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Multifunctional and connected green infrastructure (Gl)
systems have been linked to urban resilience. Although there
have been significant scholarly efforts to assess resilience and
to evaluate the benefits of Gl, it remains unclear the degree in
which Gl efforts enhance resilience. Following theoretical
frameworks that study coupled infrastructure systems, this
paper explores the state of the art on the contribution of Gl to
urban resilience from multiple dimensions: (1) policy - that
promotes the adoption of Gl, (2) performance - assessment of
Gl impacts on water infrastructure systems resilience, (3)
connectivity - evaluation of human and wildlife movement
through Gl, and (4) social - community cohesion as a result of Gl
efforts. We argue that beyond their individual contributions to
supporting urban resilience, the interactions across the various
dimensions are key to enhancing resilience. Ultimately,
participatory processes are needed to assess resilience
originating from Gl systems and avoid injustice.
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Introduction

As a result of urbanization processes and climate change
impacts, unprecedented environmental and social chal-
lenges have emerged in cities that threaten the function-
ing of critical infrastructure and add pressure to local
institutions [1]. These impacts intersect with globaliza-
tion and neo-liberalization processes that exacerbate
inequalities, enhance vulnerability, and weaken social
and ecological resilience [1,2°°]. Multifunctional and
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connected green infrastructure (GI) systems have been
identified as a promising approach to enhance resilience
in cities. We understand GI as vegetated spaces in cities
that are designed to function as decentralized stormwater
management infrastructure systems (runoff infiltration
that reduce flooding) and other environmental
benefits, as well as recreational spaces for urban residents
(e.g. parks, sport fields, golf courses, school fields).
Although there have been multiple studies that aim to
assess urban resilience [3-6], as well as significant efforts
that aim to evaluate the benefits of GI [7-10], it remains
unclear the degree in which GI efforts enhance urban
resilience. In this essay, we address this gap by exploring
the state of the art on the contribution of GI to urban
resilience from multiple dimensions.

Urban resilience is a term used to ‘frame how actors and
infrastructures across all scales (individual, household,
community, organization, region) contribute to the capac-
ity to survive, respond, recover, adapt and evolve in
reaction to chronic and acute stresses and events that
disrupt everyday systems and practices’ (p.1) [11]. Zhang
and Li [12] highlight the need to disentangle urban
resilience from urban sustainability; and Elmqvist ez a/.
[13] identify the importance of urban transformation given
the urgent need for cities to address and mitigate future
social and environmental challenges.

"T'o function effectively, cities currently depend on robust
grey infrastructure systems — a connected network of
infrastructure that supports the provision of shelter,
water, waste, energy, and transportation services. Critical
infrastructure determines the level of vulnerability of the
city, as the structures and facilities that allow the infra-
structure to function can either lessen vulnerability or
enhance it [14]. This way, to be resilient and address
vulnerability issues, urban planning needs to be flexible
and adaptive, allowing the exploration of innovative and
transdisciplinary practices [15]. Embedding resilience
in all its forms — institutional, climate, economic, and
ecological — in critical infrastructure systems, while
strengthening social cohesion becomes a priority [16°].

Research has shown that traditional grey infrastructure
systems are not enough to withstand the impacts of
globalization, urbanization, and climate change, and that
nature-based solutions — such as GI systems — are
needed to complement and support the functioning of
grey infrastructure systems in green-grey-blue hybrid
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systems [1,11,17]. GI also contributes to the conservation
of biodiversity as it provides habitat for species; relieves
pressure on the environment from urbanization and land
use change [1,9,18]; improves the quality of life by
providing recreational opportunities [9,19]; and supports
social networks that increase social cohesion [20]. GI can
be defined as ‘the creative combination of natural and
artificial (blue and green as well as grey) structures
intended to achieve specific resilience goals (e.g., flood
management, public health, etc.) with broad public sup-
port and attention to the principle of appropriate tech-
nology’ (p.1) [17]. Gl is being incorporated into resilience
planning in many cities around the world [21].

Assessing the performance of GI with regards to urban
resilience is needed, yet complicated to achieve, as there
have been important assessment efforts on both fronts,
but not integrated. On the one hand, measuring urban
resilience is a multidimensional endeavor. According to
Meerow [1], there is disagreement among scholars on the
assessment of urban resilience, but factors that are widely
cited in the literature include diversity, flexibility, redun-
dancy, and inclusiveness. In addition, Leichenko [16°]
identifies two more factors of resilient cities: adaptive
governance (which is related to flexibility), and innova-
tion. But none of these factors focus on GI in particular.
On the other hand, measuring the benefits of GI is also
complicated. Pakzad and Osmond [9] explore the assess-
ment GI performance as it relates to ecological, health,
socio-cultural, and economic outcomes. But, again, this
assessment is not related directly to urban resilience.

In addition to integrating assessment efforts, it is neces-
sary to consider key principles for an equitable, just, and
effective implementation of GI, which include connectivity
and multifunctionality [22,23]. Artmann ez /. [24] includes
multifunctionality as one category of indicators to mea-
sure a smart green city. GI has the potential to function as
a decentralized stormwater management infrastructure,
particularly if it is connected to a larger network of GI; and
simultaneously, GI can provide recreational opportunities
to urban residents whenever flood control and other
disaster management functions are not needed
[1,20,23]. However, GI's multifunctionality is an under-
lying difficulty in evaluation [11,17].

Another key aspect to consider in the assessment of
resilience from GI systems is the economy. Economic
resilience can be related to greening behavior, particularly
during disaster recovery situations, where the planting of
trees and other plants plays a role not only the social and
ecological recovery, but also in the economic recovery of
the city [20]. Ironically, mainstreaming GI in built envi-
ronment professions requires considerable funding and
comprehensive planning [1,21,25]. In addition, there are
significant challenges in implementing resilience think-
ing to change the trajectories of urban planning initiatives

[26], and there are pitfalls in placing too much confidence
in overly simplistic approaches [27].

Because GI is one type of critical infrastructure, a useful
approach to study the contributions of GI to urban resil-
ience may be the notion of coupled infrastructure systems or
CIS. The term CIS proposes that functional infrastruc-
tures are the building blocks of the interactions between
people and their environment, with feedback effects
derived from such interactions [28°]. This way, and
analogous to social-ecological systems, cities can be con-
sidered CIS because of the prominent role that infra-
structures — both hard (pipes, roads, bridges, GI) and soft
(policy, social networks, knowledge) — play in the inter-
actions of urban systems [14,28°]. In this study, we build
on this line of research to explore the assessment of urban
resilience from GI systems, considering GI as one build-
ing block of CIS that contributes to multiple outcomes
that affect urban systems.

Key dimensions of urban resilience from
green infrastructure systems

In this study, we aim to assess the different types of urban
resilience (institutional, climate, economic, and ecologi-
cal) from a connected network of multifunctional GI
systems. To do this, we propose four dimensions that
follow Anderies ez al.’s [28°] key components of CIS: (1)
soft infrastructure, which we refer to as po/icy; (2) built
infrastructure (or hard), which we refer to as performance;
(3) natural, which we refer to as connectivity, and (4)
social. The CIS framework includes one more dimension
- human knowledge, which corresponds to our effort to
assess urban resilience from GI systems (Table 1). Here
we examine how these four dimensions of CIS have been
used to provide insight into the resilience of urban areas
in the context of GI.

Table 1

Overview of the four dimensions to assess urban resilience from
Gl systems

Dimension Type of resilience Description

Policy Institutional Types of regulations, policies,
initiatives, and programs that
promote the implementation of Gl
in cities

Metrics used to assess the impacts
of Gl on the reduction of floods and
the resilience of water
infrastructure systems

Methods used to evaluate the

connectivity of Gl systems

Performance Climate,
economic and
ecological

Connectivity Climate,
economic and

ecological
Social Climate and Ways in which social resilience
economic related to Gl can be assessed in

cities
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Policy

Cities can support GI through a diversity of policy
approaches [29]. Many cities around the world have been
integrating GI projects with their traditional grey infra-
structure stormwater management efforts to support flood
risk management and build climate resilience [e.g. Refs.
17,30]. Some cities use regulation to promote widespread
GI adoption through mandates that new buildings
include green roofs, or new developments include green-
space [31]. Rainwater harvesting systems have been
included in building codes in some cities to promote
the use of rainwater harvesting or greywater recycling
[30].

In an effort to discourage particular practices such as the
spread of impervious surfaces, some cities are charging
fees based on the amount of impervious surfaces per
parcel [32]. Conversely, many cities are incentivizing
GI through subsidies for rain barrels and rainwater har-
vesting [33]. Other cities have relied on grant programs for
the adoption of green roofs [34]. Increasingly, cities are
integrating GI into their planning efforts including trans-
portation plans or as a component of their complete
streets policies [35]. Policy changes have led to green
belts being conceived more broadly in some cities to
include the concept of GI providing corridors for ecologi-
cal restoration and recreation aimed to mitigate the future
impacts of climate change [36]. Because of their above-
ground and below-ground biomass, trees are known to
reduce runoff very efficiently [37]. Therefore, some
municipal policies promote GI through major tree plant-
ing programs [28°,29], or ordinances that promote urban
tree canopy (from street trees to urban forests) [38,39].

The policy approaches adopted reflect distinct design
traditions and socio-environmental contexts as well as
different property rights regimes and regulatory beha-
viors. In some cases, cities find it necessary to adjust their
historic centralized governance strategies to support a
more decentralized and participatory approach to pro-
mote GI [40]. A diverse set of stakeholders, including
NGOs and advocacy groups, are increasingly engaged in
influencing the framing and production of GI at the urban
scale [29]. National and regional policies help to support
GI policy development at the urban scale [41].

Performance

In contrast to natural systems, engineered systems are
designed to recover from shocks and disturbances to
maintain system function. Engineering resilience is
affected by society’s expectations and demands, the
economics of investment, the technical ability to design
components and the organization’s ability to design and
react to conditions [6]. Similar to natural systems, soci-
ety’s role in resilience analysis is complex due to the
infrastructure system’s societal, environmental and eco-
nomic impacts.

Bruneau ez al.’s [3] seminal work isolated four factors (or
4Rs) contributing to engineering resilience: (1) robust-
ness, (2) redundancy, (3) resourcefulness, and (4) rapidity.
Robustness is the ability to minimize a disruption’s
impact due to the system or its components capacities.
"This capability limits a disruption’s impact on the sys-
tem’s ability to meets its goal as well as the likelihood of
failure. Robustness is similar to natural systems (or
ecological)’ resilience. The remaining properties are
unique to engineering systems. Providing redundant
components avoids degradation during elemental fail-
ures. While robustness and redundancy mitigate the
reduction in functionality, resourcefulness and rapidity
involve improving functionality or, during failure, return-
ing the system to an acceptable condition. Resourceful-
ness relates to the capacity to identify and react to
conditions that threaten or have disrupted the system.
Rapidity relates to the speed that the failed system is
returned to a functioning state through physical repair or
operational manipulation.

In green-grey-blue hybrid systems, the four Rs described
above are supported by GI. As a decentralized approach to
stormwater management, GI enhances robustness of grey
infrastructure by increasing the system’s capabilities,
such as flood reduction or transportation mobility. Like-
wise, GI provides redundant components to grey infra-
structure systems; impart resources to identify problems
and establish priorities; and increases the speed to
achieve goals, while avoiding future disruptions [3]. To
assess the level of urban resilience from GI systems would
require defining the level of acceptability of the 4Rs
individually or as an aggregated resilience metric. In
addition, the decentralized nature of GI systems presents
a challenge for ownership and maintenance that are not
present in grey infrastructure. This social component
requires embedding participatory processes into engi-
neering assessments to ensure inclusivity and appropri-
ateness [11]. Therefore, assessing GI performance in
hybrid systems would require additional resources for
co-production of decision-making criteria, and the use
of metrics that include social dimensions [11].

Connectivity

A connected network of GI is important for people and
the environment and is related to urban resilience [4].
Increasing the connectivity between habitat patches at
the urban and regional level (between parks to larger
nature preserves) is known to reduce the isolation effects
of fragmentation and habitat loss [7]. GI can also provide
multiple ecosystem services that enhance the quality of
life of urban residents, particularly when GI projects are
multifunctional [42]. This dimension of connectivity of
GI systems aligns with the concept of ‘systems of cities,’
in which cross-scale interactions link cities and ecological
reserves together, allowing the flow of ecosystem services,
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information, energy, matter, people, wildlife, and innova-
tion [43].

Measuring the effects of a connected GI network on
urban resilience is not easy because it involves both
ecological and social dimensions. Carlier and Moran [7]
developed a method that involves defining landscape
types and analyzing the configuration and connectivity
of the network. This method can be used to develop
recommendations that preserve landscape connectivity
and allow for monitoring of future changes [43]. Feng
et al. [8] explored the ecological potential of brownfield
redevelopment projects considering the ecological
importance (potential of preventing ecological degrada-
tion and achieving ecological balance), and patch impor-
tance (location of the project with respect to the GI
network) [8].

T'o measure the social benefits of a GI network, Rall ez a/.
[42] propose adding social values to urban GI planning,
emphasizing the need for collaborative and socially inclu-
sive processes. Another method to assess connectivity is
agent-based models that consider individuals and eco-
logical patches. This method can result in a more realistic
simulation of the complex social-ecological processes,
focusing on individuals’ decision-making [20]. The con-
nectivity of social and spatial relationships can be com-
plex and there is a need to unpack that complexity to
understand system function. Simulation models are one
approach to do so, but likewise, frameworks that guide the
articulation of specific resilience domains can serve as
analytical starting points [44].

Social

T'he concept of social, or community, resilience has been
widely used to describe communities’ abilities to with-
stand, respond, and adapt to change [45]. Based on this
rapidly expanding body of scholarship and practice, resil-
ience is a socially driven response that can enable social
groups to cope with and recover from change, uncertainty,
crisis, and disaster while maintaining some acceptable
level of functionality [46,47°°,48]. The social components
of resilience allow for the mobilization of key resources
during times of crisis, as well as enabling communities to
adapt to future changes through preparedness and plan-
ning [48-51]. Social resilience can be measured through
assessments of these social networks that connect
resources to vulnerable social groups [46], pre-existing
social vulnerabilities and exclusion [52], and by local and
regional governance systems [45]. Because many urban
systems exhibit strong patterns of segregation, it is impor-
tant to recognize the differential impact of environmental
conditions on different populations and the role that
resilience plays in issues of environmental justice [45].

GI can contribute to social resilience by reducing pre-
existing social vulnerabilities [2°°]. In an urban context,

GI can influence aspects of social vulnerability such as
crime rates and violence [53,54], limits to physical activity
and public health [55], and barriers to building social
capital and cohesion [56]. Urban community resilience
depends on addressing these vulnerabilities by addres-
sing social diversity, adaptability and cohesion in the
planning and preparedness process. But, as Meerow
and Newell [2°°] observe, the multifunctionality of GI
can be a challenge for the planning process, as it inte-
grates aspects of both ecological and social resilience that
require input from a diverse set of stakeholders and
institutions. Questions of equal access and benefit, often
framed in terms of ‘resilience for whom,’ can also make
considerations of how to enhance social resilience through
GI problematic without careful attention to pre-existing
social vulnerabilities [57°]. Thus, to better assess the
contributions of GI into the future, practitioners and
academics need to consider aspects of social exclusion
and vulnerability and the ways in which planning for GI
can improve equal access and public engagement while
addressing ecological needs.

Conclusions

We have explored the state of the art around four key
dimensions of GI that can be used to analyze and measure
the effects of GI systems on urban resilience. We find that
GI can help support urban resilience across a broad set of
actions from the development of policy at the municipal
scale that add social dimensions to GI planning, and this
way, enhance the likelihood of creating more inclusive
and appropriate (context-specific) GI systems that con-
sider the most vulnerable populations. It is important to
recognize GI as just one component in considering urban
areas as coupled natural-human systems and CIS. GI has
explicit dimensions of both social and physical systems
and the four dimensions we outline above provide a
pathway to understand the role of GI in the context of
urban systems resilience.

Beyond their individual features and contributions to
supporting urban resilience, we observe interactions
across the various dimensions that may serve to support
further resilience. For example, institutional support is
needed to regulate and foster GI, to ensure engineering
systems embrace inclusivity, and to support connectivity,
and social networks. Likewise, the effective performance
of hybrid systems during disasters ensures the continuous
connectivity and the functioning of social networks that
can help cities recover faster. Similarly, social cohesion
and resilience enables the co-production of assessment
methods for engineering systems, and the participation of
the community in the creation of GI policies.

We conclude that any assessment or evaluation of urban
resilience from GI systems should involve the four
dimensions examined here (policy, performance, connec-
tivity, and social) with special attention to participatory
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processes that involve diverse populations, and that
ensure co-production of policies, performance criteria,
connectivity, and social resilience, to avoid increased
social vulnerability of disadvantaged groups and exacer-
bated injustices. Existing literature on the role of GI in
urban resilience consider some aspects of these four
dimensions, we see utility in adopting a broader perspec-
tive that incorporates a more expansive or comprehensive
perspective. This approach can encourage the develop-
ment of urban GI policies that reflect the needs of all
community members, and GI systems that enhance urban
resilience.
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