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ABSTRACT

In the times of enlarging cities and more people living in cities, it is essential to maintain the quality of life for everyone. Urban forests
make a significant contribution to this. In urban areas, productive ecosystems are essential to maintain human health and well-being.
However, problems like increasing urbanization, changing climate, and pollution in the air, water, and soil can endanger urban ecosystems
like urban forests. Having or building resilient urban forests is seen as a possibility to maintain ecosystem services provided by urban
forests. Under future conditions, they may become essential for human life in urban areas as some are critical for human health.

This study is a literature review of past research dealing with resilience in urban forests. Forty-one articles published in the years 2006
to 2019 that complied with the search criteria were reviewed. Results show that only three articles used a definition of the resilience of
urban trees after disturbance based on a formula; two articles used a definition of resilience based on natural ecosystems. The remaining
articles did not define resilience while using the term in the articles.

Out of the reviewed articles, four major themes were identified: urban forest management, urban biodiversity, urban soil, and
socio-economic conditions. Nine articles included content about urban soils, 19 articles about urban forest management, 30 articles
about urban biodiversity, and 11 articles about socio-economic conditions. As (built) urban forests in cities differ considerably from
natural ecosystems, some authors rated monitoring and management actions as necessary, mainly for new establishments and the
integration of new species. Authors expressed contradicting opinions on species richness. While some articles suggested focusing on
native or endemic species, others proposed to increase species diversity to enhance urban forest resilience. Tolerances and resistances
of tree species are essential for urban areas and may gain importance in the future, increasing extreme weather events leading to more
frequent pest and disease outbreaks.

Results indicated a focus on urban soil quality as a basis for plant growth, and tree health is an essential factor in urban forestry.
Municipal authorities need to adapt management actions to create and maintain an urban forest to the benefits they intend to achieve
for the city considering local conditions like climate, species pool, and specific resistances. At the end of the review, a framework
recommends actions for a structured collaboration of municipal authorities, researchers, and citizens to achieve resilient urban forests.

Keywords: Adapted species selection, Biodiversity, Climate change adaptation and mitigation, Ecosystem services, Exotic species,
Native species, Plant health, Urban forest management, Urban soil.
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INTRODUCTION

Importance of Urban Forests

The expansion of cities leads to replacements of natural
ecosystems (Zang et al., 2011), highlighting the importance
of preserving existing and building new urban ecosystems.
Urban forests are complex ecosystems substantially impacted
by humans (Collins et al., 2000; Dobbs et al., 2011). Urban forests
can be defined as the system of all single trees, groups of
trees, and woodlands in urban and peri-urban environments.
It includes forests, street trees, trees in parks and gardens,
and trees in derelict corners (FAO, 2016). They can be a habitat
for high biodiversity (Alvey, 2006) and additionally provide
benefits to the city and its residents (Duryea et al., 2000) by
supplying ecosystem services (Konijnendijk, 1997). The concept
of ecosystem functions and services goes back to the 1960s
(King, 1966) and since then has experienced increased interest
(Groot et al., 2002). Ecosystem services provided by urban
forests include the improvement of urban climate (Lafortezza
et al., 2009), the provision of shadow and shades (Dwyer
and Nowak, 2000), the reduction of building energy (Dwyer
and Nowak, 2000), and air pollution control (Bottalico et al.,
2016). Therefore, urban forests are essential for maintaining or
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enhancing human health and well-being in urban environments
(Nowak and Walton, 2005). Bolund and Hunhammar (1999)
identify these cultural ecosystem services as critical relevant
ecosystem services in cities. However, urban forests may also
render disservices like the release of volatile organic compounds
(VOCs) forming ground-level ozone (Lyytimaki and Sipild, 2009)
as well as pollen allergy (Sousa-Silva et al. 2021) In addition, the
establishment and management of urban forests may cause
considerable costs. Overall, the positive effects of ecosystem
services dominate over economic costs for urban forests
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(Dobbs et al., 2011). The benefits of urban forests vary by city as
theimportance of specific ecosystem services differs depending
on local conditions (Wagner and Gobster, 2007).

Urban forests enhance the quality of urban environments
due to the ecosystem services (McPherson et al., 2005; Nowak
and Walton, 2005; Tyrvdinen et al., 2005). The need for ecosystem
services is increasing due to global environmental change
resulting from urbanization (Guo et al., 2010). Therefore,
the value of urban forests is likely to grow with increasing
urbanization (Alvey, 2006) and population (Seto et al., 2012).
It is necessary to maintain or build urban forests as their
ecosystem services support urban areas to adapt to or mitigate
climate change effects (Gill et al., 2007). Dobbs et al. (2011) state
the need to considecities’ specific environmental and social
conditions to identify adequate urban forest management
actions. Management strategies need to be adapted to protect
urban forests against current and future threats like climate
change, pollution, and urbanization to maintain all advantages
for urban areas.

Threats to Urban Forests

Climate change-induced disturbances such as drought,
heatwaves, storms, floods (Tratalos et al., 2007), and pollution
(Harris and Manning, 2010) impact urban forests in their
structure and composition. The rise of sea level will likely lead to
saltwater flooding of urban roadways (Hanson et al., 2010), and
impact street trees. In addition to climate change, urbanization
is putting urban forests at risk as impervious soils caused by
paved grounds reduce the life span of trees (Foster and Blaine,
1977, Gilbertson and Bradshaw, 1990). Although at the moment,
there is no evidence that urbanization influences large-scale
warming (Parker, 2004) resulting from the urban heat island
effect, temperatures within cities increase and are problematic
for ecosystems as well as the health and well-being of humans
in urban areas (Soleckiet al., 2005). As a result of climate change
and urbanization, droughts represent a major threat in urban
areas causing mortality, especially of young trees (Bradshaw et
al., 1995; Cameron and Emmett, 2003). Therefore, urban forests
must adapt to future climate change (Davoudi et al., 2013). In
order to maintain or enhance ecosystem services from urban
forests, cities need to develop a guiding strategy (Ernstsonetal.,
2010). The selection of species with tolerances for specific urban
conditions, like the ability to deal with water deficits in highly
urbanized areas, is vital for maintaining ecosystem services
(Sjoman et al., 2012). In addition, the preservation of urban
forests mitigates the problem of air pollution (Kiss et al., 2015;
Astiaso Garcia, 2017). Consequently, it is crucial to increase urban
forest resilience to preserve its value (Alvey, 2006; Thompson
etal., 2009).

Resilience of Urban Forests

Resilience is a component of complex adaptive system dynamics
and how to cope with change. It deals with the interaction
of gradual and abrupt changes and the capacity of someone
or something to adapt to dynamic change (Folke, 2016). It is
usually described as the ability to return to its ground state
after a disturbance (Schulze and Mooney, 1994). Holling (1973)
was one of the first to describe resilience concerning natural
ecosystems. His definition is well-known and still commonly
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used in ecology. He stated that “resilience determines the
persistence of relationships within a system and is a measure of
the ability of these systems to absorb changes of state variables,
driving variables, and parameters, and still persist”.

Peterson et al. (1998) state that biological diversity seems to
be important for the resilience of natural ecosystems. According
to Luck et al. (2003), diversity of species and populations plays
a meaningful role in maintaining ecosystem services as species
loss due to disturbance can impact ecosystem functioning
and thereby ecosystem services (EImquvist et al., 2003). Urban
ecosystems differ from natural ecosystems (Yan et al., 2019).
Urban ecosystems are unique in their climate, soils, and
vegetation, and they have unique social dynamics and energy
flows (Trepl, 1995; Pickett et al., 1997; Alberti, 2008). For instance,
in urban areas, temperatures are higher, and hydrology is
different due to increased imperviousness and paved grounds
(Alberti, 2005).

Vale and Campanella (2005) define urban resilience as
the ability of a city to rebound from a disturbance. Urban
resilience refers to the integration of ecological (Alberti and
Marzluff, 2004) and social processes at different levels, given the
importance of surrounding ecosystems and ecosystem services
for humans (Adger, 2000; Brown, 2014). Alberti and Marzluff
(2004) assume that the individual behavior of socio-economic
systems and ecological systems can differ from the behavior of
integrated systems. In addition, they state that the interactions
between these complex systems in terms of the resilience of
urban ecosystems need to be balanced. In a social-ecological
system, resilience is determined by the ability to mitigate
change (Berkes et al., 2008) whereby the system responds to
changing conditions and disturbances within the desired state
(Walker et al., 2004). Urban forests are an example of complex
social-ecological systems (Steenberg et al., 2019). Ecosystem
services are essential in social-ecological systems and linked to
a specific system state. As they are vulnerable to get lost in a
different stable state (Folke et al., 2004), it is necessary to avoid
changes in the current state. Therefore, it must be understood
how to enhance the resilience of urban forests so that they can
tolerate disturbances and changes without considering the
possibility of transitions to an alternative stable state (Alberti
and Marzluff, 2004).

Knowledge Gap and Aim of the Review

The scientific community’s views on the resilience of urban
forests are currently differing. Depending on the aims of the
studies in urban forestry, researchers frequently utilize an
existing definition of resilience referring to natural forests.
There is a lack of clarity on how resilience can be assessed
in urban forests. The use of direct and indirect assessments
of resilience complicates the understanding of resilience for
urban forests. Due to the lack of established indicators to
assess the resilience of urban trees and forests, various factors
influencing resilience at a different level are used. While research
in ecological resilience is increasing, a basis for terminology
is required, to which all researchers can refer and relate their
findings. Resilience research mainly concentrates on natural
ecosystems and natural forests, whereas only a little research
focuses on ecosystems built in urban areas. It is important to
increase existing urban forests’ resilience and build new urban
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forests with high resilience. Urban forests need to maintain
their ecosystem functions and ecosystem services under future
changing conditions. These include increasing urbanization
as well as changing climatic conditions like more extreme
weather events. Urban planners require scientifically proven
knowledge to create resilient urban forests. Hence, it warrants
us to review the understanding of resilience in urban forests to
global change impacts such as climate change, pollution and
urbanization. By reviewing existing literature, t to explore the
current state of resilience research in urban forests, including
the use and misuse of the terminology of resilience and criteria
influencing urban forest resilience. The study’s outcome will
identify areas requiring additional research and summarize
major recommendations for future research.

MATERIAL AND METHODS

This study has been carried out as a qualitative literature review.
The literature research followed the steps below.

Literature Search Process and Criteria

A manual search with keywords was performed in publications
available online until 31.10.2019 in the ISI Web of Science (1) and
CAB Direct (2). Keywords for the search were initially ‘climate
change’, ‘drought’, ‘flooding’, ‘forest’, ‘forestry’, ‘heat’, ‘pavement’,
‘paving’, ‘pipe’, ‘resilience’, ‘soil pollution’, ‘'urban’, ‘urbanization’,
‘water pollution’ and ‘pollution’ in English. The keywords
‘urban forest’ or ‘urban forestry’ were used in combination
with one of the above-listed keywords. As the goal was to find
articles dealing with resilience in urban forests under either
climate change, pollution, or urbanization effects, only articles
containing the keywords ‘urban forest’ or ‘urban forestry’ and
‘resilience” were considered for the review. Articles that did not
have the word combination ‘urban forest’ or ‘urban forestry’
were omitted. In the ISI Web of Science, 52 articles containing
‘urban forest’ and ‘resilience’ were found in the abstract or
the articles’ keywords. In CAB Direct, the search resulted in 45
articles with considerable overlap with articles from the IS Web
of Science. Articles containing the keywords ‘urban forest’ or
‘urban forestry’ and ‘resilience’ but not discussing resilience of
urban forests were eliminated. The 41 articles selected for the
review contain at least one time the keywords ‘urban forest’ or
‘urban forestry” and resilience.’ For a clear distinction between
the reviewed articles and the further cited articles, the reviewed

articles have been assigned an additional naming convention
from LIT1 to LIT41 in alphabetical order.

Data Extraction

The content of each article was structured using a table. The
column headings used in this table are listed in Table 1.

Data Analysis

The review of the articles was conducted as a qualitative
assessment of the 41 articles. Firstly, the year of publication
and the location of each study was evaluated. Subsequently,
it was analyzed how the authors define and use the term
resilience. Finally, the content of the articles was reviewed to
identify similar aspects influencing resilience. This resulted
in the four major themes of studies. Those themes were as
follows: 1) urban forest management, 2) urban biodiversity,
3) urban soil, and 4) socio-economic conditions (see Table 2).
The themes were further divided into subthemes covering
recommended actions and action indicators. Recommended
actions were a set of management activities recommended
by the authors of the articles to increase the overall resilience
of urban green space. Action indicators were a specific set
of indicators targeted for reforming or improving current
management, which can be used toimplement and evaluate the
recommended actions. These indicators were extracted from the
articles.

REesuLTs

Frequency and Location of Articles

The majority (76 %) of the articles reviewed was published
between 2015 to 2018 (Fig. 1).

Out of the 41 articles reviewed, 36 were based on research
studies with most contributions from North America (see Fig. 2
for a global distribution). The remaining five articles were
reviews or short communications without explicit geographical
reference.

Interpretation of the term Resilience by the Studies
The definition of a resilient urban forest varied widely amongst
the reviewed studies. Figure 3 shows the distribution of the
definition of resilience used by the authors in the articles.

Three articles measured single tree-based resilience by using
a resilience index (D’Amato et al., 2011; D'’Amato et al., 2013):

Table 1: Table showing the table structure used as a basis for data extraction of the reviewed articles.
Data from each article was entered into the table as available. The detailed table is set out in the appendix.

Authors Title Year Location Definition of resilience

[Authors of the [Title of the article] [Year of publication] ~ Location where the Definition of resilience used as a

reviewed article] study took place] reference in the article and to which
author it refers]

Resilience quantified using Context of resilience use Summary of results Summary of discussion

formula

Context to which resilience
referred to when article did not
define resilience]

[Formula of resilience, when
resilience was measured by
index]

[Summary of the main contents
of the results section of the
article relevant for this review]

[Summary of the main contents
of the discussion section of the
article relevant for this review]
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Table 2: Categorizing the themes and subthemes of the resilience of
urban forests identified in the reviewed articles.

Themes Subthemes

Planning and monitoring

Urban forest management Buildings

Plant species diversity
Native and non-native species
Tolerances and resistances

Urban biodiversity

Water access
Compaction
Construction

Urban soil

social and economic aspects only
mentioned as side aspects in
reviewed articles

=

f

j n—>/

Socio-economic conditions

Fig. 2: Map showing the countries of studies of the reviewed articles
of resilience research in urban forestry and the numbers represent
the total number of studies per country.

N meanBAI_
ResilienceIndex = e
meanBAI

Syrpre-disturbance

BAI stands for Basal Area Increment, representing the annual
growth of stem thickness in trees (Rubino and McCarthy, 2000).
With this index, resilience was defined as the ability of a tree
to return its growth to a pre-disturbance level in the period
following the disturbance. Two of these articles referred to
drought (Fahey et al., 2013, LIT13; Bialecki et al., 2018, LIT3), and
one article referred to construction (North et al., 2017, LIT30) as
stressors that reduced the growth.

Six other articles defined resilience without an index by
either referring to existing definitions or developing their own
definitions. Carifianos et al. (2016, LIT5) referred to resilience as
the power to mitigate the impacts of future incidents (Maciver
and Wheaton, 2005). Carreiro and Zipperer (2011, LIT6) used the
definition of resilience as the ability of the reorganization and
power of a system to return to its previous state or shift to a
different regime (Abel et al., 2006; Walker et al., 2006). Steenberg
etal. (2017, LIT37) referred to resilience as the ability of a system
to withstand stress or to shift back to a previous state after stress
(Turner etal., 2003). Pavao-Zuckerman (2008, LIT32) was the only
author who linked the definition of resilience to C.S. Holling’s
early theory (1973). He included the additional aspect of urban
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Fig. 1: Graph showing the uneven distribution of the
year of publication of the reviewed articles of resilience research in
urban forestry. The numbers represent the total number of
articles reviewed per year of publication.

Resilience measured by index

Resilience was defined and
discussedin the article

m Mo clear definition of resilience
provided

Fig. 3: Chart showing the different use of the term resilience
in urban forestry research in the reviewed articles. The numbers
and percentages refer to the articles using a definition of resilience
measured by the index, the articles defining and discussing
resilience, and the articles using the term resilience without
providing a clear definition.

areas and applied Suding et al. (2004) definition describing
resilience as the ability of a system to change from degraded
to a more favorable state. Without referring to an existing
definition, Hale et al. (2015, LIT15) defined resilience as showing
“continuity in the desirable aspects of system performance,
despite disturbance or restructuring of the system itself.”
Morgenroth et al. (2016, LIT28) described resilience as the time
required by an urban forest to “return to normal function after
disturbance.”

All other articles used the term resilience without providing
any definition. However, several authors discussed resilience
in various contexts. For instance, Chen et al. (2017, LIT7),
Karlo and Sajna (2017, LIT20), and McPherson et al. (2018,
LIT25) contextualized resilience with stability. At the same
time, Costanza et al. (2015, LIT9) and Brandt et al. (2016, LIT4)
related resilience to the vulnerability of ecosystems. On
the one hand, Millward et al. (2011, LIT27), Jim et al. (2018,
LIT19), Steenberg (2018, LIT36), and Ziter et al. (2019, LIT41)
prioritized resilience of cities in general over the resilience of
urban forests. On the other hand, McClung and Ibarez (2018,
LIT24) related resilience of urban forests to tree and plant
health.
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Major Themes of the Articles

The reviewed articles were classified into the four major themes
urban forest management, urban biodiversity, urban soil, and
socio-economic conditions (Fig. 4). Most of the reviewed articles
fitted in more than one theme as they provided statements on
and recommendations for several themes.

100%

100% (41)

80%

60% -

40%

20% 4

0% - T
Urban soil  Socioeconomic
conditions

Total Urban forest Urban
managemesnt biodiversity

Fig. 4: Chart showing the frequency of the four major themes
urban forest management, urban biodiversity, urban soil, and
socio-economic conditions discussed in the reviewed articles. The
percentages and numbers represent the proportions and absolute
numbers of the reviewed articles discussing each major theme.

Urban Forest Management

Intotal, 19 articles related resilience to urban forest management.
Sixteen articles discussed management planning and monitoring
of urban forests to increase climate change, whereas 7 articles
emphasized building density and urban forest management on
resilience. There were overlaps between the theme of planning,
monitoring to building density in some articles.

Planning and Monitoring

Keeping the vulnerability of the urban system low (Steenberg
etal., 2017,LIT37) by adapting the urban forest to future climate
conditions (van Doorn and McPherson, 2018, LIT39) as well as
by creating diversity in species, species composition, and ages
(Steenberg et al., 2017, LIT37; McPherson et al., 2018, LIT25; van
Doorn and McPherson, 2018, LIT39) can increase the resilience
of the urban forest ecosystems (Steenberg et al., 2017, LIT37). In
addition, maintaining ecosystem services provided by urban
forests was important for cities' resilience (Ziter et al., 2019, LIT41).
see actions and related indicators for the subtheme planning
and monitoring based on the recommendations of the reviewed
articles is listed in Table 3.

Building Density

Costanza et al. (2015, LIT9) viewed urbanization as a bigger
problem than climate change in the survival of urban forests.
Therefore, the role of urbanization needed to be considered
when planning or managing urban forests. Jim et al. (2018,
LIT19) recommended precise planning for dense urban areas
for ensuring resilient urban forests. Table 4 lists the actions and

Table 3: An overview of the reviewed articles’'recommended actions and action indicators for the subtheme planning and monitoring within
the major theme urban forest management. The number in brackets shows the total number of articles recommending the action.

Recommended actions Action indicators Articles
Sufficient knowledge base (2) Good education and training LIT10; LIT12
Inclusive stakeholder collaboration (2) Good governance through stakeholder participation  LIT19; LIT28

Long-term planning (3)

Consideration of infrastructure and
resources (5)

Correct species selection (5)

Proper soil maintenance (3)

Adequate irrigation (2)

Passive restoration after disturbance (1)

inclusion of planners, local citizens, municipal tree
officers, urban foresters

Developing long-term urban forest management
strategies
Creation of urban forest management plans

The scale of the city and surrounding conditions of the
planting site (location, open space, building density)
Increase in governmental funding for urban forest
conservation, management, and planning

The right composition of the urban forest species
Developing selection criteria (native/non-native,
resistances/tolerances, adaptations to changing
climates)

Creating diversity in species, species composition and
ages

LITT; LIT10; LIT19

LITT; LIT10; LIT15
LIT21; LIT39

LIT1; LIT25; LIT37; LIT39; LIT41

Good soil quality with enough root volume LIT26; LIT27
Reduction of compacted soils LIT29
Reduction of traffic on vulnerable soils
Irrigation of young plants irrigation during dry periods

LIT10; LIT26
Limited human interventions after disturbance ina LIT6

particular type of urban forests such as extensive urban
woodlands to allow natural succession and increase
diversity
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Table 4: Recommended actions and action indicators of the reviewed articles for the subtheme building density. The number in brackets
shows the total number of articles recommending the action.

Recommended actions Action indicators

Articles

Adapting species selection (5) -

Right species to find for each location, depending on the type of

LIT11, LIT15, LIT19, LIT24,LIT36

buildings and infrastructure around
- Planting of species that can be suitable for the adaptation to limited
resource supply, water stress under impervious or paved ground

Increased planting area (2) .

Inclusion of private properties for tree planting (to minimize risks of

LIT15; LIT41

damage through underground infrastructure)

related indicators for the subtheme building density based on
the recommendations of the reviewed articles.

Summary of the Theme Urban Forest Management and its
Implication on Resilience

Urban forest management was identified as one of the key
elements of urban forest resilience addressed in the reviewed
literature. Whereas urban forest planning and monitoring
were well-researched, the sub-theme building density lacked
strategies for solving the problems identified with highly
urbanized areas. The majority of authors agreed on the need for
adequate planning and monitoring of urban forests to preserve
orachieveresilience. This required appropriate governance and
long-term planning by improving and reforming urban forest
management plans. The strategies discussed for monitoring
urban forests included keeping constantly good soil quality,
irrigation for healthy plant and tree conditions, and maintaining
the desirable species composition. Consequently, each city
needs to adapt the planning to consider the local conditions
like infrastructure, climate, and budget.

In contrast to most articles’ planning and monitoring
strategies, Carreiro and Zipperer (2011, LIT6) suggested relying
on the self-recovery of the disturbed area. As this was only
valid under specific conditions, it cannot be seen as a general
recommendation.

Most of the articles emphasized the importance of
urbanization in urban forest management in terms of building
density. Urbanization was identified as a problem, however, the
effects of urbanization on urban forests were seldomly studied.
Appropriate species selection and an increased planting area
were the main strategies for keeping the resilience of urban
forests concerning building density. Only Dahlhausen et al. (2018,
LIT11) claimed to prefer plantings of older trees in built-up areas
due to their adaptation to special conditions.

Although considerable research on planning methods for
building urban forests was done, two additional areas require
further research. First, adequate planning strategies and
species compositions adapted to densely built-up areas are
currently missing. In addition, there is a lack of management and
monitoring strategies for trees in areas surrounded by above
and below ground constructions.

Urban Biodiversity

Thirty articles had discussed the theme of urban biodiversity.
There overlapping themes can be identified, which were a)
plant and tree species diversity (14 articles), b) native and non-
native species (18 articles), and c) tolerances and resistances to
stressors (8 articles).
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Plant and Tree Species Diversity

According to Barron et al. (2016, LIT2), Brandt et al. (2016, LIT4),
Morgenroth et al. (2016, LIT28), Karlo and Sajna (2017, LIT20),
diversity was directly associated with the resilience of urban
forest. In urban areas, the impact of stress and disturbance
on plant species composition was lower than in the natural
environment (Guo et al., 2018, LIT14). The list of recommended
actions and indicators for the sub-theme plant and tree species
diversity is presented below (Table 5).

Native and Non-native Species

Urban forests often had many non-native species (Chen et al.,
2017, LIT7; Hernandez and Villasefior, 2018, LIT17). Species
richness and abundance of non-native was higher in urban
centers than in peri-urban areas (Nero and Anning, 2018, LIT29).
This could have been due to the spreading of non-native species
from gardens in residential urban areas (Zhao et al., 2010, LIT40;
Mavimbela et al., 2018, LIT23). Diverse communities were less
vulnerable to non-native species invasion, implying that the
non-native species’ ability to grow and spread (i.e. invasiveness)
was more concerning than the number of non-native species
(Mandryk and Wein, 2006, LIT22). The recommended actions
and their indicators are presented in Table 6.

Tolerances and Resistances

Tolerances and resistances of urban tree species and their
relevance in urban biodiversity were widely discussed in the
literature. The recommended actions and indicators are listed
in Table 7.

Summary of the Theme Urban Biodiversity and Resilience

The majority of authors agreed on diversity being linked to aresilient
urban forest. Thereby, articles differentiated between species
richness, diversity in genus or family, or diversity in age. While some
articles mentioned focusing on diversity is more important than
a native or endemic urban forest for achieving resilience; others
tended to prefer either native or non-native species. Only one article
claimed increased canopy cover is more important than diversity,
native status, and pest considerations (Conway and Vander Vecht,
2015, LIT8). Several articles recommended focusing on planting
species with resistances and tolerances, mainly referring to drought,
pests, and diseases, and specific conditions in urban areas like paved
ground. As future climate models forecast weather extremes like
droughts and heat waves (McPherson et al., 2018, LIT25), research
in this respect is required. The studies showed a general lack of
research on biological diversity as the focus was on urban flora,
whereas the role of fauna influencing urban forest resilience was
poorly researched.
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Table 5: An overview of recommended actions and action indicators of the reviewed articles for the subtheme plant and
tree species diversity. The number in brackets shows the total number of articles recommending the action.

Recommended actions

Action indicators

Articles

Consider overall diversity (4)

Consider factors controlling species  «

diversity (1)

Increasing tree species richness (5) .

Increase soil faunistic diversity (1) .

Monitoring impact of climate
change on pollen emission (1)

Monitoring of mycorrhiza (4)
Increasing biomass (2)

Suitable species selection for
planting (2)

- Diversity to be maximized at the level of age, species, genera or family,
- Contextualization of urban forests with 10/20/30 rule regarding species
classification (species, genus, family) by Santamour (1990)

Tree density and tree imperviousness

Resilient urban forest consists of many species, species richness or
diversity in tree species important for maintaining and maximizing
ecosystem services,

+ Increase species and genus diversity of street trees,

- Change management strategies for replacements of damaged or dead
tree (e.g. not planting the same species as earlier)

Use metrics of ant biodiversity to observe ecosystem conditions and
services

- Changing climates affect pollen emission, complicates preservation of
diversity due to different effects on species

«  Growth of mycorrhiza to be monitored
- Distribution and amount of biomass

- For new planting or replacements consider criteria like site aspect,
available space, appearance of the mature tree, proximity to buildings,
and the intended use

LIT2, LIT15, LIT20,
LIT21

LIT36

LIT2; LIT5; LIT10,
LIT20, LIT39

LIT33

LIT5

LIT38
LIT28, LIT8
LIT39; LIT8

Table 6: An overview of recommended actions and action indicators of the reviewed articles for the subtheme native and
non-native species. The number in brackets shows the total number of articles recommending the action.

Recommended actions Action indicators Articles
Preference for native - Preferring native and endemic species for urban forests (preserve native and  LIT8; LIT31; LIT1,
species (5) endemic species) urban forest management plan favors native species increase  LIT25, LIT12
geneticdiversity spread urban remnants into surrounding gardens for conservation
of native urban woody species
Preference for - Non-native species necessary to build or remain resilient urban forest as native  LIT4; LIT8; LIT1, LIT35

non-natives (4)

Need to control spread of -

non-natives (7)

Combination of natives .

and non-natives (4)

species might be at the limit of their range adaptation to future climates required
need for species with tolerances and resistances (e.g. cultivars)

Preference of non-natives due to site restrictions and poor site conditions
dependent on variety of regional tree flora (regions with only few woody species
more likely to use non-native species since better adaptations to urbanized
conditions like paved areas) pest and disease resistant cultivars and non-native
species to increase diversity (challenge: little information on species’ behavior,
risk of invasiveness)

Fast-growing non-native species can establish on open, disturbed or unmanaged
habitats increasing costs from invasiveness due to need of intensive

Long-term management lowest risks of displacing native species with assisted
migration - failure of assisted migration results in loss of time and money non-
native species planted due to exotic appearance with increased risk of becoming
invasive

Finding the right combination of increasing native and allowing non-native species
is best species with resistances to pests and diseases depending on location

LIT32; LIT6

LIT31; LIT14; LIT25
LITT;

LIT7

LIT2; LIT21; LIT35

Urban Soil

Water Access

Nine articles discussed the associations between urban soil and
the resilience of urban forests. Five articles discuss the access
of urban soil water, and four articles reported compaction
of urban soils—only 1 article reported on the influence of
urban construction on urban soil and its implication on
resilience.

Fahey et al. (2013, LIT13) found urban plantings often having low
competition in the ground and a high water-holding capacity.
They concluded a potential resistance and resilience of trees to
droughts. Two studies directly measured drought resilience. The
results did not negatively impact resilience despite differences
in severity and duration of the droughts (Fahey et al., 2013,
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Table 7: An overview of recommended actions and action indicators of the reviewed articles for the subtheme tolerances and resistances. The
number in brackets shows the total number of articles recommending the action.

Recommended actions Action indicators

Articles

Species selection
with target-oriented .
adaptations (8)

« Species resistant to pests and diseases

Increased amount of species tolerant to cold, drought, and heat
Plantings of species tolerant to flooding and increased salinity in coastal areas
Species tolerant to salt in irrigated urban areas

LIT4; LIT14; LIT16; LIT24;
LIT25; LIT26; LIT31; LIT35

Identification of species with resistances to poor orimpervious soils and pollution

Table 8: An overview of recommended actions and action indicators of the reviewed articles for the subtheme water access.
The number in brackets shows the total number of articles recommending the action.

Recommended actions Action indicators Articles
Guarantee sufficient availability «  Soil water level needs to be monitored in urban forest areas (e.g. network of soil  LIT24
of water and resources (1) moisture sensors)
Adapted species selection (3) «  Species tolerant to drought as response to increasing water stress identification of ~ LIT39; LIT3
species for specific climate conditions with predicted leaf water potential at turgor  LIT34
loss (PSI)
Planting of larger trees (1) « Older trees with bigger size should be selected for planting to reduce mortality due  LIT39
to drought
Enlarging the treeplantingarea (1) - Higher resource availability due to higher growing space above and below ground  LIT39

LIT13; Bialecki et al., 2018, LIT3). Only droughts lasting longer
than one growing season could lead to more negative effects
up to tree mortality (Fahey et al., 2013, LIT13). The actions and
related indicators for the subtheme water access based on the
recommendations of the reviewed articles is listed above (Table 8).

Compaction

The problem of soil compaction on the quality of urban soil has
been discussed in 4 studies listed below (Table 9).

Construction

Only one article (LIT30) recommended increasing the above and
below ground growing space during an urban tree planting at
the time of house and infrastructure construction and related
it to the resilience of urban trees. It reported higher survival of
trees in dense urban areas after construction which were given
to more above and below ground growing space.

Summary of the Theme Urban Soil and Resilience

There was an agreement among authors that good soil quality
and water availability were essential for urban forest growth
and therefore were linked to the resilience of urban forests.
Literature on the effects of compaction and construction on
tree growth and survival in the context of resilience was rare.
The majority of articles found water availability in the soil
essential for tree growth in urban areas and provided different
recommendations for increasing the resilience of urban forests.
These recommendations were usually given by only one article
and cannot be generalized.

The authors agreed that compacted soil negatively impacted
tree growth, especially in combination with drought (McClung
and Ibdiez, 2018, LIT24). Therefore, species with adaptations
to impervious surfaces were recommended for affected areas.
In addition, the authors recommended improving the quality
of the planting area. North et al. (2017, LIT30) stated that street
trees were neither resistant nor resilient to construction as root
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damage led to trees investing in building new roots rather than
increasing the stem taper. As only one study dealt with the effects
of construction, there is no scientific base for further application.
More research in the three subthemes of urban soil is needed
to create meaningful recommendations for enhancing the
resilience of urban forests. Additionally, further research is
required to find recommendations for planting methods and
species adapted to disturbance from construction.

Socio-economic Conditions

Out of the four major themes influencing urban forest
resilience, socio-economic conditions were discussed the least.
Eleven articles commented on social or economic conditions
influencing the resilience of urban forests, but none emphasized
this theme. Furthermore, there were no subthemes identified
due to the limited number of statements and only three
recommended actions.

Doody et al. (2010, LIT12) and Carreiro and Zipperer (2011,
LIT6) reported the social-ecological system as important for
ecological resilience. They suggested considering social and
cultural aspects for establishing urban forests and achieving a
working urban system. In addition, Steenberg et al. (2017, LIT37)
stated vulnerability being a part of social-ecological systems and
resilience being used for “researching urban social-ecological
systems.” Resilience concepts could be integrated into a
“conceptual framework of vulnerability” (Steenberg et al., 2017,
LIT37). The vulnerability of ecosystems to the effects of climate
change was influenced by biological and social aspects, including
cultivars or management adaption (Brandt et al., 2016, LIT4).

Table 10 lists the actions and related indicators for
the subtheme planning and monitoring based on the
recommendations of the reviewed articles. Social or economic
aspects influencing the resilience of urban forests were only
side aspectsin the reviewed articles. Most of the articles agreed
that social aspects influence the resilience of urban forests or
at least urban forest management planning. Only the influence
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Table 9: An overview of recommended actions and action indicators of the reviewed articles for the subtheme compaction.
The number in brackets shows the total number of articles recommending the action.

Recommended actions Action indicators Articles
Adapted species selection (2) - Non-native species potentially better adapted to increased imperviousness preference  LIT34
of older trees being better adapted to increased imperviousness LIT11
Enlarging the tree planting area (1)  « Increased growing space enhances tree health by reducing soil compaction LIT2
Improving soil quality (1) « Increasing understorey vegetation cover and diversity can lead to higher root density ~ LIT27

in the topsoil and contribute in higher soil quality by enhancing soil organic matter

Table 10: An overview of recommended actions and action indicators of the reviewed articles for the theme socio-economic conditions.
The number in brackets shows the total number of articles recommending the action.

Recommended actions Action indicators Articles
Monitored tree species « Partly driven by housing attributes and biophysical conditions foraging  LIT36; LIT18
composition (2) species (non stable and can change over time)

Increased quality of greening Policy change to ensure higher quality of greening space versus higher  LIT7

space (1) quantity

Adapted planning to social needs (4) -

Consideration of neighborhood needs influence of socio-economic
status on tree species richness and abundance (native and exotic species)

LIT14; LIT17; LIT19;
LIT31

preference for older trees to minimize effects of vandalism

of residents’ status on the selection and richness of species
was emphasized by the articles. Social, cultural, and economic
aspects influencing urban forest resilience do not get enough
attention in urban forestry and require further research.

Discussion

A qualitative review of 41 articles dealing with resilience in urban
forests was conducted to assess the current state of the art in
resilience research in urban forestry and identify shortcomings
and future needs for further research. In the reviewed articles,
increasing resilience was seen as one of the main goals in urban
forestry, even though a precise definition of resilience for urban
forests was lacking. The authors claimed the importance of
urban forests and their preservation due to their provision of
ecosystem services. The content of the articles has been clustered
into the four major themes urban forest management, urban
biodiversity, urban soil, and socio-economic conditions. The
themes except for socio-economic conditions have been further
divided into subthemes. Within each subtheme and the theme
socio-economic conditions, recommended actions and action
indicators for the resilience of urban forests have been identified.
In the following discussion, the recommended actions will be
analyzed regarding theirimportance for future resilience research.

Understanding of Resilience in the Studies

Research on urban forest resilience is in the early stages.
As multiple environmental factors impact urban forests, the
reviewed studies discussed resilience inconsistently. The
reviewed articles focused on different environmental conditions.
The environmental conditions, like the local climate in the study
regions, differed as they covered eleven different countries
on five continents. Conway and Vander Vecht (2015, LIT8), for
example, focused on urban forests in Canada, and Carreiro
and Zipperer (2011, LIT6) researched urban forests in Brazil. The

number of studies per environmental condition was limited.
The studies are differentiated in structure, methodology, and
aims. For example, Fahey et al. (2013, LIT13) focused on measuring
tree growth of different species to determine whether trees were
resilient to drought. Sjoman et al. (2015, LIT34) analyzed existing
literature regarding drought tolerance of a specific genus.

The authors discussed the four major themes for urban
forest resilience with different emphases. Due to the lack of
a generally accepted definition of resilience, authors applied
a definition of resilience adapted to their study aims. Some
authors did not clarify whether they used ecological, social,
or economic resilience as their reference. It was found that
most authors did not define resilience. Articles referred to
existing definitions of resilience from other authors, similar
to Holling’s (1973) definition but without directly referring to
Holling. These definitions of resilience were based on natural
ecosystems like forests. Only Pavao-Zuckerman (2008, LIT32)
stated a possible difference in the resilience definition of natural
versus built urban areas. Authors defining resilience by index
instead referred to Holling’s (1973) definition of stability than
to the definition of resilience as they focused on returning to a
previous state after a disturbance. One of the studies assumed
that measuring resilience by tree growth after construction was
not a reliable proof of resilience as trees focused on rebuilding
roots instead of stem growth (North et al., 2017, LIT30). Other
authors linked the term resilience to various contexts without
providing any definition of resilience.

Recommended Actions and Action Indicators

The differences in structure, methodology, and aims of the
reviewed articles led to various recommended actions. Despite
the identified inconsistency in understanding resilience, the
review results showed comparable recommended actions that
seemed to be strongly interdependent. The results indicated
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that adapted species selection was a critical factor for resilience
in three out of the four themes (urban forest management,
urban biodiversity, urban soil). Future research should focus
on adapted species selection while considering the interaction
with other recommended actions. Therefore, the environmental
conditions, climate, soil, and water need to be considered. As
climate change impacts cities, urban forests need to adapt
to changing climates. Cities are already planting trees with
tolerances to drought climate, which will be beneficial in further
warming. Since trees in the outer areas of forests are more
negatively affected by warming than the inner forest (McClung
and Ibanez, 2018, LIT24), selected species with tolerances
to drought and heat should be planted edge. Resilience to
drought depends on species and is influenced by forest stand
composition (Jourdan et al., 2020). Trees can be resilient to
drought as root metabolism can recover after a drought. The
impact of drought varies depending on the intensity and length
of the drought and the tree age stages (Hagedorn et al., 2016).
This is confirmed by the findings of Fahey et al. (2013, LIT13) and
Bialecki etal. (2018, LIT3), where drought effects on grown trees
were examined.

In addition to climate conditions, adapted species selection
must consider surrounding soil conditions, including the
intensity of urbanization at the planting area. Studies showed
that soil properties might be used to project the growth of
street trees (Scharenbroch and Catania, 2012). However, details
on soil properties that positively affect tree growth in urban
areas are hardly researched (Ghosh et al., 2016). On roadsides,
parking lots, or construction sites, water, and oxygen absorption
is limited through soil compaction (Sillick and Jacobi, 2009).
Soil compaction is one of the significant factors stressing tree
growth and is difficult to undo once it emerged on a planting
site (Coder, 2007). Millward et al. (2011, LIT27) researched the
impacts of parkland naturalization. Through root expansion
and biological activity, soil compaction can be reduced, which
leads to higher water infiltration rates. These results cannot be
generalized due to missing comparable studies and should
be further researched as a possible solution for urban forests
like parks. As trees at roadsides are often planted into gaps of
paved surfaces, species with a tolerance for compacted soil
conditions and drought are required (Blunt, 2008). Construction
is a common disturbance affecting urban forests due to the
renovation of old buildings and construction of new ones and
has not been studied sufficiently (Steenberg et al., 2017, LIT37).
Construction activities can injure trees through soil compaction
and root damage leading to tree decline and mortality (Hauer
et al., 1994; Trowbridge and Bassuk, 2004). So far, too little
research is done for conclusions about the impact of paving,
infrastructure, and other urbanization effects on the resilience
of urban forests (Mullaney et al., 2015).

Adaptations of tree species to unique environmental
conditions in urban areas like changing infrastructure and
resource availability due to urbanization and climate change are
essential. This requires a species selection based on resistances
and tolerances. Resistances of trees to pests will become more
important in urban forests as an increasing variety of hosts due
to the introduction of non-native species increases the range
of pests (Garrett et al., 2006). Warming and resulting drought
conditions may increase the abundance of pests in urban
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forests as trees suffering from water stress are more likely to get
attacked by pests (Dale and Frank, 2014). These projections are
consistent with the findings on the saplings from Meineke and
Frank (2018, LIT26). Different tree species may react differently
to water stress and pest attack. Depending on the city’s location,
effects may be different, as theimpact might be less problematic
in tropical areas than in temperate forests (Gely et al., 2020). On
the contrary, urbanization may negatively impact herbivores
(Schueller et al., 2019) and reduce damages in urban forests
(Moreira et al., 2019).

Research needs to identify species with resistances and
tolerances to local conditions considering the importance of
species diversity. The reviewed articles show a divided opinion
on the use of native or non-native species. In addition to the
reviewed articles, other authors suggest maintaining a high
amount of native species (e.g., Yan et al., 2019). Alvey (2006)
proposes to prefer native species, but non-natives and cultivars
adapted to urban conditions should be planted when required.
Assisted migration to introduce new species to the current
species pool must be balanced with potential adverse effects
like increased costs (Pedlar et al., 2012). Messier et al. (2019)
suggest finding species with complementary functional traits
to increase resilience. These non-native species need to be
non-invasive to limit the required monitoring and management
of urban forests in the future. Jactel et al. (2017) and Bauhus
et al. (2017) state that in natural forests, increased diversity
leads to more resistance to stress, disturbances, and changing
conditions. Research should identify if this were applicable to
urban forests. Mori et al. (2013) suggest redirecting the focus on
species diversity in current research towards response diversity
allowing urban forests to adapt to uncertain environmental
changes while keeping the ecosystem functions. A controversial
opinion is presented by Millward et al. (2011, LIT27), allowing
disturbed areas to recover without human interference under
specific conditions to increase soil quality and bring original
plant species diversity back. However, depending on the area,
this approach may lead to fast-growing non-native species
dominating slower growing native species (van Kleunen et al.,
2010).

High diversity is associated with positive effects on
ecosystem services (Balvanera et al., 2006). Thompson et al.
(2009) assume that a loss of diversity affects ecosystem services
and goods provided by natural forests. Brandt et al. (2016,
LIT4) conclude that diversity plays a similarly important role in
resilience research regarding forests in urban environments.
Street trees consisting of few species have a higher susceptibility
to pests and diseases (Alvey, 2006), resulting in reduced
ecosystem services (Livesley et al., 2016). Several findings in
the reviewed articles refer to the importance of diversity for
ecosystem functions of natural forests. Future research needs
to validate their application to urban forests. Invasion of non-
native species leading to a loss of diversity can impact ecosystem
functions of forests (Hopper et al., 2005). Forests with low species
richness provide fewer goods and services than complex forest
ecosystems (Thompson et al., 2009). Changing environmental
conditions can affect biodiversity, impacting ecosystems in
long-term (Smith et al., 2009). Species with no specific purpose
in the past become essential for ecosystem resilience under
environmental changes (Thompson et al., 2009). Hooper et al.
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(2005) assume that functional diversity and species composition
are of higherimportance for ecosystem functions than diversity
per se due to redundancy. Species richness in forests is relevant
as redundancy is essential under changing environmental
conditions frequently occurring in urban areas. Overall, species
diversity needs to be balanced against ecosystem services
provided by urban forests.

As ecosystem services are essential for cities, municipal
officers should work closely with urban forest researchers to
integrate their findings into urban forest planning strategies.
Their research results on adapted species selection should
be the basis of urban forest management and monitoring.
Urban forest management plans are required to increase
and improve urban greenings and forests. They help assess
problems coming up while building or restoring resilient
urban forests as species selection depends on the type of
urban forest with different environmental conditions. For

example, street trees planted at roadsides require a different
adaptation than species planted for urban parks. Strategies
for planning, managing, and monitoring urban forests
differ between articles, although long-term strategies were
mentioned as a basis for achieving healthy and resilient urban
forests. D’Amato et al. (2011) stated mitigation of or adaptation
to climate change effects as long-term strategies regarding
forest management. This review shows that both strategies
are used in urban forest management as urban forests provide
ecosystem services like pollution mitigation and develop
tolerances and resistances to adapt to changing environmental
conditions. The management of urban forests is linked to high
costs (van Doorn and McPherson, 2018, LIT39) (e.g., for forest
establishment, maintenance, replacement, watering, cuttings),
which are likely to increase in the future (Miller et al., 2015).
Cities are challenged with the handling of the budget for
(intensive) urban forest management.

Planning and Managing

Purpose of an urban forest

Directimpact on . Indirectimpact
” Ecosystem services on Gilizens
Place of rest Pollution &
(aesthetics) temperature
mitigation
P T 1

Resilience Research

based on a generally accepted definition of resilience
of urban forests

Type of urban forest depending on location in city
{e.qg. street trees, parks) |

Adapted species selection
Environmental conditions:
Climate/ soil / water
= Required resistances / tolerances

Native species pool
Addition of non-native species through

assisted migration

-~
i Final species selection for plantings
- based on research results
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Fig. 5: Framework illustrating the interdependency of recommended actions for achieving a resilient urban forest focusing on adapted
species selection. The different borders indicate the collaboration of the stakeholders (municipal authorities, researchers, citizens). The desired
ecosystem services required for the city determine the type of urban forest. Resilience research identifies the required species pool adapted to
environmental conditions. Continuous monitoring of the final plantings ensures a resilient urban forest and the delivery of ecosystem services.
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A structured communication between decision-makers and
citizens is critically important (Morgenroth et al., 2016, LIT28),
confirmed by other authors (Kenney et al., 2011). The diverging
objectives of citizens need to be considered to avoid conflicts
(Escobedo et al., 2011) as the socio-economic status of urban
areas affects biodiversity. Fewer biodiversity is found in areas
with low socio-economic status, whereas in areas with a higher
status (Hernandez and Villasefor, 2018, LIT17), urban forests
are influenced by residents through their choice of garden
species (Kinzig et al., 2005). Most important ecosystem services
need to be identified to sustain human health and well-being
when focusing on conservation and management (Mori et al.,
2013). Especially in dense urban areas, greenings are a possible
solution to mitigate air pollution and heat island impacts being
a major problem for cities (Nowak et al., 2006). Escobedo et al.
(2011) recommend balancing the goal of pollution reduction
against goals with a higher benefit for the city and potentially
requiring another type of urban forest structure. When planning
tointegrate private land into the urban forest, landowners focus
on aesthetics and low maintenance of species, while urban
planners aim to achieve the essential ecosystem services for the
city (Ziter et al,, 2019, LIT41). Private landowners with gardens
need to be trained on species supporting human health and
well-being in the city (Conway, 2016).

The recommended actions identified in the reviewed
articles cover a broad span of measures that have been studied
individually without considering their mutual dependency. The
framework (Fig. 5) takes this interdependency into account
with a structured combination of recommended actions to
achieve a resilient urban forest. The basis for this framework
is a generally accepted definition of resilience that needs to
be developed. As the recommended actions impact different
stakeholder groups, the framework also indicates the required
collaboration between municipal authorities, researchers, and
citizens. The planning of an urban forest needs to be based on
the purpose municipal officers want to achieve. Urban areas
depend on specific ecosystem services provided by urban
forests. Therefore, all management actions for urban forests
need to focus on building and maintaining these ecosystem
services. They might include pollution mitigation via individual
street trees or a cooling effect of the complete urban forest
for the whole city. In addition, urban parks offer citizens the
possibility of a place of rest and recreation. When the required
type of urban forest is determined, resilience research needs to
identify the species pool adapted to environmental conditions.
The best combination of native and non-native species needs
to be found. The final species selection for the plantings based
on the research results is done in collaboration with municipal
officers. Ongoing monitoring is required to ensure that the
urban forest is resilient and delivers the desired ecosystem
services. With further research regarding the resilience of urban
forests, the framework might be adapted and improved.

LiMITATIONS

The review focused on peer-reviewed articles in the English
language. There could, therefore, be the possibility of linguistic
bias. Definitions of the resilience of forests refer to natural
forests. Only a few urban forests are based on a natural forest
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relict; most urban forests are anthropogenic built ecosystems.
It is, therefore, questionable if the definition of resilience can
be applied to urban forests. This may be a reason why authors
are not defining resilience for urban forests. The articles
reviewed lack of comparability due to diverse study aims and
study structures and do not allow drawing general conclusions
regarding the resilience of urban forests.

Outlook

Several authors of the reviewed articles propose that urban
forestry requires further research. Based on the review results,
future research should focus on adapted species selection
considering environmental conditions. Especially, the effects
of construction, paved surfaces, and building density on
the resilience of urban forests are insufficiently researched.
Studies of resilience research in urban forestry are mainly
conducted in North America. All other continents require
further investigation as previous studies took place under
widely differing climate conditions impeding the provision of
generally valid statements. Little consideration in resilience
research was put on adaptation strategies to (increased)
pollution of water, air, and soil. Only the mitigation of air
pollution by trees is an aspect of urban forestry research.
However, the impact of pollution on urban forests has not been
considered so far. Future studies in urban forestry should focus
on determining indicators for measuring resilience. Applying
similar study structures would increase the comparability of
outcomes. Future research could focus on soil microbiota and
mycorrhiza (van Geel et al., 2019) and the relation between flora
and fauna. As urban forests comprise a high number of animal
species contributing to seed disposal or pollination, a decline
in number would indicate a decreasing resilience (Thompson
etal., 2009). The socio-ecological and socio-economic aspects
of resilience are hardly considered in the reviewed articles. An
increased planting and use of foraging species might combine
ecological, social, and economic factors. Cities could plant trees
offering usable products for residents. Urban food forestry is
of growing interest in cities and has already been studied in
future changing climate conditions (Clark and Nicholas, 2013).
This approach could be integrated into the resilience research
of urban forests. Further research is needed regarding the
effects of greening projects described by Chen et al. (2017,
LIT7) as the pure increase of greenings without considering
species adaptation might negatively impact the environment
long-term.

CONCLUSION

A standard definition of resilience in the context of urban
forestry was missing. Therefore, researchers either used
definitions referring to natural ecosystems or no definition at
all. This resulted in differing opinions on when urban forests
were seen as resilient and which factors influenced their
resilience. Climate change was the most frequently mentioned
environmental aspect influencing urban forests, as many articles
discussed drought or water stress, followed by urbanization.
Pollution was only mentioned in terms of pollution reduction
as part of ecosystem services provided by urban forests rather
than the influence of pollution on urban forests. The majority
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of authors agreed that adapted species selection was a critical
factor for increasing urban forest resilience. However, authors
had opposed opinions on the diversity of species being more
favorable for increasing resilience than a specific amount of
native or exotic species.

Furthermore, environmental conditions needed to be
considered to identify required resistances and tolerances.
Especially the quality of urban soils, including water holding
capacity, was essential for tree growth in urban areas, with soils
often being compacted or in another way degraded. Results
indicated that planning and managing future urban forests
should be based on the local climate, the type of urban forest,
and its purpose regarding ecosystem services. Monitoring
urban forests and urban drought situations (e.g., soil moisture
and storage capacity) is required to maintain the ecosystem
functions, and services. Researchers and municipal authorities
should collaborate to ensure an appropriate species selection,
and citizens should be included in discussions to create a shared
understanding of the purpose of urban forests.

Future research should focus on the suitability of species
adapted to environmental conditions in urban areas. Especially,
increasing the resilience of urban forests in dense areas, under
construction, on degraded soils, and under increasing pollution
need to be studied.
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