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SUMMARY

As rates of urbanization and climatic change soar, decision-makers are increasingly challenged to provide
innovative solutions that simultaneously address climate change impacts and risks and inclusively ensure
quality of life for urban residents. Cities have turned to nature-based solutions to help address these challenges. Nature-based solutions, through the provision of ecosystem services, can yield numerous benefits
for people and address multiple challenges simultaneously. Yet, efforts to mainstream nature-based solutions are impaired by the complexity of the interacting social, ecological, and technological dimensions of
urban systems. This complexity must be understood and managed to ensure ecosystem-service provisioning is effective, equitable, and resilient. Here, we provide a social-ecological-technological system (SETS)
framework that builds on decades of urban ecosystem services research to better understand four core challenges associated with urban nature-based solutions: multi-functionality, systemic valuation, scale
mismatch of ecosystem services, and inequity and injustice. The framework illustrates the importance of
coordinating natural, technological, and socio-economic systems when designing , planning, and managing
urban nature-based solutions to enable optimal social-ecological outcomes.
INTRODUCTION
Urban areas globally are already home t o 4.2 billion people in
need of critical urban services to support urban livability and livelihoods. Further population growth challenges cities' ability to
Ill)

provide fundamental urban services that are equitably available
to all. Urbanization differentially amplifies vulnerability and exposure to the hazards of climate change, and together urbanization
patterns and climate c hange drive increasing urban risk and impacts.1 Transforming cities and settlements to redu ce these
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risks, meet the Sustainable Development Goals (SDGs)2, build
climate resilience, and provide sustainable living spaces for current urban populations and the additional 2.5 billion people expected to inhabit cities by 2050 will require significant upscaling
of investment into diverse urban infrastructure. 1·3.4
Conventional infrastructure design for the provision of urban
services remains largely dominated by centralized gray infrastructure and technological efficiency.5-7 Gray infrastructuredesigned as fail-safe-is often at risk of failure due to age and
a lack of adaptive capacity during increasingly frequent and
extreme weather-related events.8·9 To help overcome this infrastructure challenge , there is renewed interest in reconnecting,
restoring, and designing nature into the built environment to provide a wide suite of benefits for urban residents , infrastructure,
and economies, 10•11 which include climate-change regulation,
local food production , recreation, human health, and many other
benefits. Indeed, the International Panel on Climate Change
(IPCC) 1·12 , the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES) 13 , the World Economic Forum 10 , and many other recent reports from international
bodies have emphasized the importance of such an approach
and encourage the implementation of nature-based solutions
around the world.
Ecosystem services have become an important framework for
designing nature-based solutions that can mitigate the shortcomings of traditional infrastructure. 14·15 Ecosystem services
have been defined in many ways but are fundamentally the benefits people and cities receive from ecosystems 1&-18 and nature's contributions to people. 13 ·19 More recently, ecosystems
in cities have been framed , acknowledged , and invested in as
critical urban ecological infrastructure (U El).7 UEI, which comprises all ecological structures and functions including green
(terrestrial vegetation), blue (aquatic systems) , turquoise (wetlands), and brown (vacant, unvegetated) ecological infrastructure, has a powerful role, along with more traditional gray infrastructure, in improving lives in cities through its potential to
supply ecosystem services.7 We note that green infrastructure
is a widely used term and has many definitions. Green infrastructure can be considered a subset of UEI and often incorporates
ecological and built-engineered infrastructure components that
provide social , ecological, and technological functions and benefits. 20 Urban nature-based solutions have emerged as a framing
to leverage UEl. 21 ·22 Globally, enhancing ecosystems within cities is touted as a win-win solution for advancing sustainability
and resilience. 2·12·23 ·24
Despite the growing recognition of the importance of
ecosystem services in the design of nature-based solutions,
research and practice rarely use a systems approach to understand the contextual factors 25-27 that affect the production, demand, and management of ecosystem services. Multiple review
and perspective articles have pointed out the challenges of
mainstreaming nature-based solutions and the need for more
systemic understanding and management of their social-,
ecological-, and technological-infrastructure dimensions.1' •27- 29
Ecosystem services and their benefits emerge as outcomes of
dynamic interactions among components and dimensions of urban systems-including people, nature, technology, infrastructure, economies, politics, justice, and institutions. 30 As complex
adaptive systems,31 ·32 cities and urban regions are dynamic,
506
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highly connected (both within and between cities)33 , and full of
contested spaces, including UEI. Studying, planning, or managing dimensions of urban ecosystems in isolation fundamentally
neglects critical system interactions that influence ecosystem
service production across multiple scales. It is only by working
with this complexity that can we hope to achieve the ambitious
goals we have for urban nature to help meet SDG targets and
deliver the services we need.
For example, urban vegetation, such as street trees, require
local management to provide cooling through shading and
evapotranspiration with regional-scale impacts on the urban
heat island and local-scale impacts that reduce heat stress to individuals.34-<!6 Social, ecological, and technological infrastructure all interact to drive the cooling potential of trees and climate
regulation across scales. 27 •37 From a social perspective, land
managers and environmental stewards enhance the efficacy of
street trees in providing local cooling.38 Young trees require irrigation,34·39 and this requires both infrastructure and labor.
Ecological impacts of non-native species in the system , for
example through insect herbivory, can limit cooling potential.
Transpiration-one of the most important ecological functions
of urban trees-differs by climatic region , species, and leaf
area, 4D-42 and water-stressed trees may exhibit reduced cooling
effects and transpiration when these processes are most desired
during hot summer days. 36 .43-45 The cooling effects of trees are
dependent upon microclimate related to factors such as planting
density, height, canopy area, and shade provision 36·46 and the
influence of tall buildings that can shade vegetation, in turn
reducing photosynthetic activity and evaporative cooling. 39 ·43
At the same time, trees that shade buildings can reduce building
heat loads and energy consumption for air conditioning ,47 .48
underlining the importance of urban infrastructure to cooling
benefits. Ensuring that street tree benefits are maximized requires managing the social, ecological , and technological dimensions of street tree functioning. In the absence of a more holistic and systems-oriented approach to planning, designing,
and managing UEI , we will not be able to supply critical
ecosystem services effectively and sustainably over time.
In this perspective, we provide an interdisciplinary socialecological-technological system (SETS) framework to understand and guide research and practice on nature-based solutions and urban ecosystem services to more explicitly integrate
the many social , ecological , and technological factors that affect
them. We offer testable hypotheses to accelerate future research
with this system framing. Further, underlining the need for more
holistic system approaches, we identify four cross-cutting challenges for managing, designing, and planning ecosystem services in the context of complex urban-systems dynamics. These
challenges include (1) assessing the multi-functionality of ecosystems and their services and how to then maximize synergies
and limit tradeoffs; (2) improving the valuation and potential substitutability of diverse services; (3) recognizing the importance of
a spatial and temporal scale in the delivery and management of
ecosystem services; and (4) including an explicit focus on equity
and justice in the delivery and provision of services. Adequately
addressing such core challenges requires more integrated systems approaches to improve the ability of ecosystems to provide
ecosystem services and nature-based solutions for expanding
challenges of urbanization and climate change.
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URBAN ECOSYSTEM SERVICES CHALLENGES
Multi-functional challenges
Ecosystems perform multiple functions and thus provide " bundles" of multiple ecosystem services simultaneously:49-51 However, trade-offs may arise among different ecosystem services
because not all co-benefits can be maximized at the same
time, and disservices may be generated under certain scenarios.25·52·53 Management choices to maximize individual social , ecological, or technological dimensions can modify the
ecosystem services bund le by impacting the quantity, quality,
or spatial and temporal distribution of benefits.49 ·54 Yet, analyses
of trade-offs and synergies have been mostly centered on the
ecological dimensions of productive landscapes (e.g ., agriculture) exploring trade-offs between provisioning and regulating
functions. 55·56 These analyses often do not account for tradeoffs and synergies associated with the services from other urban-system components important to the production of that
service. For example, urban food production and the many cobenefits provided by urban gardens may be better accounted
for by acknowledging the supporting social and physical infrastructure necessary to maintain food production and urban
gardens. Thus, accounting for the many ecosystem-service synergies and trade-offs is challenged by lack of a systems approaches needed to improve management and effectiveness.
Valuation challenges
Ecosystems offer a variety of benefits that can be captured in
diverse ways, including economic valuation in monetary57 or
other terms, assessment of their biophysical capacity to provide
services, or understanding of their socio-cultural values. 18·58·59
Valuation studies often focus on built infrastructure solutions,
with less consideration of the value of urban ecosystem services.37 For example, the cost and efficiency of stormwater
management may vary depending on support from green
infrastructure (e.g ., wetlands} , gray infrastructure (e.g. , pipes,
water-storage facilities) , and hybrid approaches (e.g. , bioswales).=
Urban wetlands can capture stormwater and provide habitat and recreation areas.63 •64 Green roofs contribute
to both stormwater regulation and native bird habitats, but the
quality of a rooftop habitat may not be valued similarly to a bird
habitat in a wetland. Without improved understanding of the
diverse values and substitutability of natural and human-made
capital , decision-makers will continue to struggle to incorporate
nature-based solutions into cost-benefit-driven decision-making. Additionally, substitutability studies often evaluate tradeoffs between cost and efficacy but often only within single social ,
ecological , or technological dimensions, missing the opportunity
to more comprehensively understand substitutability of services
across system dimensions.
Scale challenges
The production of urban ecosystem services is dependent on the
structure and function of multiple systems-social, governance,
ecological , and infrastructural systems-and relationships between systems across spatial and temporal scales. However,
mismatches in the spatial scale at which services are supplied ,
delivered, and needed can reduce the benefits received and
impair effectiveness of ecosystem-services management. 6~

For example, if green roofs, which provide local cooling , are
not extensively implemented in high heat exposure neighborhoods, then local cooling benefits may be minimal. Further,
some services are only supplied at particular points in time. 25
The heat-mitigation services provided by urban deciduous
trees-providing shade during warm summer months-follow
the seasonal demand for cooling . Food production in urban gardens also varies seasonally, with higher production in summers
and low to no production in winter months, yet food demands
remain constant year-round. Without accounting for the variation
in ecosystem services supply and demand at different scales, it
will be difficult to ensure that ecosystem services are produced
where and when residents need them. Understanding how
different systems dimensions interact with scale mismatches
can help to support and maximize the effectiveness of
ecosystem services across time and space.
Equity and justice challenges
Ecosystem services and their benefits are not distributed
equally, equitably, or in a just way. 69-71 Urban physical form
and the structure of social systems often drive inequitable access , management, and distribution of ecosystem services, 12- 74
create legacies , and perpetuate environmental injustices.75
While a substantial amount of research has investigated the benefits urban residents receive from ecosystem functions and services,27·29·76 more attention needs to be paid to ensuring the
equitable and fair access and distribution of those benefits.77
Social- and environmental-justice issues remain a persistent
problem in cities such that low-income, minority, and immigrant
communities have less access to and availability of services,
including ecosystem services. 78 ·79 This has been strikingly
demonstrated in Phoenix (AZ, USA), where the benefits of cooling from large shade trees are primarily experienced by wealthy
residents.80 •81 Green infrastructure placement for pluvial flood
management revealed greater preparedness in wealthy, White
neighborhoods and greater vulnerability in poorer neighborhoods with a larger minoritized population in Atlanta (GA, USA},
compared with Phoenix and Portland (OR , USA). 82 As investments in green infrastructure and other nature-based solutions
for urban climate resilience scale up in cities around the world ,
planning and management must not only recognize potential
negative impacts of these strategies but ensure that they do
not reinforce the systemic and all-too-common status quo of
disproportionate access and benefits in low-income and minoritized communities. 75 For example, gentrification that includes
green infrastructure investments may increase attractiveness
of neighborhoods, leading to higher property values that force
low-income residents to move and may perversely increase
exposure of vulnerable populations to the hazards that naturebased solutions seek to manage.83-8 5 More work is necessary
to scrutinize differences among preferences, who wil l benefit
and who will not, and how green infrastructure investments
may drive other unintended negative consequences.83 •86
CITIES AS SETS
To address the previously discussed cross-cutting challenges
multi-functionality, scale, substitutability, and equity for managing and designing nature-based solutions maximizing ecosystem
One Earth 5, May 20, 2022 507
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Figure 1. The social-ecologicaltechnological systems (SETS) conceptual
framework
The SETS conceptual framework focusi ng on linkages among broadly defined social, ecological, and

technological dimensions of complex systems
adapted from Depietri and McPhearson91 and
concepts from Grimm et al. 60 and McPhearson
et al. 93,95,96

services, we provide a more comprehensive conceptual SETS
framework for understanding the production and management
of ecosystem services and their benefits in diverse cities. In the
SETS conceptual framework for ecosystem services, ecosystem
services are not simply a product of ecosystem structure and
function, as they are often defined. 18 •87 Rather, ecosystem services are deeply embedded in local and regional contexts25 •24
and are generated by the combined structure and function of interacting social, ecological , and technological dimensions in
each city, 88 •89 along with their connected peri-urban and rural
systems.60 -9 0-92 Social dimensions of ecosystem services may
include management, planning , policy, finance, institutional capacity, stewardship, human labor, perceptions, values, and cultural norms. Ecological dimensions may include climate,
weather, biodiversity, species traits, ecosystem structure
and function , and community-scale interactions that affect
ecological functioning . Technological-infrastructure dimensions
can include physical components (e .g. , dams, levees, pipes , culverts), weather sensors, engineered basins, structural support,
automated systems, irrigation, and construction material.
Furthermore, urban ecosystems are complex systems characterized by irreducible uncertainty, emergent properties , and nonlinear behavior that can respond to and learn from changing conditions. Framing cities as complex SETS93 provides a conceptual
foundation for examining how SETS dimensions interact and
affect their individual and collective contributions to ecosystem
508 One Earth 5, May 20, 2022

services. 18 •60 The SETS framework explicitly acknowledges the interactions and interdependencies among social-culturaleconomic-governance systems (social) ,
climate-biophysical-ecological
systems
(ecological),
and
technological-engi(")
neered-infrastructural systems (i.e., the
OJ
built or technological
environment;
Figure 1). 9 ·30 ·88 · 89 •94 With ties to different
sectors of urban planning and overall
governance, the SETS framework provides opportunities for further mainstreaming ecosystem services in urban development. Ecosystem services may serve as a
tool for coordinating the emergent outcomes of SETS interactions, making
ecosystem complexity more manageable
by overcoming sectoral fragmentation
and siloed urban sustainability efforts
across sectors.
We apply the SETS framework to urban
ecosystems services, building upon
emerging literature that describes how
diverse urban dimensions influence supply and demand for
ecosystem services.2 5 •26 •97 We assert that using the SETS
framework will broaden research and practice on ecosystem
services . A SETS conceptual framework is important to
advancing a systems theory for cities,93 one that bridges multiple
disciplines and can be applied in any local or regional context.
Applying the SETS framework to ecosystem services highlights
the benefits people derive from the interdependent interactions
of coupled social, ecological, and technological structures and
functions. Advancing beyond the traditional ecosystem services
cascade,98 ·99 Millennium Ecosystem Assessment , and IPBES
models of ecosystem services provisioning , the integrated
SETS framework incorporates often-neglected dimensions
important to ecosystem service provisioning in cities . For
example , the SETS framework acknowledges infrastructure,
technology, and institutions that are increasingly recognized in
the literature as critical to maintaining , managing, and designing
ecosystem services but have not been adequately or explicitly
included in other definitions and frameworks for ecosystem
services .1s.20.12.ss.100,101

With the SETS framework, it is possible to compare individual,
coupled, and fully interacting social, ecological , and technological contributions to ecosystem service provisioning designed
to improve urban sustainability, resilience, and equity. We hypothesize that all ecosystem services are fundamentally influenced by the interaction of all SETS dimensions, whether or
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Figure 2. A SETS approach to ecosystem
services

E

Multiple ecosystem services examples illustrate
how different and interacting SETS dimensions
affect the production and supply of each
ecosystem service and often do so with proportional inputs from S , E, or T dimensions. Blue at the
left point represents 100% S, green at the apex
represents 100% E, orange at the right point represents 100% T, and color gradations between
them represent gradients of S , E, and T interactions.
Black shapes illustrate hypothetical contributions of
social, ecological, and technological dimensions
that affect each service -food production, urban
heat-island (U Hi) reduction, stormwater absorption,
carbon storage, recreation - as discussed in the
text. The gray shapes illustrate hypotheses of
additional key services for climate-change adaptation and mitigation-coastal flood protection, airpollution removal , carbon storage - and to illustrate
how the framework can be used to examine other
ecosystem services or specific nature-based solutions. The relative location along the S, E, and T
axes represent potential hypotheses to be tested
within and among different cities and urban contexts, as SETS dimensions, interactions, and proportional contributions may be similar in some cities
and very different in others.

T

not this is explicitly recognized. We further hypothesize that the
social, ecological, and technological dimensions contribute variably to ecosystem services provisioning, such that some system
dimensions play a larger role, and that the relative contributions
shift in time and space. Understanding when , where, and why
relative contributions change and how to ensure that all dimensions are part of planning and management is important to the
production of and/or management for ecosystem services.
Through empirical examples reviewed from recent literature,
we highlight the spectrum of how and which SETS dimensions
contribute to the production and delivery of ecosystem services
(Figure 2) and examine challenges by providing case studies
from traditional ecosystem service categories-provisioning,
regulating , and cultural services-to illustrate the proportional
nature of SETS interactions affecting management and production of ecosystem services (Figures 2 and 3). We suggest that
applying the SETS framework to ecosystem services has the potential to improve the integration of ecosystem services into decision-making and management to improve outcomes that meet
normative goals.
ADDRESSING MULTl-FUNCTIONAL ECOSYSTEM
SERVICES
The SETS framework provides a way to consider potential tradeoffs or synergies of service production supported by multiple

SETS dimensions. 27 In particular, the
SETS framework allows us to map the
implications of these trade-offs more
broadly, including for cultural ecosystem
services, by adding social and technological considerations. We offer the example
of urban farm s and gardens here to illustrate trade-off considerations that emerge
when applying the SETS framework. For example, provisioning
in urban farms and gardens has been well studied in urban
ecosystem services research .102- 104 Yet, we argue the SETS
framework can bring a more holistic understanding of key social,
ecological, and technological drivers of food supply and burdens
and hazards associated with urban gardens as a nature-based
solution to inequality in food access. Urban garden ecosystems
provide food for local families and communities and offer cobenefits, such as habitat for pollinators, space for community
gatherings, and cooler microclimates, often touted as a solution
to "food deserts" and nutritional inequality.95 However, urban
gardens may also increase water, fertilizer, and pesticide use
and exclude other uses and users of the land area they occupy.
Examined through the full suite of SETS dimensions (Figure 3),
urban food production , along with its many co-benefits, is
dependent on sufficient land for cultivation, 1 0 s-, o7 pest regulation , pollination , safe, and nutrient rich soils. 108 Yet, at the
same time, the social and institutional characteristics governing
the stewardship and management of the garden are essential
to food production.102 For exam ple, lack of local knowledge
about community gardening programs and environmental benefits can lead to abandonment and failure of urban gardens, as
was shown in Phoenix. 109 Governance, decision-making capacity, property rights, and division of labor are important indicators
of food provisioning and the perceived value of services in urban
gardens. 103 -104 -110 In Barcelona, Spain , for example, bottom-up
One Earth 5, May 20, 2022 509
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ECOLOGICAL SYSTEM
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Ecological, climate,
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stewardship, labor, &
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systems
Local food markets
Local economy

Land for cultivation
Pest regulation
Pollinators
Nutrient-rich soil
Water resources
Plant diversity

Land for cultivation
Pest regulation
Pollinators
Nutrient-rich soil
Water resources
Plant diversity
Physical infrastructure
in urban gardens: raised
beds, compost bins,
tool sheds, benches, &
irrigation systems for
production
Energy & transportation
systems for distribution

Stormwater
absorption
& flood
control

Regulations
Incentives & funding
Management,
maintenance, &
stewardship of
infrastructure

Bioswales &
vegetated retention
basins
Soil characteristics
Green streets
Green space
Wetlands

Engineered bioswales
Concrete storage
facilities
Pipes
Curb cuts
Street sweeping
Impervious surface area

Climate
regulation
& cooling

Stewardship,
including watering
& maintenance of
vegetation
Individual's
preferences & choices
of species

Type and amount
of urban vegetation
(street trees, urban
forests, green roofs,
& other urban
vegetation)
Species
Water availability
Soil depth

Physical attributes: tree
pits, roof structure &
stability
Water delivery through
hoses & pipes
Roads & transportation
resources for human
mobility to urban green
space for cooling

Recreation

Access
Maintenance &
stewardship
Public awareness
promotion campaigns
for physical activity &
visitation
Sense of place

Open area
Water features
Tree canopy cover
Diversity of
vegetation & wildlife

Physical amenities:
paths, fitness
equipment, bike racks,
playgrounds, climbing
structures, basketball
courts, skate parks, BBQ
areas
Lights
Dog parks
Public art
Wifi

Ecosystem
Service

Figure 3. SETS dimensions of four example ecosystem services
Four ecosystem services , food production, stormwater absroption, climate regulation, and recreation , are described w ith respect to their interacting social,
ecological, and technological dimensions that drive the production of urban ecosystem services and , ultimately, human benefit .
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social movements led to policy shifts to legalize allotment gardens during the economic downturn. 62 In addition to ecosystem
stewardship and management, diverse forms of collective and
traditional knowledge are important to choices of cultivars and
the productivity of the harvest. 102-111
Physical infrastructure, such as raised beds, compost bins,
benches, bathrooms, tool sheds, and irrigation, are technological and infrastructure dimensions essential to productive food
provisioning. While the physical infrastructure makes food provisioning feasible, features such as roads and paths provide
accessibility that is important to a suite of co-benefits , including
developing a shared sense of community and land stewardship.105·112 Finally, the distribution and delivery of produce is
necessary to ensure that people receive and have access to
the benefits provided by food production from urban and peri-urban gardens.'°7 The resulting synergies from considering all
SETS dimensions in the management of food production can
lead to more equitable distribution of ecosystem services, benefits, and co-benefits by linking decisions that, on the surface,
belong to a given social , ecological, and technological component yet have interdependent consequences. For example,
changes to zoning might seem like a technocratic question,
but the outcomes of zoning can affect the ability of people to
grow their own food and enjoy the associated benefits of
garden ing, such as social cohesion . Likewise, reuse of industrial
brownfields may seem like an expedient solution for reclaiming
vacant land but can expose gardeners to high concentrations
of toxic chemicals.113 An explicit SETS approach may allow
managers to better maximize food production , along with
bundled co-benefits, and identify potential trade-offs and burdens. Since there are inherent winners and losers in different
infrastructure pathways, SETS also provides a way of illuminating who that might be. 30 We hypothesize that the success
of urban gardens will depend primarily on social dimensions, in
terms of knowledge, relations, commitment, and land rights,
and ecological dimensions like soil quality, floral and fauna/ communities, and adequate space, while less critical are technical dimensions, such as automated irrigation systems and fencing,
that can enhance the provision of services but are not as essential, though this is likely to vary significantly in different urban contexts {hypothesis visualized in Figure 2). Transdisciplinary
research will be needed to elucidate the relative roles of such dimensions and processes across diverse SETS contexts in order
to improve decisions on best management practices to restore
and scale the production of ecosystem services from different
urban ecosystems, such as urban gardens.114
ADDRESSING SUBSTITUTABILITY AND VALUATION
The concept of substitutability evaluates trade-offs between
cost and efficacy across SETS dimensions that provide and
deliver ecosystem services. Thus, an explicit SETS approach
to the valuation of ecosystem services is needed to better understand the full suite of investment costs to maintain ecosystem
services benefits, equity implications, and the critical role of people in long-term management and stewardship of ecosystem
services.
For example , climate change exacerbates existing shortfalls in
stormwater management in many cities .115 The increasing inten-

sity, frequency, and duration of precipitation in urban locations
exacerbates pluvial and fluvial flooding .116 Widespread adoption
of mixed " gray" and " green " stormwater management practices
by many cities also serve as critical sources of ecosystem services .117 These include short- to long-term retention of surface
water from precipitation. Rain gardens, bioswales, bioretention
ponds, constructed wetlands, and green roofs are examples of
engineered infrastructure in designed ecosystems as hybrid
ecological-technological solutions in diverse cities. 91 •11 s- 122
UEI investments for stormwater management in the US are a
result of social-institutional directives, including water quality
and stormwater codes, US Environmental Protection Agency
grants and memoranda,123 advocacy by watershed management non-governmental organizations, and incentives for private
landowners or developers. 124 These initiatives have resulted in
the uneven distribution of UEI within some cities , leading to inequities and environmental injustice issues. 82 •125 UEI also requires
active human stewardship to realize the benefits.125· For
example, the installation of bioswales in Baltimore (MD, USA)
was not well received in some neighborhoods, where trash accumulated and reduced the designed ecosystem services and
stormwater infiltration benefits.125
While using UEI is a complementary approach to gray infrastructure (e.g ., piped sewer systems) that help cities manage
stormwater and water quality, the services provided by, for
example, green infrastructure are unlikely to fully substitute for
the services provided by gray infrastructure even when the UEI
is intentionally designed, especially under increasingly variable
conditions. Bioswales, retention basins, and other hybrid types
of UEI interventions shou ld combine social , ecological, and technological approaches from initial design, to building and construction , to management and stewardship, since all affect the
ecosystem service benefits and value of stormwater management. The SETS framework allows for articulating and testing hypotheses such as the following : in low- to medium-density urban
neighborhoods, retention capacity of engineered infrastructure
and ecological functioning of soils and vegetation are primary
factors in maximizing stormwater management capacity in bioswales, while human management, maintenance, and local
stewardship wi ll have less impact on stormwater management
benefits {hypothesis visual ized in Figure 2). In more dense urban
neighborhoods, we hypothesize that local stewardship and management will become indispensable in maximizing stormwater
retention and infiltration benefits. We encourage testing of these
hypotheses. We also suggest that the arguments discussed
should be considered when assessing the substitutability and
value of ecosystem services and when testing hypotheses
generated by the SETS framework in different urban contexts.
ADDRESSING SCALE MISMATCHES OF ECOSYSTEM
SERVICES
Systems approaches accounting for all SETS dimensions are
needed to address the multiple temporal- and spatial-scale mismatches that can occur such as need mismatches, in which
particular ecosystem service are not spatially produced where
they are needed or where production is temporlly out of sync
with demand.97 ·126 Ensuring sustainable management and supply of ecosystem services requires further working across
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scales, aligning local-scale provisions with regional-scale production, transport, and delivery mechanisms all along the
ecosystem service supply chain.
For example, addressing the multi-scalar nature of urban
ecosystem services is essential when planning and managing
the cooling impacts of urban vegetation and infrastructure to
reduce urban heat island effects and heat stress in cities. Green
infrastructure, as well as legislation and ecological-technological
innovations, are required to address climate regulation at local
and regional scales. Cities like Paris and New York have adopted
regional legislation requiring new buildings to include solar or
green roofs to meet climate mitigation, adaptation, and resilience goals for decreasing heat exposure. Retrofitting buildings
to transform conventional roofs to green roofs has been shown
to potentially lower mean surface temperatures in New York
up to 0.8°C,127 with even greater surface temperature reduction
at the scale of individual buildings. Further, future climate models
incorporating urban expansion show that wholesale adoption of
green roofs could significantly reduce warming at regional scales
in the 21st century.128
Green roofs are an example of hybrid green infrastructure
where attention to the ecological and technological dimensions,
as well as planning , policy, and management, are equally
needed to realize cooling benefits. If green roofs are used for
food production , then social dimensions are important. For
example, not only human management and stewardship but
also institutional capacity and commitments, potential markets,
and business transactions that occur at different spatial and organization scales ensure that desired ecosystem services are
provided to beneficiaries over time. Further, local policies that
can incentivize construction , mobilization of finance to provide
upfront implementation, and building or even larger community
buy-in could all be essential to supply of services from this
type of green infrastructure. Ecological dimensions operate at
local scales, including the need for quality soi l, adequate organic
matter, healthy soil microbes, species assemblages that support
healthy ecological communities, and species traits that are
locally adapted to environmental conditions.
Beyond increasing local cooling through evapotranspiration,
thermal insulation, and shading , green roofs can increase
longevity of roof structures in temperate climates and reduce
overall costs.129 •130 In addition , green roofs, such as the Brooklyn Grange rooftop farms in New York, provide multiple co-benefits like habitat and green-space connectivity to support biodiversity, as well as opportunities for recreation, education, and
social events. Even if co-benefits are ignored, achieving
maximum cooling by green roofs to reduce surface and ambient
temperatures requires ongoing human intervention and infrastructure, such as irrigation during hot, dry summer periods. To
reflect the importance of scale, the SETS framework allows for
testing hypotheses, such as the following: local cooling by a
particular green roof is driven largely by ecological functioning
of vegetation and soil ecosystems and the building morphology
(e.g., height and organization of nearby buildings), whereas citywide cooling benefits by green roofs will rely not only on ecological functioning but also on citywide incentives and regulations to
ensure broad adoption of this cooling strategy {hypothesis visualized in Figure 2). The need to focus attention and energy
on social, ecological , and/or technological dimensions will also
512 One Earth 5, May 20, 2022

change over time. Thus, we hypothesize that technical infrastructure, such as engineering specifications of roofs and installation of irrigation systems, are important for initial green roof
installation and establishment of cooling benefits, while social
systems, such as stewardship and government incentives,
become more important over time to maintain and maximize
the cooling efficacy and ecological functioning of green roofs.
The SETS framework can help ensure multiple dimensions are
taken into account, for example, acknowledging that strong government incentives and thus the role of governance can be critical to using green infrastructure as a nature-based solution for
urban cooling and related urban climate change adaptation
(Figure 3). Green roofs and other urban vegetation for cooling
are not a silver-bullet solution to reducing heat risk for the whole
city nor are they one-size-fits-all-cities solutions, but they can be
important tools for addressing urban heat together with air conditioning , cooling centers, painting roofs white to improve reflectivity, and alternative shade structures. 12 8
ADDRESSING INEQUITY AND INJUSTICE
Historical legacies of past planning and policies have created intersecting inequities and injustices 13 1 ·132 that create further barriers for equitable investment in nature-based solutions and the
ecosystem services they provide. We suggest that the SETS
framework can be a conceptual foundation to explicitly acknowledge and address existing structural barriers to fairer naturebased-solutions investments. The SETS framework can help to
investigate questions and understand how investments in UEI
and nature-based solutions contribute to gentrification, along
with rezoning , new development, lack of affordable housing,
and other challenges that marginalized communities face. It
can also be an approach for investigating procedural justice issues and articu lating more inclusive approaches that integrate
diverse values, norms, knowledge systems, and traditions into
planning and decision-making. For example, city residents do
not value ecosystem services uniformly.133 •134 Tree-planting
campaigns in New York City (NY, USA) revealed that some residents pursue and request trees, while others cut them down
or otherwise block city tree-planting efforts.38 With a SETS
perspective, transdisciplinary scholars and practitioners can
consider how human values, perceptions, and actions are as
important as, or in some cases even more important than ,
ecological functioning to realizing ecosystem service benefits.
Further research is still needed to explore the way technology
and social norms interact to mediate the production of and access to ecosystem service benefits. Additionally, more research
is needed to appreciate the role that human labor and stewardship play in the co-production of ecosystem services. 135 •136 For
example, understanding what actors, institutions, and actions
are best relied on to improve a just and fair provision of
ecosystem services is important and can provide a process for
the inclusion of diverse voices in decision-making.
Recreation-a mixture of many cultural ecosystem servicesrelies on ecological structure but is significantly enhanced by the
addition of social and technological dimensions to ensure equitable access (Figure 3).54 For example, green roofs are often on
private properties, limiting wider public and equitable access for
recreation , or lack of building elevators for rooftop access for
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those with physical disabilities. UEI, including a broad array of urban parks , vegetated rooftops, canopy cover by trees, wetlands,
natural areas, and a diversity of vegetation and wildlife, is key to
creating a vibrant space for recreation , yet we suggest that this
ecosystem service provisioning is driven by a comprehensive
suite of social, ecological , and technological dimensions
(Figure 2). Thus , we hypothesize that the social, infrastructural,
and technological amenities together are primary determinants
of physical activity and frequency of use of urban ecosystems
for recreation. 137 •138 In particular, public access designed for
those with disabilities, park maintenance, free Wi-Fi , activity
and event programming , and awareness campaigns improve
the frequency of use and physical activities in outdoor urban
green spaces. 139 •140 Likewise, physical activity is improved
with access to physical infrastructure within the green space,
such as walking paths, recreation facilities, well-maintained
fitness equipment, bike racks, barbeque areas, water amenities,
and public art.14 ,-, 43 Improving equitable and fair access to recreation, like other ecosystem services, depends on planning ,
managing , and designing for the inclusion and interaction of social, ecological , and technological dimensions.
IMPROVING URBAN RESILIENCE WITH SETS

The SETS framework brings forward a systems perspective that
considers the reality of cities as complex systems. Here, we provide a SETS framework for ecosystem services that highlights
the diversity of innovative ecosystem- and technological-based
infrastructure strategies to produce multiple urban services for
incorporation into urban planning , management, and design.
This framework moves beyond the traditional definition of
ecosystem services production as a product of ecological phenomena, or even social-ecological system dynamics. The framework acknowledges that for ecosystem services to provide benefits to human well-being , they need technological and
infrastructure support, as well as social institutions and governance systems, to ensure that benefits accrue to people and
accrue equitably. Taking this approach will require future
research to examine how individual ecosystem services vary in
the individual contribution and interactions of SETS dimensions
across contexts within and among cities. Though we emphasize
the SETS conceptual framework applied to urban systems, we
hypothesize that ecosystem services are produced and supplied
by SETS in all landscapes. The primary differences may be how
much social-, ecological-, and technological-system dimensions
contribute proportionally to the supply of a given service or
bundle of services.
In moving from concept to practice, a systems approach to the
management and planning of ecosystem services in urban areas
is critical to meet the multiple goals of achieving urban livability,
justice, and resilience to stresses and shocks. Nature-based
solutions and ecosystem services in cities, such as access
to reliable clean water and local strategies to reduce flooding,
are receiving increasing attention and investment as essential
ecological infrastructure to build resilience in the face of
increasingly intense extreme events and non-climatic chronic
hazards. 37 •116•1 - 1 46 Resilience of urban SETS may be improved
by providing multiple ecosystem services, offering redundancy
in multiple functions, and incorporating flexibility to address un-

certain future conditions that solely gray (hard) infrastructure solutions do not allow.60 •147 To achieve these normative goals, the
SETS approach can be a boundary object in a transdisciplinary
engagement that will be critical to allow for the exchange of
diverse knowledge perspectives among researchers, practitioners, and community members and to promote the development of new and shared solutions. 96 •109 •1 48 We argue that the
SETS framework for understanding and managing ecosystem
services will create opportunities for new innovations to improve
urban resilience.
Still, active efforts to further develop the SETS application to
ecosystem services are needed. For example, there is a wide
range of disciplines and perspectives that can be included (or
not) within each S, E, and T dimension, and they may not al l be
well represented within any given SETS analysis. We encourage
developing opportunities to explore ecosystem services from
multiple disciplinary perspectives such as within and across urban planning , urban ecology, urban design, landscape architecture, arts and humanities, climate adaptation, and more. The
complexity of urban systems may make it difficult to isolate
distinct drivers and impacts on ecosystem service provisioning.
The SETS framework can help to ensure that multiple dimensions-and even multiple disciplines-are included in SETS
research and practice, regardless of the disciplinary starting
point. Although SETS literature is expanding, 149 •150 more work
is needed to integrate SETS with other integrative approaches,
such as in sustainability science to explore synergies and
trade-offs of maximizing benefits for people, the environment,
and financial budgets. It will also be helpful to develop comparative research to examine the reliability and resilience
of the social , ecological , and technological dimensions of
ecosystem service provisioning to advance research on the resilience of ecosystem services. For example, while the reliability of
engineered gray infrastructure is strictly quantified using transparent protocols, the reliability of ecological dimensions of green
stormwater infrastructure and green roofs for producing services
is not clearly defined, complicating analysis of substitutability.
Further research is also needed to engage in transdisciplinary
learning processes among practitioners, researchers, and community members to co-develop new knowledge and management strategies for ecosystem services to better address equity
and justice issues. This integration is an important component of
efforts to improve the delivery of ecosystem services in cities
across the world.
Finally, the ability to continue to produce services over time in
complex urban environments depends on answers to diverse
questions. For example, how are ecosystem services co-produced by the combination of social, ecological, and technological processes? How are the benefits of ecosystem services
distributed across neighborhood, city, and regional scales?
Are ecosystem services produced and supplied at the location
and scale at which they are needed? Who benefits from urban
ecosystem services? What key drivers in cities maintain, or
hinder, our ability to benefit from ecosystem services in the
long run? How important are management and stewardship for
ecosystem services production? Are ecosystem services resilient over time to multiple types of disturbances and extreme
events? These and other questions may determine the ability
to manage SETS in ways that can continue to produce services
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over time and underline the need to better understand how multiple interacting social, ecological , and technological dimensions
shape the production , distribution , and consumption of urban
ecosystem services. Given the inherent complexity of these interacting dimensions in urban systems, an interdisciplinary,
and even transdisciplinary, systems approach, in which researchers work closely with urban planners and diverse community members, is key to understanding what, how, and for whom
ecosystem services are produced. The SETS framing of
ecosystem services is thus argued as necessary to understand
how the interactions of multiple dimensions of urban systems
across spatial and temporal scales can together advance resilience agendas.
Given the urgency of issues we collectively face to address
climate challenges and improve social equity in access to urban
servi ces in ways that improve livability, sustainability, and resilience, taking the SETS nature of ecosystem services into account must move from concept to practice with explicit engagement of diverse urban stakeholders. The SETS framing can open
up innovative planning , design, and implementation of naturebased solutions through SETS analysis and management of
UEI to address current and future resilience challenges more
comprehensively.
ACKNOWLEDGMENTS

We acknowledge support from multiple sources including from the US
National Science Foundation (awards 1444755, 1832016, 1927167, 1927468
and 1934933), Chilean CONICYT-FONDECYT (award 3150290; Science Technology, Knowledge and Innovation M inistry of Chile), and NordForsk through

funding to SMARTer Greener Cities (project 95377). We also thank the editors
and anonymous reviewers for thei r suggestions to improve this manuscript.

6. Pincetl, S. (2007). From the sanitary city of the twentieth century to the
sustainable city of the twenty-first. Places 19, 59-61 .
7. Childers, D.L. , Pickett, S.T.A., Grove, J .M. , Ogden, L. , and Whitmer, A.
(20 14) . Advancing urban sustainability theory and action: challenges
and opportunities. Landsc. Urban Plan. 125 , 320--328. https://doi.org/

10.1016/j.landurbplan.2014.01 .022.
8. Kim, Yeowon, Carvalhaes, T., Heimrich, A. , Markolf, S. , Hoff, R., Chester,
M., Li, R. , and Ahmad, N. (2022). Leveraging SETS resilience capabilities
for safe-to-fail infrastructure under climate change. Cu rrent Opinion in

Environmental Sustainability 54 (1011 53), 5. https://doi.org/10.1016/j.
cosust.2022.101153.
9. Markolf, S.A. , Chester, M.V. , Eisenberg , D.A. , lwaniec, D.M. , Davidson,
C. I. , Zimmerman, R., Miller, T. R. , Ruddell, B.L. , and Chang, H. (2018).
Interdependent infrastructu re as linked social , ecological , and technological systems (SETSs) to ad dress Lock- in and enhance resilience.

Earths Future 6, 1638-1659. https://doi.org/ 10.1029/2018ef000926.
10. Wor1d Econom ic Forum; Alexander Von Humboldt Biological Resources

Research lnstttute (2022). Biodivercities by 2030: transforming cities' relationship wtth natu re. httpsJ/www.weforum.org/reports/biodivercrties-by2030-transforming-cities-relationship-with-nature/ .

11. Frantzeskaki , N., and M cPhearson , T. (2022). M ainstream nature- based
solutions for urban climate resilience. BioScience 72, 11 3-11 5. https://

doi.org/10.1093/ bioscVbiab105.
12. International Govern mental Panel on Climate Change (2018). Global
warm ing of 1.5°C. https://www.ipcc.ch/sr15/ .
13. Diaz, S., Demissew, S., Carabias, J., Joly, C. , Lonsdale, M., Ash, N., Larigauderie, A. , Adhikari, J. R. , Arico, S. , Baldi, A. , et al. (2015). The IPBES
concept ual framework - connecting nature and people. Curr. Opin. En-

viron. Sustain. 14, 1-16. https://doi.org/10.1016/j.cosust.2014.11 .002.
14. Daily, G.C., Polasky, S. , Goldstein, J. , Kareiva, P. M., Mooney, H.A. , Pej char, L. , Ricketts, T.H., Salzman, J., and Shallenberger, R. (2009).
Ecosystem services in decision making: tim e to deliver. Front. Ecol. En-

viron. 7, 21-28. https://doi.org/10.1890/080025.
15. Niemela, J. , Saarela, S.-R. , S6derman, T. , Kopperoinen , L. , Yl i- Pelkonen ,

V., Viire, S. , and Kotze, D.J. (2010). Using the ecosystem services
approach for better planning and conservation of urban green spaces:

a Finland case study. Biodivers. Conserv. 19, 3225-3243. https://doi.
org/ 10.1007/s10531-010-9888-8.
16. Millennium Ecosystem Assessment (2005). Ecosystems and Human
Well-Being: Synthesis (Island Press).
17. Elmqvist, T. , Seto, K.C., and Parnell, S. (2013). A global outlook on urban-

AUTHOR CONTRIBUTIONS

T.M. and E.M.C. contributed equally to the manuscript, and M. B.-B., C.C., and
N.B.G. co-led th e conceptual framing with T. M. and E.M.C. T. M. and E.M.C.
cont ri buted equally to lead the literatu re review and writing, w ith equal contri-

butions to the writing and synthesis from all authors throug h UREx SRN meetings and writing workshops.

DECLARATIONS OF INTERESTS
The authors declare no competing interests.

REFERENCES

1. Dedman, D., Hayward, B., Pelling, M. , Castan Brola, V., Chow, W. , Chu,
E., Dawson, R. , Khirfan, L., McPhearson, T. , Prakash, A. , et al. (2022). Cities, settlements and key infrastructure. In Climate Change 2022: Im-

pacts, Adaptation, and Vulnerabiltty. Contribution of Working Group II
to the Sixth Assessment Report of the Intergovernmental Panel on

Climate Change, H.-0. Portner, D.C. Roberts, M. Tignor, E.S. Poloczanska, K. Mintenbeck, A. Alegria, M. Craig, S. Langsdorf, S. Loschke, and
V. Moller, et al., eds. (Cambridge University Press).
2. United Nations GeneraIAssembly(2015). Transfom,ing our world: the 2030
agenda for sustainable development. httpsJ/sustainabledevelopment.un.

org/post2015/transformingourworld/publication.
3. Acuto, M., Parnell, S., and Seto , K.C. (201 8). Building a global urban science. Nat . Sustain./ , 2-4. https://doi.org/10.1038/s41893-017-0013-9.
4. McPhearson, T., Parnell, S., Simon, D., Gaffney, 0 ., Elmqvist, T., Bai, X. ,
Roberts, D., and Revi, A. (2016). Scientists must have a say in the future
of cities. Nat. News 538, 165-166. https://doi.org/10.1038/538165a.
5. Melosi , M.V. (1994). Sanitary services and decision making in Houston ,

1876-1 945. J. Urban Hist. 20, 365-406. https://doi.org/10.1177/
009614429402000304 .

514 One Earth 5, May 20, 2022

ization. In Urbanization, Biodiversity and Ecosystem Services: Chal-

lenges and Opportunities: A Global Assessment, T. Elmqvist, M. Fragkias, J. Goodness, B. Giineralp, P.J. Marcotullio, R.I. McDonald, S.
Parnell, M. Schewenius, M. Sendstad, and K.C. Seto, et al., eds.
(Springer Netherlands), pp. 1-12.
18. Tan, P.Y., Zhang, J ., Masoudi, M. , Alemu, J .B., Edwards, P.J., GretRegamey, A. , Richards, D.R. , Saunders, J., Song, X. P., and Wong,
L.W. (2020). A conceptual framework to untangle the concept of urban
ecosystem services. Landsc. Urban Plan. 200 , 103837. https://doi.org/
10.1016/j.landurbplan.2020.103837.
19. Chaplin-Kramer, R. , Sharp, R.P., Weil, C. , Bennett, E.M ., Pascual, U., Arkema, K.K., Brauman, K.A. , Bryant, B.P., Guerry, A. O., Haddad , N.M .,
et al. (2019). Global modeling of nature's contributions to people. Science 366, 255-258. https://doi.org/10.1126/ science.aaw3372.
20. Grabowski, Z. J., McPhearson, T., Matsler, A. M., Grollman, P., and Pickett, S.T. (2022). What is green infrastructure? A study of definitions in US
city planning. Front. Ecol. Environ. https://doi.org/10.1002/lee.2445.
21. Kabisch, N., Korn, H., and Bonn, A. (2017). Nature-Based Solutions to
Climate Change Adaptation in Urban Areas : Linkages between Science,

Policy and Practice (Springer International Publishing).
22. Andersson, E. , Langemeyer, J., Borgstrom, S. , McPhearson, T., Haase,

D. , Kronenberg, J., et al. (2019). Enabling Green and Blue Infrastructure
to Improve Contributions to Human Well-Being and Equity in Urban Systems. Bioscience 69 , 566-574. https://doi.org/10.1093/bioscVbiz058.

23. International Union for Conservation of Nature (IUCN) World Conservation Congress (2016). Planet at the Crossroads: Summary Report 1-10
September 2016 (International Union for Conservation of Nature (IUCN)
World Conservation Congress).
24. Frantzeskaki, N., Mc Phearson, T., Collier, M.J. , Kendal, D. , Bulkeley, H.,
Dumitru, A., Walsh, C., Noble, K., van Wyk, E., Ordonez, C. , et al. (2019).
Natu re-based solutions for urban cli mate change adaptation: linking science, policy, and pract ice communities for ividence-based decisionmaking. BioScience 69, 455-466. httpsJ/doi.org/10.1093/bioscVbiz042.
25. Andersson, E. , M cPhearson, T. , Kremer, P., Gomez-Baggethun, E. ,

Haase, D. , Tuvendal, M., and Wurster, D. (2015). Scale and context

One Earth

t)CelPress

Perspective

OPEN ACCESS

dependence of ecosystem service provid ing units. Ecosyst. Serv. 12,

157-164. https://doi.org/10.1016/j.ecoser.2014 .08.001 .
26. Andersson, E., Langemeyer, J., Borgstrom, S., McPhearson, T. , Haase,
D., Kronenberg, J. , Barton, D.N., Davis, M ., Naumann, S., Riischel, L. ,
et al. (2019). Enabling green and blue infrastructure to improve contributions to human well-being and equity in urban systems. BioScience 69 ,

566-574. biz058.

44. Leuzinger, S., Vogt, R., and Komer, C. (2010). Tree surface temperature
in an urban environment. Agne. For. Meteorol. 150, 56-62. https://doi.
org/10.1016/j.agrformet.2009.08.006.
45. Kraemer, R., and Kabisch, N. (2022). Parks under stress: air temperature
regulation of urban green spaces under condition s of Drought and sum-

mer heat. Front. Envi ron . Sci. 70, 849965. https://doi.org/10.3389/fenvs.
2022 .849965.

27. Keeler, B.L., Hamel, P. , Mc Phearson, T. , Hamann, M.H., Donahue, M.l. ,
Meza Prado, K.A., Arkema, K.K. , Bratman, G.N., Brauman, K.A., Finlay,
J .C., et al. (2019). Social-ecological and technological factors moderate
the value of urban nature. Nat. Sustain. 2, 29-38. https://doi.org/10.1038/
s41893-018-0202-1 .

46. Hamstead, Z.A. , Kremer, P. , Larondelle, N., McPhearson, T., and Haase,
D. (2016). Classification of the heterogeneous structure of urban landscapes ($TURLA) as an indicator of landscape function applied to surface temperature in New York City. Ecol. lndic. 70, 574-585. https://
doi.org/ 10.1016/j.ecolind.2015.10.014.

28. Ziter, C., Graves, R.A., and Turner, M.G. (2017). How do land-use legacies affect ecosystem services in United States cultural landscapes?

47. Pataki, D.E., Carreiro, M.M. , Cherrier, J ., Grulke, N.E. , Jennings, V., Pincetl, S., Pouyat, R.V., Whitlow, T.H., and Zipperer, W.C. (2011). Coupling

Landsc. Ecol. 32 , 2205-22 18. https://doi.org/10.1007/ s10980-0170545-4.

biogeochemlcal cycles in urban environments: ecosystem services ,
green solutions, and misconceptions. Front. Ecol. Envi ron. 9 , 27-36.

29. Haase, D., McPhearson, P.T., Kaczorowska, A., and Frantzeskaki, N.
(2014). Ecosystem services in urban landscapes: practical applications
and governance implications. Ambia 43, 407-4 12. https://doi.org/10.
1007/s13280-014-0503-1.
30. Grabowski, Z. J., Matsler, A.M., Thiel, C., McPhillips, L., Hum, R. , Bradshaw, A. , and Miller, T. (2017). Infrastructures as socio-eco-technlcal systems: five considerations for interdisciplinary dialogue. J. lnfrastruct. Syst.
23, 02517002. https://doi.org/10.1061/ (asce)is.1943-555x.0000383.
31. Grimm, N.B., Chapin, F.S., Ill , Bierwagen, B., Gonzalez, P., Grollman,
P.M ., Luo, Y. , Melton, F., Nadelhoffer, K., Pairis, A. , Raymond , P.A. ,
et al. (2013). The impacts of climate change on ecosystem structure
and function. Front. Ecol. Environ. 11 , 474-482. https://doi.org/10.
1890/ 120282.
32. Alberti, M ., McPhearson, P.T., and Gonzalez, A. (2018). Embracing urban
complexity. In Urban Planet Knowledge towards Sustainable Cities
(Cambridge University Press).
33. McHale, M ., Pickett, S., Barbosa, 0 ., Bunn, D., Cadenasso, M., Childers,
D. , Gartin, M. , Hess, G., lwaniec, D., McPhearson, T., et al. (2015). The

https://doi.org/10.1890/090220.
48. Hsieh, C.-M., Li, J .-J ., Zhang, L., and Schwegler, B. (2018). Effects of tree
shading and transpiration on building cooling energy use. Energy Bu ild.

159, 382-397. https://doi.org/10.1016/j.enbuild.2017.10.045.
49. Bennett, E.M. , Peterson, G.D. , and Gordon, L.J. (2009). Understanding
relationships among multiple ecosystem services. Ecol. Lett. 72, 13941404. https://doi.org/ 10.1111/j.1461-0248.2009.01387.x.
50. Raudsepp-Hearne, C. , Peterson, G.D. , and Bennett, E.M. (2010).
Ecosystem service bundles for analyzing tradeoffs in diverse land -

scapes. Proc. Natl. Acad. Sci. U S A 707, 5242-5247. https://doi.org/
10.1073/pnas. 0907284107.
51. Martin-Lopez, B., lniesta-Arandia, I., Garcia-Uorente, M., Palomo, I. , Casado-Arzuaga, I., Amo , D.G.D., G6mez-Baggethun, E. , Oteros-Rozas,
E., Palacios-Agundez, I., Willaarts, B. , et al. (2012). Uncovering ecosystem
service bundles through social preferences. PLoS One 7, e38970. https://
doi.org/10.1371 f)Oumal.pone.0038970.
52. Lyytimaki, J., Petersen, L.K., Normander, B., and Bezak, P. (2008). Nature
as a nuisance? Ecosystem services and disservices to urban lifestyle. En-

new global urban cealm: complex, conn ected , riffuse, and diverse so-

viron. Sci. 5, 161-1 72. hltps://doi.org/10.1080/15693430802055524.

cial-ecological systems. Sustainability 7, 5211-5240. https://doi.org/
10.3390/su7055211.

53. McPhillips, L. , and Walter, M.T. (2015). Hydrologic condit ions drive deni-

34. Coutts, A.M., White, E.G. , Tapper, N.J. , Beringer, J. , and Livesley, S.J.
(201 6). Temperature and human thermal comfort effects of street trees
ac ross three contrasting street canyon environments. Th eor. Appl. Cli-

matol. 124, 55-68. https://doi.org/10.1007/s00704-015-1409-y.
35. Shashua-Bar, L., and Hoffman, M.E. (2000). Vegetation as a climatic
component in the design of an urban street an empirical model for pre-

dicting the cooling effect of urban green areas with trees. Energy Build.
3 1, 221-235.
36. Shashua Bar, L., Pearlmutter, D., and Erell, E. (2011 ). The influence of
trees and grass on outdoor thermal comfort in a hot-arid environment.

Int. J . Climatol. 31 , 1498-1506. https://doi.org/10.1002/joc.2177.
37. Hobbie, S.E. , and Grimm, N.B. (2020). Nature-based approaches to
managing climate change impacts in cities. Philos. Trans. R. Soc. B
Biol. Sci. 375, 201901 24. https://doi.org/10.1098/rstb.2019.0124.
38. Lu, J.W.T. , Svenden, E.S. , Svendsen, E.S., Campbell, L.K., Greenfeld , J.,
Braden, J ., King, K.L., King, K., Flaxa-Raymound, N., and Falxa-Raymond, N. (2010). Biological, social, and urban design factors affecting
young street tree mortality in New York City. Cities Environ. 3 , 1- 16.
39. Norton, B.A., Coutts, A.M., Livesley, S.J., Harris, R.J. , Hunter, A.M. , and
Williams, N.S.G. (2015). Planning for cooler cities: a framework to prioritise green infrastructure to mitigate high temperatures in urban land-

scapes. Landsc. Urban Plan. 134 , 127-1 38. https://doi.org/ 10.1016/j.
landurbplan.2014.10.018.
40. Zardo, L., Geneletti, D., Perez-Saba, M., and Van Eupen, M. (2017). Estimating the cooling capacity of green infrastructures to support urban

planning. Ecosyst. Serv. 26, 225-235. https://doi.org/10.1016/j.ecoser.
2017.06.016.
41. Larondelle, N., and Haase, D. (2013). Urban ecosystem services assess-

trification and greenhouse gas emissions in stormwater detention basins.

Ecol. Eng. 85, 67-75. https://doi.org/10.1016/j.ecoleng.2015.10.018.
54. Jones, L., Norton, L. , Austin, Z. , Browne, AL. , Donovan , 0. , Emmett,
B.A. , Grabowski, Z. , Howard , D., Jones, J. , Kenter, J., et al. (2016).
Stocks and flows of natural and human-derived capital in ecosystem ser-

vices. Land Use Policy 52, 151-162. https://doi.org/10.1016/j.landusepol.2015.12.014.
55. Foley, J .A., DeFries, R. , Asner, G. P. , Barford, C., Bonan, G., Carpenter,
S.R., Chapin, F.S., Coe, M.T. , Daily, G.C. , Gibbs, H.K., et al. (2005).
Global consequences of land use. Science 309 , 570-574. https://doi.
org/10.1126/science.1111772.
56. Rodriguez, J.P., Beard Jr, T.D. , Bennett, E.M., Cumming, G.S., Cork,
S.J., Agard , J.B.R. , Dobson, A.P., Peterson, G.D., and Peterson, G.
(2006). Trade-offs across space, time, and ecosystem services. Ecol.
Soc. 11 , art28. https://doi.org/10.5751 / es-01667-1 10128.
57. Elmqvist, T., Setalii, H., Handel, S., van der Ploeg, S., Aronson, J .,
Blignaut, J. , G6mez-Baggethun, E. , Nowak, D., Kronenberg, J., and de
Groot, R. (20 15). Benefits of restoring ecosystem services in urban areas.

Curr. Opin. Environ. Sustain . 14, 101-108. https://doi.org/10.1016/j.cosust.2015.05.001 .
58. Chan, K.M .A. , Guerry, A.D., Balvanera, P., Klain, S. , Satterfield, T., Basurto, X. , Bostrom, A., Chuenpagdee, R. , Gould , R., Halpern, B.S.,
et al. (2012). Where are cultural and social in ecosystem services? A
framework for constructive engagement. BioScience 62, 744-756.

https://doi.org/10.1525/bio.2012.62.8. 7.
59. Hemandez-Morcillo , M., Plieninger, T., and Bieling, C. (2013). An empirical review of cultural ecosystem service indicators. Ecol. lndic. 29,

434-444. https://doi.org/10.1016/j.ecolind.2013.01 .013.
60. Grimm, N.B., Cook, E.M., Hale, R.L., and lwaniec, D.M. (2015). A Broader

ment along a rural-urban gradient: a cross-analysis of European cities.

Framing of Ecosystem Services in Cities: Benefits and Cha llenges of

Ecol. lndic. 29 , 179--190. https://doi.org/10.1016/j.ecolind.2012.12.022.

Built, Natural , or Hybrid System Function (Routledge Handbooks Online).

42. Rahman, M .A. , Stratopoulos, L.M.F., Moser-Reischl, A. , Ziilch, T.,
Haberle, K.-H., Riitzer, T., Pretzsc h, H., and Pauleit, S. (2020). Traits of

61. Royal Society (2014). Resilience to extreme weather. https://royalsociety.
org/lopics-policy/projects/resilience-extreme-weather/ .

trees for cooling urban heat islands: a meta-analysis. Bu ild . Environ.

Scale Assessment of Urban Heating in Melbourne during an Extreme

62. Camps-Calvet, M., Langemeyer, J. , Calvet-Mir, L. , and G6mez-Baggethun, E. (2016). Ecosystem services provided by urban gardens in Barcelona, Spain : Insights for policy and planning. Environ. Sci. Policy 62,
14-23. https://doi.org/10.1016/j.envsci.201 6. 01 .007.

Heat Event: Policy Approaches for Adaptation' (Victorian Centre for
Climate Change Adaption Research).

63. Childers, D.L. , Bois, P., Hartnett, H.E. , McPhearson, T., Metson, G.S. ,
and Sanchez, C.A. (2019). Urban ecological infrastructure: an inclusive

170, 106606. https://doi.org/10.1016/j.buildenv.2019.106606.
43. Coutts, A. , and Harris, R. (2013). Urban Heat Island Report : 'A Multi-

One Earth 5, May 20, 2022

515

t'CelPress

One Earth

OPEN ACCESS

Perspective

64. Larson, E.K., et al. (2013). Beyond restoration and into design: Hydrologic

81. Harlan, S. L. , Chakalian, P. , Declet-Barreto, J., Hondula, D.M., and Jenerette, G.D. (2019). Pathways to cl imate justice in a desert metropolis.
https://doi.org/10.1093/oso/9780190886455.003.0002.

alterations in aridland cities. Future City. In Resilience in Ecology and

82. Pallathadka, A., Sauer, J., Chang, H., and Grimm, N.B. (2022). Urban

Urban Design, 3, S. Pickett, M. Cadenasso, and B. McGrath, eds.
(Springer).

flood risk and green infrastructure: who is exposed to risk and who benefits from investment? A case study of three U.S. cities. Landsc. Urban

concept for the non-built urban environment. Elem. Sci. Anth. 7, 46.

https:// doi.org/10.1525/ elementa.385.

65. Falke, C. , Pritchard Jr, L., Berkes, F., Colding, J., and Svedin, U. (2007).
The problem of fit between ecosystems and institutions: hen tears yater.

Ecol. Soc. 72, art30. https://doi.org/10.5751/es-02064-120130.
66. Bai, X. , McAllister, R.R. , Beaty, R.M., and Taylor, B. (2010). Urban policy
and governance in a global environment: complex systems, scale mismatches and public participation. Curr. Opin. Environ. Sustain. 2 ,

12S-135. https://doi.org/ 10.1016/j.cosust.2010.05.008.
67. McPhearson, T., Kremer, P. , and Hamstead, Z.A. (2013). Mapping
ecosystem services in New York City: applying a social-ecological
approach in urban vacant land. Ecosyst. Serv. 5, 11-26. https://doi.
org/10.1016/j.ecoser.2013.06.005.

Plan. 223 , 104417, in press.
83. Anguelovski, I. , Connolly, J .J.T., Pearsall, H., Shokry, G. , Checker, M.,
Maantay, J., Gould, K., Lewis, T. , Maroko, A., and Roberts, J.T. (2019).
Why green "climate gentrification" threatens poor and vu lnerable popu-

lations. Proc. Natl. Acad. Sci.U S A 776, 26139- 26143. https://doi.org/
10.1073/ pnas.1920490117.
84. Walch , J.R., Byrne, J. , and Newell , J.P. (2014). Urban green space, public
health , and environmental justice: the challenge of making cities 'just

green enough. Landsc. Urban Plan. 725, 234--244. https://doi.org/10.
1016/j.landurbplan.2014.01 .017.
85. Sharifi , F. , Nygaard, A. , Stone, W.M. , and Levin, I. (2021). Accessing

68. Demuzere, M. , Orru , K. , Heid rich, 0. , Olazabal, E., Geneletti , D., Orru , H. ,
Shave, A.G. , Mittal, N. , Feliu, E. , and Faehnle, M. (2014). Mitigating and
adapting to climate change: multi-functional and multi- scale assessment

green space in Melbourne: measuring inequity and household mobility.

of green urban infrastructure. J. Environ. Manage. 146, 107-115. https://
doi.org/10.1016/j.jenvman.2014.07 .025.

86. Anguelovski, I. , Brand, A.L. , Connolly, J.J.T. , Corbera, E. , Kotsila, P. ,

69. Felipe-Lucia, M.R. , Martin-Lopez, B. , Lavorel, S. , Berraquero-Diaz, L. ,
Escalera-Reyes, J. , and Comin, F.A. (2015). Ecosystem services
flows: why stakeholders ' power relationships matter. PLoS One 70,
e0132232. https://doi.org/10.1371/joumal.pone.0132232.

et al. (2020). Expanding the moundaries of justice in urban greening

70. Berbes-Blazquez, M., Gonzalez, J.A., and Pascual, U. (2016). Towards

87. Luederitz, C., Brink, E., Gralla, F., Hermelingmeier, V., Meyer, M. , Niven,
L., Panzer, L., Partelow, S., Rau, A.- L. , Sasaki, R., etal. (2015). A review of

an ecosystem services approach that addresses social power relations.
Curr. Opin. Environ. Sustain. 79, 134--143. https://doi.org/10.1016/j.cosust.2016.02.003.
71. Martin-Lopez, B. , Felipe-Lucia, M.R. , Bennett, E.M. , Norstrom, A., Peterson, G. , Plieninger, T., Hicks, C .C. , Turkelboom , F. , Garcia-Llorente, M. ,

Landsc. Urban Plan. 207, 104004. https://doi.org/10.1016/j.landurbplan.2020.104004.
Steil , J., Garcia-Lamarca, M ., Triguero-Mas, M., Cole, H., Baro, F.,
scholarship: toward an bmanc ipatory, entisubordination, antersectional ,

and relational approach. Ann. Am. Assoc. Geogr. 110, 1743-1769.
https://doi.org/10.1080/24694452.2020.1740579.

urban ecosystem services: six key challenges for futu re research. Eco-

syst. Serv. 14 , 98-112. https://doi.org/ 10.1016/j.ecoser.2015.05.001 .
88. Pickett, S.T.A., Cadenasso, M.L. , Grove, J.M ., Nilan, C. H., Pouyat, R.V.,
Zipperer, W.C. , and Costanza, R. (2001). Urban ecological systems: link-

Jacobs, S. , et al. (2019). A novel telecoupling framework to assess social

ing terrestrial ecological, physical , and socioeconomic components of

relations across spatial scales for ecosystem services research.
J. Environ. Manage. 241 , 251-263. https://doi.org/10.1016/J.jenvman.
2019.04.029.

eetropolitan areas. Annu. Rev. Ecol. Syst. 32, 127- 157. https://doi.org/
10.1146/annurev.ecolsys.32.081501 .114012.

72. Ernstson, H., and Sbrlin, S. (2013). Ecosystem services as technology of
globalization: on articulating values in urban nature. Ecol. Econ. 86,
274--284. https://doi.org/ 10.1016/j.ecolecon.2012 .09.012.
73. Depietri, Y., Johnson, K., and Breil, M. (2016). Multi-hazard risk assessment of two Hong Kong districts. Int. J. Disaster Risk Reduct. 79,
311-323. https://doi.org/ 10.1016/j.ijdrr.2016.08.023.
74. Schwarz, K. , Fragkias, M., Boone, C.G. , Zhou, W. , McHale, M., Grove,
J.M. , O'Neil-Dunne, J. , McFadden, J.P. , Buckley, G. L., Childers, D. ,
et al. (2015). Trees grow on Money: urban tree canopy cover and environmental justice. PLoS One 70, e0122051. https://doi.org/10.1371 /joumal.
pone.0122051 .
75. Grove, M., Ogden, L., Pickett, S., Boone, C. , Buckley, G., Locke, D.H. ,
Lord, C., and Hall, B. (2018). The legacy effect: understanding how segregation and environmental injustice snfold over time in Baltimore. Ann.

Am. Assoc. Geogr. 108, 524-537. https://doi.org/10.1080/ 24694452.
2017.1365585.
76. Gomez-Baggethun, E., Gren,

A.,

Barton, D.N., Langemeyer, J.,

McPhearson, T. , O'Farrell , P., Andersson , E. , Hamstead, Z. , and Kremer,
P. (2013). Urban ecosystem services. In Urbanization, Biodiversrt:y and

Ecosystem Services: Challenges and Opportunities: A Global Assessment, T. Elmqvist, M. Fragkias, J. Goodness, B. Giineralp, P.J. Marcotullio, R.I. McDonald, S. Parnell, M. Schewenius, M. Sendstad, and K.C.
Seto, et al., eds. (Springer Netherlands), pp. 175-251 .

77. Riley, C.B., and Gardiner, M.M. (2020). Examining the distributional equity of urban tree canopy cover and ecosystem services across United

89. Cadenasso, M. , and Pickett, S. (2008). Urban principles for ecological
landscape design and maintenance: scientific fundamentals. Cities Envi-

ron. 7. https://doi.org/10.15365/cate.1242008.
90. Honey-Roses, J., Schneider, D.W., and Brozovic, N. (2014). Changing
ecosystem service values following technological change. Environ.

Manag. 53, 1146-1 157. https://doi.org/10.1007/s00267-014-0270-6.
91. Depietri, Y., and McPhearson, T. (2017). Integrating the mrey, green, and
blue in cities: nature-based solutions for climate change adaptation and
risk reduction . In Nature-Based Solutions to Climate Change Adaptation

in Urban Areas, N. Kabisch, H. Korn, J . Stadler, and A. Bonn, eds.
(Springer International Publishing), pp. 91-109.
92. Hoyer, R. , and Chang, H. (2014). Assessment of freshwater ecosystem
services in the Tualatin and Yamhill basins under climate change and ur-

banization. Appl. Geogr. 53, 402-416. https://doi.org/10.1016/j.apgeog.
2014.06.023.
93. McPhearson, T. , Pickett, S.T.A., Grimm, N.B. , Niemela, J. , Alberti, M. ,
Elmqvist, T., Weber, C. , Haase, D., Breuste, J. , and Qureshi, S. (2016).
Advancing urban ecology toward a science of cities. BioScience 66,
198-212. https://doi.org/ 10.1093/ biosci/biw002.
94. Grimm, N.B. , and Schindler, S. (2018). Nature of cities and nature in cities: grospects for conservation and design of urban nature in human
habitat. In Rethinking Environmentalism: Linking Justice, Sustainability,

and Diversity, S. Lele, E.S. Brondizio, J. Byrne, G.M. Mace, and J. Martinez-Alier, eds. (M IT Press), pp. 9S-125.
95. McPhearson, T. , Haase, D. , Kabisch, N., and Gren, A. (2016b). Advancing

States cities. PLoS One 75, e0228499. https://doi.org/10.1371 /joumal.
pone.0228499.

understanding of the complex nature of urban systems. Ecol. lndic. 70,

78. Landry, S.M., and Chakraborty, J . (2009). Street trees and equity: Evalu-

96. McPhearson Timon, M., Raymond , C. , Gulsrud, N. , Albert, C. , Coles, N. ,
Fagerholm, N., Nagatsu, M., Olafsson, A.S., Soininen, N., and Vierikko, K.
(2021). Radical changes are needed for transformations to a good
Anthropocene. npj Urban Sustainability 7. https://doi.org/10.1038/
s42949-021-00017-x.

ating the spatial distribution of an urban amenity. Environ. Plan. 41 , 2651-

2670. https://doi.org/10.1068/a41236.
79. Leach, M. , Reyers, B., Bai, X., Brondizio, E.S., Cook, C., Diaz, S. , Espindola, G. , Scobie, M., Stafford-Smith , M. , and Subramanian, S.M. (2018).
Equity and sustainability in the Anth ropocene: a social-ecological systems perspective on their intertwined futures. Glob. Sustain. 1, e13.

https://doi.org/10.1017/ sus.2018.12.
80. Jenerette, G.D. , Harlan, S.L., Stefanov, W.L. , and Martin, C.A. (2011).

516

566-573. https://doi.org/ 10.1016/j.ecolind.2016.03.054.

97. Herreros-Cantis, P., and McPhearson, T. (2022). Environmental justice of
urban nature-based solutions: mismatches in supply and demand. Ecol.

Appl., In press. https://doi.org/10.1002/eap.2390.
98. de Groot, R.S. , Wilson, M.A. , and Boumans, R.M.J. (2002). A typology for

Ecosystem services and urban heat riskscape moderation: water, green

the classification , description and valuation of ecosystem functions,

spaces, and social inequality in Phoenix, USA. Ecol. Appl. https://doi.
org/10.1890/ 10-1493.1 .

goods and services. Ecol. Econ. 41 , 393-408. https://doi.org/10.1016/
s0921-8009(02)00089-7.

One Earth 5, May 20, 2022

One Earth

e'CelPress

Perspective

OPEN ACCESS

99. Haines-Young, R., and Potschin, M. (2010). The links between biodiversity, ecosystem services and human well-being . Ecosyst. Ecol. New
Synth. 7, 110-139.

117. Matsler, A.M., Miller, T.R., and Grollman, P.M. (2021). The eco-Techno

100. Pauleit, S. , Zolch, T., Hansen, R. , Randrup, T.B., and Konijnendijk van
den Bosch, C. (2017). Nature-based solutions and climate change four shades of green. In Nature-Based Solutions to Climate Change

ture management. Urban Plan. 6, 49--62. https://doi.org/ 10.17645/ up.
v6i1 .3491 .

Adaptation in Urban Areas: Linkages between Science, Policy and Practice Theory and Practice of Urban Sustainability Transitions, N. Kabisch ,

11 8. Choat, B., Pulido, A., Bhaskar, A.S., Hale, R.L. , Zhang, H.X., Meixner, T.,
McPhillips, L., Hopkins, K., Cherrier, J. , and Cheng, C. (2022). A tall to ce-

H. Korn, J. Stadler, and A. Bonn, eds. (Springer International Publishing),
pp. 29--49.
101. Frantzeskaki, N., Borgstrom, S. , Gorissen, L., Egermann, M. , and Ehnert,
F. (2017). Nature-based solutions accelerating urban sustainability
transitions in cities: tessons from lresden, denk and gtockholm cities.
In Nature-Based Solutions to Climate Change Adaptation in Urban
Areas: Linkages between Science, Policy and Practice Theory and Practice of Urban Sustainability Transitions , N. Kabisch, H. Korn , J. Stadler,

and A. Bonn, eds. (Springer International Publishing), pp. 65--88.
102. Langemeyer, J., Camps-Calve!, M., Calvet-Mir, L. , Barthel, S., and G6mez-Baggethun, E. (2018). Stewardship of urban ecosystem services:
understanding the value(s) of urban gardens in Barcelona. Landsc. Urban

Plan. 170 , 79-89. https://doi.org/10.1016/j.landurbplan.2017.09.013.
103. Andersson , E., Barthel, S., and Ahme, K. (2007). Measuring socialecological dynamics behind the generation of ecosystem services.

Ecol. Appl. 77, 1267-1278. https://doi.org/10.1890/ 06-1116.1 .
104. Barthel, S. , Folke, C., and Colding, J. (2010). Social-ecological memory
in urban gardens-eetaining the capacity for management of ecosystem

services. Glob. Environ. Change 20, 255-265. https://doi.org/ 10.1016/j.
gloenvcha.2010.01 .001 .
105. Badami, M.G. , and Ramankutty, N. (2015). Urban agriculture and food
security: a critique based on an assessment of urban land constraints.

Glob. Food Security 4, 8-15. https://doi.org/10.1016/j.gfs.2014.10.003.
106. CoDyre, M., Fraser, E.D.G., and Landman, K. (2015). How does your garden grow? An empirical evaluation of the costs and potential of urban

gardening. https://doi.org/ 10.1016/j.ufug.2014.11 .001 .
107. Opitz, I., Berges, R., Piorr, A. , and Krikser, T. (2016). Contributing to food
security in urban areas: differences between urban agriculture and peri-

urban agriculture in the Global North. Agric. Hum. Values 33, 341-358.
https://doi.org/10.1007/ s10460-015-9610-2.
108. Edmondson, J.L. , Davies, Z.G., Gaston, K.J., and Leake, J.R. (2014). Urban cultivation in allotments maintains soil qualities adversely affected by

conventional agriculture. J. Appl. Ecol. 51 , 88D-889. https://doi.org/10.
1111 / 1365-2664.12254.
109. Bleasdale, T., Crouch, C., and Harlan, S. L. (2011). Community gardening
in Disadvantaged neighborhoods in Phoenix, Arizona: aligning programs

with perceptions. J. Agric. Food Syst. Commun. Dev. 1, 1-16. https://doi.
org/10.5304/jafscd.2011.013.007.
110. Cabral, I., Costa, S., Weiland, U., and Bonn, A. (2017). Urban gardens as
multifunctional nature-based solutions for Societal goals in a changing
climate. In Nature-Based Solutions to Climate Change Adaptation in Urban Areas: Linkages between Science, Polley and Practice Theory and

Practice of Urban Sustainability Transitions, N. Kabisch, H. Korn, J. Stadler, and A. Bonn, eds. (Springer International Publishing), pp. 237-253.
111. Barthel, S., Parker, J. , and Emstson, H. (2015). Food and green space
in cities: a resilience sens on gardens and urban environmental

movements. Urban Stud. 52, 1321-1338. https://doi.org/10.1177/
0042098012472744.
112. Bendt, P., Barthel, S., and Colding, J. (2013). Civic greening and environmental learning in public-access community gardens in Berlin. Landsc.

Urban Plan. 109, 18-30. https://doi.org/10.1016/j.landurbplan.2012.
10.003.
113. Barrio-Parra, F., Izquierdo-Diaz, M ., Dominguez-Castillo, A, Medina, R.,

and De Miguel, E. (2019). Human-health probabilistic risk assessment:
the role of exposure factors in an urban garden scenario. Landscape Ur-

ban Plann. 785, 191-199. https://doi.org/10.1016/j.landurbplan.2019.
02.005.
114. Kabisch, N. (2019). Transformation of urban brownfields through co-creation: the multi-functional Lene-Voigt Park in Leipzig as a case in point.

Urban Transformations
0002-6.

1,

2. https://doi.org/10.1186/s42854-019-

115. Cheng, C., Yang, Y.E., Ryan, R.L., Yu , Q., and Brabec, E. (2017). Assessing climate change-induced flooding mitigation for adaptation in Boston 's Charles River watershed, USA. Landsc. Urban Plan. 167, 25-36.

https://doi.org/10.1016/j.landurbplan.2017.05.019.
116. Rosenzweig, B.R. , McPhillips, L. , Chang, H., Cheng, C. , Welty, C. , Matsler, M. , lwaniec, D. , and Davidson, C.I. (2018). Pluvial flood risk and op-

portunities for resilience. WIREs Water 5, e1302. https://doi.org/ 10.
1002/ wat2.1302 .
spectrum: exploring knowledge systems' challenges in green infrastruc-

cord

stormwater control

functions

and

to

rhare

network sata.

J. Sustain.Water Built Environ. 8 , 02521005. https://doi.org/10.1061 /
JSWBAY.0000971.
11 9. Hamel, P. , Daly, E. , and Fletcher, T.D. (2013). Source-control stormwater
management for mitigating the impacts of urbanisation on baseflow: a re-

view. J. Hydrol. 485 , 201-211 . https://doi.org/10.1016/j.jhydrol.2013.
01 .001 .
120. Liu, X. , Ma, L., Li, X., Ai , B. , Li, S. , and He, Z. (2014). Simulating urban
growth by integrating landscape expansion index (LEI) and cellu lar automata. Int. J. Geogr. Inf. Sci. 28 , 148-163. https://doi.org/10.1080/
13658816.2013.831097.
121. Cherrier, J. , Klein, Y. , Link, H. , Pillich, J. , and Yonzan, N. (2016). Hybrid
green infrastructure for reducing demands on urban water and energy

systems: a New York City hypothetical case study. J. Environ. Stud.
Sci. 6, 77--S9. https://doi.org/10.1007/s13412-016-0379-4.
122. McPhillips, L E. , and Matsler, A.M. (2018). Temporal evolution of green
stormwater infrastructure strategies in three US cities. Front. Built Envi-

ron. 4. https://doi.org/10.3389/lbuil.2018.00026.
123. U.S. Environmental Protection Agency (2007). Memorandum: using green
infrastructure to protect water quality in stormwater, CSO, nonpoint source

and other water programs. Retrieved from . EPA Office of Water, 2. https://
www3.epa.gov/reg3wapd/npdes/pdf/dcms4_guidance.pdf.
124. Hopkins, K.G. , Grimm, N.B., and York, A.M. (2018). Influence of
governance structure on green stormwater infrastructure investment.

Environ . Sci. Policy 84 , 124-133. https://doi.org/10.1016/j.envsci.2018.
03.008.
125. Baker, A., Brenneman, E., Chang, H. , McPhillips, L. , and Matsler, M.
(2019). Spatial analysis of landscape and Sociodemographic factors
associated with green stormwater infrastructure distribution in Baltimore,
Maryland and sortland, Oregon. Sci. Total Environ. 664 , 461-473. https://

doi.org/ 10.1016/j.scitotenv.2019.01 .417.
126. Villamagna, A., Mogollon, B., Angermeier, P.L. , and Angermeier, P.
(2017). Inequity in ecosystem service delivery: socioeconomic gaps in
the public-private conservation network. Ecol. Soc. 22, art36. https://

doi.org/ 10.5751 /es-09021-220136.
127. Rosenzweig, C., Gatlin, S., and Parshall, L. (2006). Green Roofs in the
New York Metropolitan Region: Research Report (Columbia University
Center for Climate Systems Research and NASA Goddard Institute for
Space Studies).
128. Georgescu, M., Morefield, P.E., Bierwagen, B.G., and Weaver, C.P.
(2014). Urban adaptation can roll back warming of emerging megapolitan
regions. Proc. Natl. Acad. Sci.USA 111 , 2909-2914. https://doi.org/10.
1073/ pnas.1322280111 .
129. Tam, V.W.Y., Wang, J., and Le, K.N. (2016). Thermal insulation and cost
effectiveness of green-roof systems: an empirical study in Hong Kong.

Build. Environ. 110, 46-54. https://doi.org/10.1016/j.buildenv.2016.
09.032.
130. Xu , T. , Sathaye, J. , Akbari, H., Garg , V. , and Tetali, S. (2012) . Quantifying
the direct benefits of cool roofs in an urban setting: reduced cooling energy use and lowered greenhouse gas emissions. Build. Environ. 48 , 1--6.

https://doi.org/10.1016/j.buildenv.2011 .08.011 .
131. Rothstein, R. (2017). The Color of Law: A Forgotten History of How Our
Government Segregated America (Liveright Publishing Corporation).
132. Schell, C.J. , Dyson, K. , Fuentes, T.L. , Des Roches, S., Harris, N.C. , Miller,
D.S., Woelfle-Erskine, C.A. , and Lambert, M.R. (2020). The ecological
and evolutionary consequences of systemic racism in urban environ-

ments. Science 369. https://doi.org/10.1126/science.aay4497.
133. Vain, A. (2005). Rationality, institutions and environmental policy. Ecol.
Econ. 55, 203-217. https://doi.org/ 10.1016/j.ecolecon.2004.12.001 .
134. Vain, A. (2009). An institutional analysis of methods for environmental
appraisal. Ecol. Econ. 68, 2207-2215. https://doi.org/10.1016/j.ecolecon.2009.04.005.
135 . Connolly, J .J.T. , Svendsen, E.S., Fisher, D.R., and Campbell, L.K. (2014).
Networked governance and the management of ecosystem services: the
case of urban environmental stewardship in New York City. Ecosyst.

Serv. 70, 187-194. https://doi.org/10.1016/j.ecoser.2014.08.005.
One Earth 5, May 20, 2022

517

t'CelPress

One Earth

OPEN ACCESS

Perspective

136. Connolly, J.J ., Svendsen, E.S. , Fisher, D.R. , and Campbell, L.K. (2013).
Organizing urban ecosystem services through environmental steward-

ship governance in New York City. Landsc. Urban Plan. 109, 76-84 .
https://doi.org/10.1016/j.landurbplan.2012.07.001 .
137. Donohue, B. , Gavrilova, Y., Galante, M. , Gavrilova, E. , Loughran, T. ,
Scott, J. , Chow, G., Plant, C.P. , and Allen, D.N. (2018). Controlled evaluation of an optimization approach to mental health and sport performance. J. Clin. Sport Psychol. 12 , 234--267. https://doi.org/ 10.1123/
jcsp.2017-0054.
138. Hamstead , Z.A. , Fisher, D., llieva, R.T., Wood, S.A., McPhearson, T. , and
Kremer, P. (2018). Geolocated social media as a rapid indicator of park
visitation and equ itable park access. Corn put. Environ. Urban Syst. 72 ,

38--50. https://doi.org/ 10.1016/j.compenvurbsys.2018.01 .007.
139. Barbosa, 0 ., Tratalos , J.A., Armsworth, P.R. , Davies, R.G., Fuller, A.A.,
Johnson, P., and Gaston, K.J. (2007). Who benefits from access to green
space? A case study from Sheffield, UK. Landsc. Urban Plan. 83 ,
187-195. hltps://doi.org/ 10.1016/j.landurbplan.2007.04.004.
140. Branas, C.C. , Cheney, A.A., MacDonald, J. M. , Tam, V.W. , Jackson, T.D. ,
and Ten Have, T.R. (2011). A difference-in-differences analysis of health,
safety, and greening vacant urban space. Am. J. Epidemiol. 174 , 1296-

1306. https://doi.org/10.1093/ aje/ kwr273.
141. Hunter, R.F. , Christian , H. , Veitch, J. , Astell-Burt, T., Hipp, J.A., and
Schipperijn, J. (2015). The impact of interventions to promote physical
activity in urban green space: a systematic review and recommendations
for futu re research. Soc. Sci. Med. 124 , 246-256. https://doi.org/10.
1016/j.socscimed.2014.1 1.051 .
142. Ho, C.H. , Sasidharan, V., Elmendorf, W. , Willits, F.K. , Graefe, A. , and
Godbey, G. (2005). Gender and ethnic variations in urban park preferences, visitation, and perceived benefits. J. Leis. Res. 37, 281-306.
https://doi.org/10.1080/00222216.2005.11950054.
143. Cohen, D.A. , Marsh, T., Williamson, S., Golinelli, D., and McKenzie, T. L.
(2012). Impact and cost-effectiveness of family Fitness Zones: a natural

518 One Earth 5, May 20, 2022

experiment in urban public parks. Health Place 18, 39-45. https://doi.
org/ 10.1016/ j.healthplace.201 1.09.008.
144. McPhearson, T. , Andersson, E., Elmqvist, T., and Frantzeskaki, N. (2015).
Resi lience of and through urban ecosystem services. Ecosyst. Serv. 12,

152-156. https://doi.org/10.1016/j.ecoser.2014.07.012.
145. McPhearson, T. , Hamstead, Z.A., and Kremer, P. (2014). Urban
ecosystem services for resilience planning and management in New

York city. Ambio 43, 502-515. https://doi.org/10.1007/s13280-0140509-8.
146. Bull-Kamanga, L. , Diagne, K. , Lavell, A. , Leon, E. , Lerise, F., MacGregor,
H., Maskrey, A., Meshack, M. , Pelling, M. , Reid , H., et al. (2003). From
everyday hazards to disasters: the accumulation of risk in urban areas.

Environ. Urban. https://doi.org/10.1177/095624780301500109.
147. Ahern, J ., Cilliers, S. , and Niemela, J. (2014). The concept of ecosystem
services in adaptive urban plann ing and design: a framework for support-

ing innovation. Landsc. Urban Plan. 125 , 254--259. https://doi.org/10.
1016/ j.landurbplan.2014.01.020.
148. Frantzeskaki, N., and Kabisch, N. (2016). Designing a knowledge co-production operating space for urban environmental governance-Lessons
from Rotterdam , Netherlands and Berlin, Germany. Environ. Sci. Policy

62, 90-98. https://doi.org/10.1016/j.envsci.2016.01.010.
149. Branny, A. , Moller, M.S. , Korpilo, S. , McPhearson, T. , Gulsrud , N. , Olafsson, AS. , Raymond , C.M. , and Andersson , E. (2022). Smarter greener
cities through a social-ecolog ical-technological systems approach.

Curr. Opin. Environ. Sustain. 55, 101168. https://doi.org/ 10.1 016/j.cosust.2022.101168.
150. Kim, Y., Carvalhaes, T., Heimrich, A. , Markell, S. , Hoff, R., Chester, M., Li,
R., and Ahmad , N. (2022). Leveraging SETS resilience capab ilities for
safe-to-fai l infrastructure under climate change. Curr. Opin. Environ.

Sustain. 54 , 101153. https://doi.org/10.1016/j.cosust.2022.101153.

