along with
potential methods for accelerating tree establishment (e.g., a
nurse tree strategy); (3) testing the success of improved oak
planting stock and the adaptive capacity of native oak to both
local site conditions and projected climate change (e.g., assisted
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TABLE 1 | Top selected impact factors, adaptive capacity factors and adaptive management approaches.

Impact factors Adaptive capacity factors Adaptive management strategies and approaches

• Biological: As temperatures increase,
suitable habitat for many invasive plant
species could increase (9/11)

• Biological: Many pests and pathogens are
expected to benefit from longer growing
seasons, wetter spring conditions, and
warmer temperatures (9/11)

• Human Activity: Adjacent land use and
human activity may cause the area to be
more susceptible to future plant invasions (8/11)

• Biological: Warmer winters could be beneficial to
some herbivores (7/11)

• Biological: A large percentage of trees in the
area susceptible to wind damage (7/11)

• Organizational: Trained forestry professionals
may be more likely to recognize potential
problems and identify appropriate solutions (6/11)

• Organizational: Knowing the mix of species, age
classes, and conditions of trees can help
determine how many trees could be vulnerable (5/11)

• Biological: Structural and age diversity can increase
forest resilience and recovery from disturbance (e.g.,
storm events) (4/11)

• Biological: Species-rich communities have exhibited
greater resilience to extreme environmental
conditions and greater potential to recover from
disturbance (4/11)

• Social: Attitudes and public perception of
management activities (4/11)

• Maintain or increase extent of UFNA’s and
vegetative cover (Strategy 3)

◦ 3.1 Maintain existing trees through proper care and
maintenance

◦ 3.2 Minimize forest loss and degradation
• Reduce the impact of physical and biological

stressors on urban forests (Strategy 5)
◦ 5.4 Maintain or improve the ability of forests to resist

pests and pathogens
◦ 5.5 Prevent invasive plant establishment and

remove existing invasive species
◦ 5.6 Manage herbivory to promote regeneration,

growth, and form of
• Enhance taxonomic, functional, and structural

diversity (Strategy 6)
◦ 6.1 Enhance age class and structural diversity in

forests
◦ 6.2 Maintain or enhance diversity of native species
• Alter urban ecosystems toward new and expected

conditions (Strategy 7)
◦ 7.1 Favor or restore non-invasive species that are

expected to be adapted to future conditions.
◦ 7.3 Introduce species, genotypes, and cultivars that

are expected to be adapted to future conditions
◦ 7.6 Promptly revegetate and remediate sites after

disturbance

Each management team (n = 11) identified the top five impact and adaptive capacity factors for their selected site(s). Adaptive management strategies and approaches
were selected by managers and scientists and used to develop urban-adapted tactics (see Supplementary Material for full results). Numbers in parentheses represent
the number of teams that selected each factor. Adaptive management strategies and approaches were selected from the “Urban Forest Climate and Health Menu”
(Janowiak et al., 2021), developed for use with the Adaptation Workbook (Swanston et al., 2016).

migration strategies); and (4) sustaining functional diversity
through alternative mast species, including disease resistant
American chestnut (Castanea dentata) and butternut (Juglans
cinerea) and future climate adapted species such as Chestnut oak
(Quercus prinus).

DISCUSSION

Silvicultural practice in the United States is guided by
prescriptions and management decisions that are based on long-
term research (Oliver and Larson, 1996; Ashton and Kelty,
2018). Although silvicultural practices are noted as early as the
18th century (Von Carlowitz, Sylvicultura Oeconomica 1713),
implementation and study of forest management practices in
the United States began almost 150 years ago with Gifford
Pinchot, among others. Pinchot was focused on preserving
the services forests provide to communities through science-
based forest management techniques. These services were so
important in Pinchot’s view that he deemed them “indispensable
to the progress of civilization” (Pinchot, 1895). One of these
services was the production of timber and the other was the
“indirect influences of the forest as they regard water and
climate.” Landscape architect Fredrick Law Olmsted recognized
the importance of science-based management within designed
urban forest spaces (Thoren, 2014) and, in 1889, made an
impassioned plea for allowing traditional forestry practices in
large urban forest parks, including Central Park (Olmsted and

Harrison, 1928). In 1895, Gifford Pinchot outlined a need
for forest schools in America to create a workforce that
could implement applied forest management practices based on
science (Pinchot, 1895). Today, we face a similar need to train
professionals in urban silvicultural practice and establish degrees
or certification programs focused on urban-adapted and climate-
adapted silvicultural practices. We continue these discussions
today, focusing on management practices for UFNA’s.

Silviculture Practice and Research in the
City
Oak forests are an important part of each urban landscape,
and the sustainability and resilience of this forest type is of
concern throughout the region (Long et al., 2012; Dey, 2014;
Sonti et al., 2021). In rural forests, documented declines in oak
trees in maturing forests and the lack of oak regeneration has
stimulated research on the development of additional silvicultural
techniques to promote oak regeneration (Abrams, 2003; Dey,
2014). This, together with interest in creating greater structural
and age-class diversity in relatively even-aged forests, often
originating from a common land-use history, is leading to the
testing and development of silvicultural techniques that are
designed to create greater heterogeneity in this forest type (e.g.,
Raymond et al., 2009; Wikle et al., 2019; Hanle et al., 2020).
Such techniques, conceptually at least, are further advancing
notions of climate resiliency through ecological complexity
(D’Amato and Palik, 2021).
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Our workshop demonstrated the value of connecting foresters
and researchers focused on studying upland oak forests in
urban areas. This reveals an opportunity for connecting foresters
and researchers focused on managing or studying different
areas of urban, peri-urban and wildland continuum around
common prospective silvicultural approaches to create more
healthy, resilient, and sustainable UFNA’s. The previously stated
overarching question for our workshop focused on managing
and maintaining oak dominated forests in cities. We quickly
realized that there are significant challenges specific to managing
forests in cities that make maintaining oak dominated forests
impractical. Consequently, our group reached consensus around
managing and maintaining forests dominated by native tree
species with an oak component. The workshop resulted in the
formation of the northeast urban silviculture network which
includes a latitudinal gradient of permanent study sites in
areas where temperatures are already warmer than surrounding
exurban forests (Trust for Public Land, 2021) presenting a
unique opportunity to test the climate and urban adaptability
of two oak species (Quercus montana and Quercus alba), both
of which have a broad native range in the U.S. and are of
particular interest to rural forest managers. New or adaptive
approaches may be needed to sustain oak forests and forests
in cities and may help provide a window into the future of
our rural forests.

In 1908, the United States Forest Service established a system
of experimental forests to provide research necessary to manage
the land (Lugo et al., 2006). These long-term experiments have
informed forest management practice and environmental policy
for decades. Inspired in part by the experimental forests, a
growing body of work examining specific dynamics of forests in
urban settings provides the basis for urban silviculture (Schuler
and Forrest, 2008; Pregitzer et al., 2019a; Sonti et al., 2019;
Piana et al., 2021b; Zukswert et al., 2021). Also, at a broader
scale, frameworks are being developed for adapting urban forests
to climate change (e.g., Brandt et al., 2016) and efforts are
emerging in other cities that test silvicultural strategies to adapt
to a changing climate (e.g., Hammes et al., 2020; Pastick et al.,
2021). Even so, there are few urban forestry studies covering
a time span necessary to understand forest stand dynamics
(Oldfield et al., 2013) and no applied forest management studies
replicated across multiple cities. The reasons for this could
include:

• unique social-ecological context of each city
• concerns about possible human interference with

permanent study plots
• limited area for setting up permanent plots
• mismatch between operational and biological time scales
• varied ecological conditions and disturbance regimes.

The benefits of overcoming these challenges and establishing
a long-term multi-city replicated experiment include the ability
to compare results within and between social-ecological systems,
test species-specific responses and ecological thresholds within
the urban context, and gain a better understanding of the long-
term impacts of management actions.

Co-producing Resilient Urban Natural
Areas
Resilience concepts in urban forestry are nascent, with the
climate-related vulnerability assessment applied here being
the most common resilience framework (Huff et al., 2020).
By broadening our urban adaptive silviculture approach
to include resilience thinking (Rist and Moen, 2013), we
also consider the larger social-ecological system, including:
(1) social processes of decision-making, such as identifying
shared goals (Gerlak and Heikkila, 2011) and engaging
in social learning (Reed et al., 2010), and (2) social-
ecological dynamics surrounding the forest sites, including
city- and neighborhood-level factors and organizational
culture of practitioner organizations, to improve social-
ecological resilience. Acceptance and support for adaptive
management strategies by practitioners was mixed during the
workshops, highlighting the possibilities, but also constraints,
of urban silviculture experiments. Practitioners identified
social acceptance by the broader public as a critical factor
in their decision-making, pointing to a need to consider
and include public voices in planning urban forest futures
(Janse and Konijnendijk, 2007).

By gathering practitioners and researchers with a breadth of
expertise around urban forests and silviculture, our workshop
not only contributed to social learning for practitioners
and researchers but incorporated social-ecological context
when identifying adaptive management strategies. With a
tangible problem to be solved and open communication and
respect, our group’s process of developing an urban, adaptive
silviculture has several supportive elements for successful
collaboration (Johnson et al., 2019). We used ideas generated
during the workshop to design replicated experiments aligned
with the management priorities of participating cities and
implement a common garden study that tests the climate
adaptability of two oak species. Funding has been secured
(2021 USDA Forest Service Urban and Community Forestry
Cost Share Grant Program) and continued collaboration
and results from the long-term study also hold the seeds
for transformation in how individuals and the collective
network may think about urban oak forests, their social-
ecological settings, and the larger questions of resilience: to
what and for whom.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

MP, RH, LB, and NS conceived of and planned the Northeast
Urban Silviculture Workshop. MP, RH, MJ, NS, and LB
led in writing the manuscript and all workshop participants

Frontiers in Ecology and Evolution | www.frontiersin.org 6 December 2021 | Volume 9 | Article 750495

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-750495 December 21, 2021 Time: 10:52 # 7

Piana et al. Climate Adapted Silviculture in the City

contributed to early drafts of the manuscript. All authors
participated in the workshop and conceived of the ideas
presented in the manuscript.

ACKNOWLEDGMENTS

We thank all the participants of the Northeast Urban
Silviculture Workshop, especially the practitioners from the
City of Baltimore Department of Recreation and Parks,
Philadelphia Parks and Recreation, City of Newark, DE,

Hutcheson Memorial Forest Center, Natural Areas Conservancy,
New York Botanical Gardens, Westchester County, City of
Hartford, and the City of Springfield, for volunteering their time
to this project.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fevo.2021.
750495/full#supplementary-material

REFERENCES
Abrams, M. D. (2003). Where has all the white oak gone? BioScience 53, 927–939.

doi: 10.1641/0006-3568(2003)053[0927:whatwo]2.0.co;2
Ashton, M. S., and Kelty, M. J. (2018). The Practice of Silviculture: Applied Forest

Ecology. New York, NY: John Wiley & Sons.
Brandt, L., Lewis, A. D., Fahey, R., Scott, L., Darling, L., and Swanston, C. (2016).

A framework for adapting urban forests to climate change. Environ. Sci. Policy
66, 393–402.

Bratman, G. N., Anderson, C. B., Berman, M. G., Cochran, B., De Vries, S.,
Flanders, J., et al. (2019). Nature and mental health: an ecosystem service
perspective. Sci. Adv. 5:eaax0903. doi: 10.1126/sciadv.aax0903

Butler-Leopold, P. R., Iverson, L. R., Thompson, F. R., Brandt, L. A., Handler,
S. D., Janowiak, M. K., et al. (2018). Mid-Atlantic Forest Ecosystem Vulnerability
Assessment and Synthesis: A Report from the Mid-Atlantic Climate Change
Response Framework project. Gen. Tech. Rep. NRS-181, Vol. 294. Newtown
Square, PA: US Department of Agriculture, Forest Service, Northern Research
Station, 1–294, 181.

Campbell, L. K., Svendsen, E. S., and Roman, L. A. (2016). Knowledge co-
production at the research–practice interface: embedded case studies from
urban forestry. Environ. Manag. 57, 1262–1280. doi: 10.1007/s00267-016-
0680-8

Carreiro, M. M., and Tripler, C. E. (2005). Forest remnants along urban-rural
gradients: examining their potential for global change research. Ecosystems 8,
568–582. doi: 10.1007/s10021-003-0172-6

Cregg, B. M., and Dix, M. E. (2001). Tree moisture stress and insect damage in
urban areas in relation to heat island effects. J. Arboric. 27, 8–17.

D’Amato, A. W., and Palik, B. J. (2021). Building on the last “new” thing: exploring
the compatibility of ecological and adaptation silviculture. Can. J. For. Res. 51,
172–180.

Dey, D. C. (2014). Sustaining oak forests in eastern North America: regeneration
and recruitment, the pillars of sustainability. For. Sci. 60, 926–942. doi: 10.5849/
forsci.13-114

Dey, D. C., Royo, A. A., Brose, P. H., Hutchinson, T. F., Spetich, M. A., and
Stoleson, S. H. (2010). An ecologically based approach to oak silviculture: a
synthesis of 50 years of oak ecosystem research in North America. Colombia
Forestal 13, 201–222.

Frumkin, H., Bratman, G. N., Breslow, S. J., Cochran, B., Kahn, P. H. Jr., Lawler,
J. J., et al. (2017). Nature contact and human health: a research agenda. Environ.
Health Perspect. 125:075001. doi: 10.1289/EHP1663

Gerlak, A. K., and Heikkila, T. (2011). Building a theory of learning in
collaboratives: evidence from the everglades restoration program. J. Public
Adm. Res. Theory 21, 619–644. doi: 10.1093/jopart/muq089

Gill, S. E., Handley, J. F., Ennos, A. R., and Pauleit, S. (2007). Adapting cities for
climate change: the role of the green infrastructure. Built Environ. 33, 115–133.
doi: 10.2148/benv.33.1.115

Hammes, M. C., Brandt, L., Nagel, L., Peterson, C., Windmuller-Campione, M.,
and Montgomery, R. A. (2020). Adaptive Silviculture for climate change in the
Mississippi national river and recreation area, an Urban National Park in the
Twin Cities Area, Minnesota. Cities Environ. (CATE) 13:11.

Hanberry, B. B., and Nowacki, G. J. (2016). Oaks were the historical foundation
genus of the east-central United States. Quat. Sci. Rev. 145, 94–103. doi: 10.
1016/j.quascirev.2016.05.037

Hanle, J., Duguid, M. C., and Ashton, M. S. (2020). Legacy forest structure increases
bird diversity and abundance in aging young forests. Ecol. Evol. 10, 1193–1208.
doi: 10.1002/ece3.5967

Hansen, R. A. (2000). Effects of habitat complexity and composition on a diverse
litter microarthropod assemblage. Ecology 81, 1120–1132. doi: 10.1890/0012-
9658(2000)081[1120:eohcac]2.0.co;2

Hellmann, J. J., Nadelhoffer, K. J., Iverson, L. R., Ziska, L. H., Matthews, S. N.,
Myers, P., et al. (2010). Climate change impacts on terrestrial ecosystems in
metropolitan Chicago and its surrounding, multi-state region. J. Great Lakes
Res. 1, 74–85.

Huff, E. S., Johnson, M., Roman, L., Sonti, N. F., Pregitzer, C. C., Campbell, L., et al.
(2020). A literature review of resilience in urban forestry. Arboric. Urban For.
46, 185–196. doi: 10.48044/jauf.2020.014

IPCC (2019). Climate Change and Land: An IPCC Special Report on Climate
Change, Desertification, Land Degradation, Sustainable Land Management, Food
Security, and Greenhouse Gas Fluxes in Terrestrial Ecosystems, eds P. R. Shukla,
J. Skea, E. Calvo Buendia, V. Masson-Delmotte, H.-O. Pörtner, D. C. Roberts,
et al., Geneva: IPCC.

Iverson, L. R., Peters, M. P., Matthews, S. N., Prasad, A., Hutchinson, T., Bartig, J.,
et al. (2019). Adapting Oak Management in An Age of Ongoing Mesophication
but Warming Climate. e-Gen. Tech. Rep. SRS-237, Vol. 237. Asheville, NC: US
Department of Agriculture Forest Service, Southern Research Station, 35–45.

Janowiak, M. K., Brandt, L. A., Wolf, K. L., Brady, M., Darling, L., Derby Lewis, A.,
et al. (2021). Climate Adaptation Actions for Urban Forests and Human Health.
Gen. Tech. Rpt. NRS-203. Madison, WI: U.S. Department of Agriculture, Forest
Service, Northern Research Station, 115.

Janowiak, M. K., D’Amato, A. W., Swanston, C. W., Iverson, L., Thompson,
F. R., Dijak, W. D., et al. (2018). New England and Northern New York Forest
Ecosystem Vulnerability Assessment and Synthesis: A Report From the New
England Climate Change Response Framework project. Gen. Tech. Rep. NRS-
173, Vol. 234. Newtown Square, PA: US Department of Agriculture, Forest
Service, Northern Research Station, 1–234, 173.

Janse, G., and Konijnendijk, C. C. (2007). Communication between science, policy
and citizens in public participation in urban forestry—Experiences from the
Neighbourwoods project. Urban For. Urban Green. 6, 23–40. doi: 10.1016/j.
ufug.2006.09.005

Johnson, L. R., Johnson, M. L., Aronson, M. F., Campbell, L. K., Carr, M. E., Clarke,
M., et al. (2020). Conceptualizing social-ecological drivers of change in urban
forest patches. Urban Ecosyst. 24, 633–648. doi: 10.1007/s11252-020-00977-5

Johnson, M. L., Auyeung, D. N., Sonti, N. F., Pregitzer, C. C., McMillen, H. L.,
Hallett, R., et al. (2019). Social-ecological research in urban natural areas: an
emergent process for integration. Urban Ecosyst. 22, 77–90. doi: 10.1093/biosci/
biz166

Kern, C. C., Burton, J. I, Raymond, P., D’Amato, A. W., Keeton, W. S., Royo, A. A.,
et al. (2017). Challenges facing gap-based silviculture and possible solutions
for mesic northern forests in North America. For. Int. J. For. Res. 90, 4–17.
doi: 10.1093/forestry/cpw024

Kirshen, P., Ruth, M., and Anderson, W. (2008). Interdependencies of
urban climate change impacts and adaptation strategies: a case study of
Metropolitan Boston USA. Clim. Change 86, 105–122. doi: 10.1007/s10584-007-
9252-5

Lawrence, A., De Vreese, R., Johnston, M., van den Bosch, C. C. K., and Sanesi,
G. (2013). Urban forest governance: towards a framework for comparing

Frontiers in Ecology and Evolution | www.frontiersin.org 7 December 2021 | Volume 9 | Article 750495

https://www.frontiersin.org/articles/10.3389/fevo.2021.750495/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fevo.2021.750495/full#supplementary-material
https://doi.org/10.1641/0006-3568(2003)053[0927:whatwo]2.0.co;2
https://doi.org/10.1126/sciadv.aax0903
https://doi.org/10.1007/s00267-016-0680-8
https://doi.org/10.1007/s00267-016-0680-8
https://doi.org/10.1007/s10021-003-0172-6
https://doi.org/10.5849/forsci.13-114
https://doi.org/10.5849/forsci.13-114
https://doi.org/10.1289/EHP1663
https://doi.org/10.1093/jopart/muq089
https://doi.org/10.2148/benv.33.1.115
https://doi.org/10.1016/j.quascirev.2016.05.037
https://doi.org/10.1016/j.quascirev.2016.05.037
https://doi.org/10.1002/ece3.5967
https://doi.org/10.1890/0012-9658(2000)081[1120:eohcac]2.0.co;2
https://doi.org/10.1890/0012-9658(2000)081[1120:eohcac]2.0.co;2
https://doi.org/10.48044/jauf.2020.014
https://doi.org/10.1016/j.ufug.2006.09.005
https://doi.org/10.1016/j.ufug.2006.09.005
https://doi.org/10.1007/s11252-020-00977-5
https://doi.org/10.1093/biosci/biz166
https://doi.org/10.1093/biosci/biz166
https://doi.org/10.1093/forestry/cpw024
https://doi.org/10.1007/s10584-007-9252-5
https://doi.org/10.1007/s10584-007-9252-5
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-750495 December 21, 2021 Time: 10:52 # 8

Piana et al. Climate Adapted Silviculture in the City

approaches. Urban For. Urban Green. 12, 464–473. doi: 10.1016/j.ufug.2013.
05.002

Loftis, D. L., and McGee, C. E. (1992). Oak Regeneration: Serious Problems,
Practical Recommendations: Symposium Proceedings, Knoxville, Tennessee,
September 8-10, 1992, Vol. 84. Asheville, NC: Southeastern Forest Experimental
Station.

Long, R. P., Brose, P. H., and Horsley, S. B. (2012). Responses of northern red oak
seedlings to lime and deer exclosure fencing in Pennsylvania. Can. J. For. Res.
42, 698–709.

Lugo, A. E., Swanson, F. J., González, O. R., Adams, M. B., Palik, B., Thill, R. E., et al.
(2006). Long-term research at the USDA Forest Service’s experimental forests
and ranges. BioScience 56, 39–48.

Mexia, T., Vieira, J., Príncipe, A., Anjos, A., Silva, P., Lopes, N., et al. (2018).
Ecosystem services: urban parks under a magnifying glass. Environ. Res. 160,
469–478. doi: 10.1016/j.envres.2017.10.023

Nagel, L. M., Palik, B. J., Battaglia, M. A., D’Amato, A. W., Guldin, J. M.,
Swanston, C. W., et al. (2017). Adaptive silviculture for climate change: a
national experiment in manager-scientist partnerships to apply an adaptation
framework. J. For. 115, 167–178. doi: 10.5849/jof.16-039

Oldfield, E. E., Warren, R. J., Felson, A. J., and Bradford, M. A. (2013). Challenges
and future directions in urban afforestation. J. Appl. Ecol. 50, 1169–1177. doi:
10.1111/1365-2664.12124

Oliver, C. D., and Larson, B. C. (1996). Forest Stand Dynamics: Updated Edition.
New York, NY: John Wiley and Sons.

Olmsted, F. L., and Harrison, J. B. (1928). “Observations on the treatment of public
plantations, more especially related to the use of the axe,” in Forty Years of
Landscape Architecture: Central Park, eds. F. L. Olmsted, Jr. and T. Kimball
(Cambridge: MIT Press, 1973), 362–75.

Ordóñez, C., and Duinker, P. N. (2014). Assessing the vulnerability of urban forests
to climate change. Environ. Rev. 22, 311–321. doi: 10.1139/er-2013-0078

Oswalt, S. N., Smith, W. B., Miles, P. D., and Pugh, S. A. (2014). Forest Resources of
the United States, 2012: a Technical Document Supporting the Forest Service 2010
Update of the RPA Assessment. Gen. Tech. Rep. WO-91, Vol. 218. Washington,
DC: US Department of Agriculture, Forest Service, Washington Office, 91.

Pastick, J., Maurer, D., and Fahey, R. T. (2021). Testing the effect of restoration-
focused silviculture on oak regeneration and groundlayer plant communities in
urban–exurban oak woodlands. Restor. Ecol. 29:e13307.

Piana, M. R., Hallett, R. A., Aronson, M. F., Conway, E., and Handel, S. N.
(2021a). Natural regeneration in urban forests is limited by early-establishment
dynamics: implications for management. Ecol. Appl. 31:e02255. doi: 10.1002/
eap.2255

Piana, M. R., Pregitzer, C. C., and Hallett, R. A. (2021b). Advancing management of
urban forested natural areas: toward an urban silviculture? Front. Ecol. Environ.
19:526–535. doi: 10.1002/fee.2389

Pinchot, G. (1895). The need of forest schools in America. Garden Forest 387:298.
Pregitzer, C. C., Ashton, M. S., Charlop-Powers, S., D’Amato, A. W., Frey, B. R.,

Gunther, B., et al. (2019a). Defining and assessing urban forests to inform
management and policy. Environ. Res. Lett. 14, 1–9. doi: 10.1201/b21179-2

Pregitzer, C. C., Charlop-Powers, S., and Bradford, M. A. (2021). Natural area
forests in US Cities: opportunities and challenges. J. For. 119, 141–151.

Pregitzer, C. C., Charlop-Powers, S., Bibbo, S., Forgione, H. M., Gunther, B., Hallett,
R. A., et al. (2019b). A city-scale assessment reveals that native forest types
and overstory species dominate New York City forests. Ecol. Appl. 29:e01819.
doi: 10.1002/eap.1819

Pregitzer, C. C., Charlop-Powers, S., McCabe, C., Hiple, A., Gunther, B., and
Bradford, M. A. (2019c). Untapped Common Ground?: The Care of Forested
Natural Areas in American Cities. New York, NY: Natural Areas Conservancy.

Raymond, P., Bédard, S., Roy, V., Larouche, C., and Tremblay, S. (2009). The
irregular shelterwood system: review, classification, and potential application
to forests affected by partial disturbances. J. For. 107, 405–413.

Reed, M. S., Evely, A. C., Cundill, G., Fazey, I., Glass, J., Laing, A., et al. (2010).
What is social learning? Ecol. Soc. 15:r1.

Rist, L., and Moen, J. (2013). Sustainability in forest management and a new role
for resilience thinking. For. Ecol. Manag. 310, 416–427.

Ruefenacht, B., Finco, M. V., Nelson, M. D., Czaplewski, R., Helmer, E. H.,
Blackard, J. A., et al. (2008). Conterminous US and Alaska forest type mapping
using forest inventory and analysis data. Photogramm. Eng. Rem. Sens. 74,
1379–1388.

Schuler, J. A., and Forrest, T. A. (2008). Thain Family Forest Program 2008–2025.
Bronx, NY: New York Botanical Garden.

Sonti, N. F., Griffin, K. L., Hallett, R. A., and Sullivan, J. H. (2021). Photosynthesis,
fluorescence, and biomass responses of white oak seedlings to urban soil and air
temperature effects. Physiol. Plant. 172, 1535–1549. doi: 10.1111/ppl.13344

Sonti, N. F., Hallett, R. A., Griffin, K. L., and Sullivan, J. H. (2019). White
oak and red maple tree ring analysis reveals enhanced productivity in urban
forest patches. For. Ecol. Manag. 453:117626. doi: 10.1016/j.foreco.2019.11
7626

Stoler, A. B., and Relyea, R. A. (2011). Living in the litter: the influence of tree leaf
litter on wetland communities. Oikos 120, 862–872. doi: 10.1111/j.1600-0706.
2010.18625.x

Swanston, C. W., Janowiak, M. K., Brandt, L. A., Butler, P. R., Handler, S. D.,
Shannon, P. D., et al. (2016). Forest Adaptation Resources: Climate Change Tools
and Approaches for Land Managers. Gen. Tech. Rep. NRS-GTR-87-2. Newtown
Square, PA: US Department of Agriculture, Forest Service, Northern Research
Station, 161.

Tallamy, D. W., and Shropshire, K. J. (2009). Ranking lepidopteran use of native
versus introduced plants. Conserv. Biol. 23, 941–947. doi: 10.1111/j.1523-1739.
2009.01202.x

Thoren, R. (2014). Deep roots: foundations of forestry in American landscape
architecture. Scenario J. 4. Available online at: https://scenariojournal.com/
article/deep-roots/ (accessed July 10, 2021).

Trammell, T. L., D’Amico, V. III, Avolio, M. L., Mitchell, J. C., and Moore, E.
(2020). Temperate deciduous forests embedded across developed landscapes:
younger forests harbour invasive plants and urban forests maintain native
plants. J. Ecol. 108, 2366–2375.

Trust for Public Land (2021). Available online at: https://tpl.maps.arcgis.com/apps/
webappviewer/index.html?id=1b6cad6dd5854d2aa3d215a39a4d372d (accessed
July 10, 2021).

Trust for Public Land [TPL] (2017). City Park Facts. San Francisco, CA: Trust for
Public Land.

Vogt, J. (2020). Urban Forests as Social-Ecological Systems. Amsterdam: Elsevier
Inc.

Wikle, J., Duguid, M., and Ashton, M. S. (2019). Legacy forest structures in irregular
shelterwoods differentially affect regeneration in a temperate hardwood forest.
For. Ecol. Manag. 454:117650. doi: 10.1016/j.foreco.2019.117650

Zukswert, J. M., Hallett, R., Bailey, S. W., and Sonti, N. F. (2021). Using regional
forest nutrition data to inform urban tree management in the northeastern
United States. Urban For. Urban Green. 57:126917. doi: 10.1016/j.ufug.2020.
126917

Conflict of Interest: EH was employed by Ferrucci & Walicki, LLC.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

The reviewer TS declared a shared affiliation, though no other collaboration, with
several of the authors, MP, MJ, NS, LB, DB, VD, SH, SL, KN, IY, to the handling
editor.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Piana, Hallett, Johnson, Sonti, Brandt, Aronson, Ashton,
Blaustein, Bloniarz, Bowers, Carr, D’Amico, Dewald, Dionne, Doroski, Fahey,
Forgione, Forrest, Hale, Hansen, Hayden, Hines, Hoch, Ieataka, Lerman, Murphy,
Nagele, Nislow, Parker, Pregitzer, Rhodes, Schuler, Sherman, Trammell, Wienke,
Witmer, Worthley and Yesilonis. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Ecology and Evolution | www.frontiersin.org 8 December 2021 | Volume 9 | Article 750495

https://doi.org/10.1016/j.ufug.2013.05.002
https://doi.org/10.1016/j.ufug.2013.05.002
https://doi.org/10.1016/j.envres.2017.10.023
https://doi.org/10.5849/jof.16-039
https://doi.org/10.1111/1365-2664.12124
https://doi.org/10.1111/1365-2664.12124
https://doi.org/10.1139/er-2013-0078
https://doi.org/10.1002/eap.2255
https://doi.org/10.1002/eap.2255
https://doi.org/10.1002/fee.2389
https://doi.org/10.1201/b21179-2
https://doi.org/10.1002/eap.1819
https://doi.org/10.1111/ppl.13344
https://doi.org/10.1016/j.foreco.2019.117626
https://doi.org/10.1016/j.foreco.2019.117626
https://doi.org/10.1111/j.1600-0706.2010.18625.x
https://doi.org/10.1111/j.1600-0706.2010.18625.x
https://doi.org/10.1111/j.1523-1739.2009.01202.x
https://doi.org/10.1111/j.1523-1739.2009.01202.x
https://scenariojournal.com/article/deep-roots/
https://scenariojournal.com/article/deep-roots/
https://tpl.maps.arcgis.com/apps/webappviewer/index.html?id=1b6cad6dd5854d2aa3d215a39a4d372d
https://tpl.maps.arcgis.com/apps/webappviewer/index.html?id=1b6cad6dd5854d2aa3d215a39a4d372d
https://doi.org/10.1016/j.foreco.2019.117650
https://doi.org/10.1016/j.ufug.2020.126917
https://doi.org/10.1016/j.ufug.2020.126917
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

	Climate Adaptive Silviculture for the City: Practitioners and Researchers Co-create a Framework for Studying Urban Oak-Dominated Mixed Hardwood Forests
	Introduction
	The Northeast Urban Silviculture Workshop
	Urban Oak-Dominated Hardwood Forest Vulnerability Assessment
	Adaptive Management Strategies
	Discussion
	Silviculture Practice and Research in the City
	Co-producing Resilient Urban Natural Areas

	Data Availability Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


