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Abstract: Widespread implementation of nature-based solutions like green infrastructure, provides a
multi-functional strategy to increase climate resilience, enhance ecological connectivity, create health-
ier communities, and support sustainable urban development. This paper presents a decision-support
framework to facilitate adoption of green infrastructure within communities using the Climate
Change Local Adaptation Action Model (CCLAAM) developed for this purpose. It also presents an
ecosystems-based approach to bridging the gap between climate change mitigation and adaptation
actions in Ontario, Canada. Green infrastructure could be a viable strategy to address multiple
climate change impacts and support the implementation of the UN Sustainable Development Goals
(SDGs).

Keywords: green roofs; green walls; tree-based intercropping; urban agriculture; urban forestry;
nature-based solutions; green infrastructure; public health; food security; climate security

1. Introduction

Widespread implementation of green infrastructure can provide a nature-based solu-
tion to bridge the gap between climate change mitigation and adaptation actions. It also
presents a unique opportunity to perform the dual functions of mitigation and adaptation
simultaneously. Climate change mitigation is defined as an anthropogenic intervention to
reduce the anthropogenic forcing of the climate system and it includes strategies to reduce
greenhouse gas sources and emissions and to enhance greenhouse gas sinks [1]. Climate
change adaptation is described as an adjustment in natural or human systems in response
to actual or expected climatic stimuli or their effects, which moderates harm or exploits
beneficial opportunities [1]. Nature-based solutions like green infrastructure can function
as a complex form of adaptation that both minimizes the most harmful effects of climate
change on human health and the environment while mitigating the greenhouse gas (GHG)
emissions that cause climate change. Although there is common agreement that green
infrastructure is a good thing and that it provides a mechanism for addressing climate
change, what is missing is a clear understanding of how it can be leveraged as a complex
nature-based intervention if it is strategically applied. This paper addresses this issue.

The International Union for Conservation of Nature (IUCN) defines nature-based
solutions as “actions to protect, sustainably manage, and restore natural or modified ecosys-
tems, that address societal challenges effectively and adaptively, simultaneously providing
human well-being and biodiversity benefits” [2]. Nature-based solutions provide an um-
brella descriptor for the five categories of ecosystem-based approaches of which green
infrastructure is one [2–5]. Green infrastructure is a cross-sectoral approach to address the
impacts of climate change. In addition, the implementation of green infrastructure has mul-
tiple environmental and health co-benefits for communities, that can reduce the impacts of
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climate change and the associated burden of illness. The application of green infrastructure
can also increase health and environmental equity, and support implementation of the
United Nations Sustainable Development Goals (UN SDGs) across communities in the face
of a changing climate. The UN SDGs are a universal call to action to end poverty, protect the
planet, and improve the lives and prospects of everyone, everywhere. There are 17 Goals
as shown in Table 1 that have been adopted by all United Nations member states, including
Canada, in 2015, as part of the 2030 Agenda for Sustainable Development to achieve the UN
SDGs [6]. The 17 SDGs have 169 associated targets and over 230 indicators [7]. There are
linkages and interdependencies between the SDGs. Addressing climate change can have
positive benefits for biodiversity while sustainable agricultural practices can achieve food
security, in addition to reducing both poverty and greenhouse gas emissions. Achieving
the SDGs requires strategic implementation to ensure integration of the economic, social,
and environmental dimensions of sustainable development. Malfunction in one dimension
can influence the others [7]. Nature-based solutions like green infrastructure can address
these societal challenges.

Table 1. The 17 UN Sustainable Development Goals.

UN Sustainable Development Goals

Goal 1. No Poverty End poverty in all its forms everywhere

Goal 2. Zero Hunger End hunger, achieve food security and improved nutrition and promote
sustainable agriculture

Goal 3. Health and Well-being Ensure healthy lives and promote well-being for all at all ages

Goal 4. Quality Education Ensure inclusive and equitable quality education and promote lifelong
learning opportunities for all

Goal 5. Gender Equality Achieve gender equality and empower all women and girls

Goal 6. Clean Water and Sanitation Ensure availability and sustainable management of water and sanitation
for all

Goal 7. Affordable and Clean Energy Ensure access to affordable, reliable, sustainable, and modern energy for all

Goal 8. Decent Work and Economic Growth Promote sustained, inclusive, and sustainable economic growth, full and
productive employment, and decent work for all

Goal 9. Industry, Innovation, and Infrastructure Build resilient infrastructure, promote inclusive and sustainable
industrialization and foster innovation

Goal 10. Reduced Inequalities Reduce inequality within and among countries

Goal 11. Sustainable Cities and Communities Make cities and human settlements inclusive, safe, resilient, and
sustainable

Goal 12. Responsible Production and Consumption Ensure sustainable consumption and production patterns

Goal 13. Climate Action Take urgent action to combat climate change and its impacts

Goal 14. Life Below Water Conserve and sustainably use the oceans, seas, and marine resources for
sustainable development

Goal 15. Life on Land
Protect, restore, and promote sustainable use of terrestrial ecosystems,
sustainably manage forests, combat desertification, and halt and reverse
land degradation and halt biodiversity loss

Goal 16. Peace, Justice, and Strong Institutions
Promote peaceful and inclusive societies for sustainable development,
provide access to justice for all and build effective, accountable, and
inclusive institutions at all levels

Goal 17. Partnerships for the Goals Strengthen the means of implementation and revitalize the global
partnership for sustainable development

Successful implementation of the SDGs must occur across the global, regional, and
national levels and this implementation is reliant on the sustainable development policies
of individual countries. While the UN SDGs provide a compass to align national poli-
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cies with international commitments, local governments and communities are integral to
transforming these goals from vision to reality [6].

Green Infrastructure Benefits

Green infrastructure provides a series of complex adaptation interventions to address
climate change impacts. In addition, green infrastructure delivers an effective instrument
for climate change mitigation by reducing GHG emissions from the built environment
and providing carbon sequestration capacity. Emissions reductions and enhancement of
carbon sequestration capacity are essential to mitigating climate change. Although the
application of green infrastructure provides a mechanism for addressing climate change,
each application is a complex nature-based intervention with unique characteristics and
multiple co-benefits that can be strategically leveraged. Green infrastructure interventions
share common functions as illustrated in Figure 1, while others are exclusive to particular
applications. These functions include: air pollution abatement; temperature regulation;
carbon sequestration; increased biodiversity and pollinator support; building energy
efficiency; and stormwater management.
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Green infrastructure is broadly defined as inter-connected networks of natural and
engineered green space that provide diverse ecosystem services [3,8,9]. As shown in Figure
1, applications of green infrastructure can be categorized into five areas: green roofs, green
walls, urban vegetation and forestry, urban agriculture systems, and tree-based intercrop-
ping systems [3,8,9]. Green roofs can be extensive, weighing less because of shallower depth
and allowing for sloped roof application. Green roofs can also be intensive wherein there
is substantial depth to the soil layer and greater variety in vegetation [3,8–10]. Green walls
are building façades covered by plant growth or vegetated structures attached to building
facades that are fed by automatic fertilization and hydration systems [3,8,9,11,12]. Urban
vegetation and forestry include shrubs, bioswales (e.g., vegetated ditches for stormwater
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storage, drainage and infiltration), green permeable pavements (e.g., paved surfaces re-
placed with grass or herbs), rain gardens and trees [3,8,9,12,13] (Nowak et al., 2018). Urban
agriculture systems include growing roofs, rooftop gardens, market gardens, community
gardens, and micro gardens [3,8,9,14,15]. Tree-based intercropping systems are agricultural
lands where trees or shrubs are inter-cropped with plants such as winter wheat, hay, corn,
etc. [3,8,9,16].

Although the benefits of green infrastructure have been established in the scientific
literature as noted above, studies have focused primarily on single applications of green
infrastructure and individual benefits. In addition, the policy instruments that enable the
implementation of green infrastructure are often varied and not coordinated in any strategic
way to facilitate wide adoption. Varied and variable green infrastructure nomenclature
also presents a challenge. Without a common lexicon and shared understanding, the
pace of uptake and mainstream implementation of green infrastructure will be slow. The
differences in nomenclature present a unique challenge for decision-makers in whether
to adopt green infrastructure as a climate change intervention and allocate resources
for implementation. Implementation of green infrastructure in Ontario, Canada has not
occurred in a coordinated way that maximizes environmental and human health co-benefits,
and the ability of communities to implement green infrastructure locally varies in terms of
knowledge, capacity, and resources. To facilitate the widespread implementation of green
infrastructure, communities and decision-makers need guidance and support in evaluating
which applications of green infrastructure are most appropriate in addressing the social
and environmental impacts of climate change locally. In addition, localizing the SDGs
requires guidance at the community level. Effective action can only occur if climate change
is recognized and managed as an inter-disciplinary and cross-sectoral problem; and green
infrastructure is strategically applied as a complex nature-based intervention.

This paper presents an original decision-support framework for deep resilience
through the implementation of green infrastructure within communities using the Climate
Change Local Adaptation Action Model (CCLAAM) developed for this purpose. The term
‘deep resilience’ defines an intervention that can perform the dual function of both adapta-
tion and mitigation simultaneously, restore both anthropogenic and natural systems, and
improve planetary health. Both adaptation and mitigation measures are necessary, and as
such must work in concert to reduce the environmental and societal disruptions of climate
change [17]. The development of this framework uses Ontario, Canada as case study. Put
simply, this is a decision-support framework that accounts for the capacity of communities
to adapt to climate change and implement the UN SDGs locally. The CCLAAM uses Theory
of Change methodology to address the four categories of climate change impacts illus-
trated in Figure 2. The impacts of climate change are manifested in various ways. Some,
such as extreme weather events, are obvious as their intensity, duration and frequency
grows. Other impacts may seem less obvious as their effects are cumulative. In order to
frame the catastrophic impacts of climate change and a decision-support framework in
a comprehensive way, the biblical and apocalyptic metaphor of the Four Horsemen who
represent War, Famine, Pestilence, and Death, are used to categorize the impacts of climate
change. The decision support framework presented in this paper provides a pathway to
address these impacts.
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2. Methodology

To support the development of the decision-support framework and CCLAAM tool, a
theory of change was established which postulates that when communities come together
and implement multiple activities to support the widespread application of green infras-
tructure, everyone will be better prepared to manage the impacts of climate change across
Ontario, Canada and protect the health and well-being of the people living and working in
the province. Theories of change support monitoring and evaluation in order to facilitate
greater understanding and assessment of impacts in areas such as governance, capacity
building and institutional development that can be challenging to measure. A theory of
change provides a causal framework of how and why interventions or actions occur within
specific circumstances to achieve desired outcomes [18]. It provides a roadmap of how to
achieve a desired end by identifying rationales for preconditions and [18].

Theory of Change methodology is rooted in the evaluation field. The term “theory of
change” describes a set of assumptions that explain the various stages leading to a long-
term goal and the interdependencies between program activities and outcomes that occur
throughout the process [19–21]. By specifying the theories of change that influence complex
initiatives, this process can improve evaluation and the ability to attribute outcomes to the
goals set out in the theory of change. Planning and evaluation processes that utilize theories
of change have become widespread among philanthropic organizations, government
agencies, international non-governmental organizations, and the United Nations [19].

To support the theory of change that governs the decision-support framework and the
CCLAAM, four strategies were established with a series of activities and corresponding
outcomes to address the four categories of climate change impacts illustrated in Figure 2.
The four strategies support the supposition that when communities come together and
implement multiple activities to support the widespread application of green infrastructure,
everyone will be better prepared to manage the impacts of climate change across Ontario,
Canada and to protect the health and well-being of the people living and working in the
province. The strategies include: (1) increasing the adaptive capacity of communities to
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reduce resource conflict and security threats to address the Horseman of War category of
climate change impacts; (2) increasing the adaptive capacity of communities to manage
the impacts of resource scarcity to address the Horseman of Famine category of climate
change impacts; (3) increasing the adaptive capacity of communities to reduce and prevent
the spread of pathogens and vector-borne diseases; and food and waterborne illnesses to
address the Horseman of Pestilence category of climate change impacts; and (4) increas-
ing the adaptive capacity of communities to reduce and prevent species endangerment,
extirpation, and extinction to address the Horseman of Death of climate change impacts.

Each of the four aforementioned strategies has a corresponding set of activities and
associated outcomes. The activities and outcomes that provide the basis of the decision-
support framework and CCLAAM were developed using the results from five different
studies. The first study undertaken was a systematic review deconstructing green infras-
tructure form, function, and nomenclature to provide an understanding of how green
infrastructure works as a complex intervention, its characteristics, the metrics for perfor-
mance and regulatory enforcement, and the multiple co-benefits that can be leveraged [8,9].
The second study undertaken was a health equity impact assessment of green infrastruc-
ture implementation in Ontario that evaluated the public health impacts and community
benefits of publicly accessible and productive (i.e., allows for the production of food)
green infrastructure such as green roofs, green walls, rooftop gardens, community gardens,
etc. [8]. The health equity impact assessment process is widely used and supported by
the World Health Organization [22] to identify how a policy or strategy may impact the
health of population groups in different ways [23]. The third study undertaken was a regu-
latory impact analysis of the policy instruments which govern the implementation of green
infrastructure in Ontario, Canada [8]. Regulatory impact analysis (RIA) is a systematic
approach to critically assessing the positive and negative effects of proposed and existing
regulations and non-regulatory alternatives [24,25]. The fourth study undertaken was a
controlled field study to evaluate to the capacity of green infrastructure applications to
regulate urban surface temperature in Toronto, Ontario, Canada [8]. The fifth study under-
taken was a controlled field study to evaluate the capacity of multiple green infrastructure
application to reduce ozone, nitrogen dioxide and carbon dioxide concentrations across
different morphologies in Ontario, Canada [3,8].

3. Results

The Climate Change Local Adaptation Action Model (CCLAAM) is divided into
four sections that define outcomes over the short, intermediate, and long term to address
the four categories of climate change impacts through the implementation of different
applications of green infrastructure.

3.1. Climate Change Impact Category: War

Climate change is a threat multiplier. It exacerbates vulnerability across sectors
and can affect critical socioeconomic factors. For example, damage and loss of access to
transportation systems due to extreme weather events, have an impact on food access and
distribution, the movement of goods and services, and employment [26,27]. Climate change
can also intensify security risks through its impact on the infrastructure and resources
such as energy production and distribution, transportation networks, water supply and
management, and agricultural and food production systems, which are the foundation of a
stable and functioning society [26,28,29].

Climate change poses both a direct and indirect threat to human, national, and inter-
national security. This threat stems from the manner in which climate change influences
pre-existing security conditions [26,28,29]. Direct threats include impacts on military in-
stallations from extreme weather events and changes in sea levels, in addition to extreme
weather impacts on critical infrastructure (e.g., energy, communications, financial and
transportation) that can deteriorate the social and economic sustainability of a nation state.
In some cases, the physical threat of climate change is so extreme (e.g., coastal communities,
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communities in the far North, low-lying islands) that the very existence of a community or
a nation state may be called into question [26,28–30].

Climate change can also increase pressure on resources and infrastructure thereby
presenting an indirect security threat. Growing pressure on resources and infrastruc-
ture can reduce the governing capacity of nation states and can exacerbate civil unrest,
population displacement and disruption of livelihoods [26,29,31,32]. The dynamics of
international security in geostrategic environments like the Arctic can also be affected by
climate change [26,29,31,32]. Climate change is a stressor and a threat multiplier that can
upset the proverbial applecart affecting security on multiple fronts.

The strategy and associated outcomes described in Table 2 support reduction of re-
source conflict and security threats by reducing pressures on natural resources that are
a catalyst for conflicts, and by increasing the resilience of critical infrastructure which
if damaged has a destabilizing effect on communities. Flooding from extreme weather
events can significantly impact infrastructure and impervious surfaces throughout the built
environment exacerbate its effects. The application of green infrastructure in its various
forms can manage stormwater, reduce flood risk, and reduce runoff and pollution. Green
infrastructure can manage stormwater by providing water storage during rainfall events,
reducing overland flows, and preventing sediment erosion and nutrient loading [12,33,34].
Stormwater management varies with each green infrastructure application and is influ-
enced by factors including location, proximity to impervious surfaces, depth of soil or
substrate, and type and ratio of vegetation. For example, the application of a green roof
can reduce stormwater runoff and flooding from 50 to 100 percent depending on the depth
of the substrate, roof slope and plant species [35]. Green roofs retain stormwater in the
substrate which evapotranspires back into the atmosphere [35]. Water that is discharged
from the green roof is delayed by the time required to fully saturate the substrate and
eventually drain. This process can reduce the burden on municipal stormwater systems by
preventing sewer overflow and potential downstream erosion [35]. Urban vegetation and
forestry provide permeable surfaces for bioinfiltration which enables both evapotranspira-
tion and groundwater recharge [33]. In addition, urban vegetation and forestry can reduce
overland flows and discharges to receiving waterbodies [33]. Tree-based intercropping
systems provide a buffer to reduce runoff and nutrient loading from agricultural fields to
nearby water bodies [36], while urban agriculture systems decrease impervious surface
area, retain stormwater and increase infiltration [14].

Table 2. Strategy and associated outcomes from activities that increase the adaptive capacity of communities to reduce
resource conflict and security threats through the application of green infrastructure.

Strategy Outcomes

1. Increase the adaptive capacity of communities to reduce
resource conflict and security threats

• Reduce water quantity stress

• Enhance the capacity of natural heritage areas to respond to
the effects of extreme weather events

• Increase the ecological health and propagation of long-lived
tree and vegetative species

• Reduce fragmentation of natural areas, degraded water
quality, and negative impacts to fish and wildlife habitat

• Maintain natural biodiversity

• Protect fish species, habitat. and the aquatic food web

• Reduce and prevent service interruptions, damage, and
property loss

• Reduce impacts on the local economy from utility and
infrastructure disruptions

• Increase resilience of critical infrastructure
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3.2. Climate Change Impact Category: Famine

Weather variation affects crops and livestock thereby impacting food security. Food
security is impacted by escalating food prices and food availability. Climate change affects
the four dimensions of food security that include availability (i.e., the production and trade
of food), supply stability, food access, and food utilization [37]. Food security is affected by
the changing climate but the associated socioeconomic impacts such as changes to the flow
of trade, food stocks and aid policy, are the most critical factors in food security [26,38].
The impact of climate change on food availability varies by region and geography. Where
there is a reduction in the production potential of a jurisdiction that already has diminished
land and water resources, climate change will exacerbate the burden of pre-existing food
insecurity [39–41].

Weather variability, including the intensity, duration, and frequency of extreme
weather events such as droughts and flooding, impacts food supply and food access.
In addition, loss of arable land and viable fisheries from flooding and coastal erosion
further exacerbates food insecurity [42]. Water scarcity and rising temperatures also have
implications for food processing, consumption and the incidence of foodborne illness. In
areas at greater risk of flooding, exposure to vector-borne and waterborne illnesses can
increase, lowering capacity to produce and utilize food effectively [38].

The strategy and associated outcomes described in Table 3 can help to manage the im-
pacts of resource scarcity and food insecurity by increasing food availability and food access
and providing greater stability in the supply of food and water through implementation of
green infrastructure. Through the widespread implementation of different applications of
green infrastructure across communities, it is possible to increase food security by building
redundancy and resiliency into the system by increasing food availability and access at the
local level and reducing reliance on supply chains that can be negatively impacted by exter-
nalities such climate change [8,9]. Urban agriculture systems can reduce the food miles and
carbon footprint associated with conventional agriculture through local food production
and distribution [8,9]. These systems can also reduce the pressures on conventional agricul-
ture and can improve food security when large-scale agricultural production is affected by
weather variation [8,9]. Urban agriculture systems provide key ecosystem services includ-
ing stormwater management and pollination [14,43]. Urban agriculture systems have also
been shown to enhance insect and vertebrate diversity and to provide pollinator friendly
habitat [14,44]. The application of tree-based intercropping systems improves soil health
and increases bird and insect diversity and earthworm distribution [45,46]. Tree-based
intercropping systems reduce the ecological impacts of agricultural production and create
more bio-diverse and sustainable land-use systems [16,45,46]. Tree-based intercropping
can reduce GHG emissions associated with conventional agricultural practices by reducing
reliance on pesticides and fertilizers and increasing canopy cover [16,46]. These systems
also act as a carbon sink by sequestering carbon in the trees and by enhancing soil carbon
sequestration capacity through improved soil health [46]. Multiple green infrastructure ap-
plications can create a network of sites and spaces to provide wildlife habitat and increase
habitat connectivity and biodiversity [14,33,34,44].
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Table 3. Strategy and associated outcomes from activities that increase the adaptive capacity of communities to manage the
impacts of resource scarcity through the application of green infrastructure.

Strategy Outcomes

2. Increase the adaptive capacity of communities to manage the
impacts of resource scarcity

• Increase efficiency and conservation in water use to maintain
future demands for water within sustainable limits

• Improve water quality

• Maintain healthy aquatic ecosystems

• Enhance and protect groundwater recharge areas

• Increase food security

• Facilitate more equitable food access

• Reduce food miles

3.3. Climate Change Impact Category: Pestilence

With warmer summer temperatures and shorter winters, the risk of diseases (e.g.,
Lyme disease, West Nile, and Zika virus) transmitted by mosquitoes, ticks and other
vectors is increasing due to ecological changes, increased human exposure, and faster
maturation cycles for pathogens [27]. Exposure to pathogens which are sensitive to climate
can occur through direct contact with eyes, ears, or open wounds, when contaminated
food or water is ingested, or when bathing or swimming through incidental ingestion [47].
Waterborne pathogens may be zoonotic in origin, concentrated by bivalve shellfish such as
mussels or oysters, or through crop irrigation [47]. Enteric organisms that are transmitted
by the fecal oral route and naturally occurring bacteria and protozoa in aquatic systems are
also pathogens of concern. Changes in climate, including temperature and precipitation
patterns, can directly influence the growth, survival, persistence, transmission, and viru-
lence of pathogens [47]. Disruptions to ecosystems and habitat for those species that are
zoonotic reservoirs, also influence pathogen range, vigour, and expansion when hosts and
vectors become dominant in depleted communities. Disrupted ecosystems affect zoonotic
pathogens where species vary in their susceptibility to infection by a pathogen. Greater
biodiversity often results in lower disease risk [47,48].

Rising temperatures are directly linked to an increased risk of enteric disease when
groundwater, surface water or other drinking water sources are contaminated by flooding,
runoff, or damaged infrastructure [48,49]. Changes in temperature and precipitation can
influence enteric infections. Warmer and wetter conditions are favourable to the growth
of bacterial pathogens on produce crops such as lettuce [50,51]. In addition, both drought
and flooding conditions support pathogen adhesion to leafy crops [51,52]. Heavy rainfall
events result in higher concentrations of enteric viruses in both drinking and recreational
water [51,53].

The strategy and associated outcomes described in Table 4 can help to reduce and
prevent the spread of pathogens and vector-borne diseases, and food and waterborne
illnesses through implementation of green infrastructure. Widespread implementation
of different applications of green infrastructure across communities can regulate rising
temperatures through evapotranspiration and shade provision. It can also reduce the
burden of heavy rainfall events on stormwater infrastructure, and reduce runoff, nutrient
loading, and contamination of tributaries and water bodies. Green infrastructure applica-
tions such as green roofing, urban vegetation, and forestry can effectively manage flood
risk by facilitating water absorption and retention, in addition to reducing surface water
run-off during rainfall events and related pollution [12,33,34]. In addition, green roofing
and urban vegetation provide stormwater management capacity by slowing overland
flows, reducing runoff, and increasing permeable surface area. Urbanization and sprawl
have led to landscape fragmentation and reduced connectivity between green and blue
spaces such as forests, rivers, stream, and lakes. This in turn has reduced natural habitat
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and diminished natural ecosystem functions and biodiversity. Widespread implementation
of different green infrastructure applications can create a network of sites and spaces to
provide species habitat and increase habitat connectivity and biodiversity [14,33,34,44].
The application of green infrastructure has been shown to enhance insect and vertebrate
diversity and support ecosystem services such as pollination through the provision of
habitat [14,44].

Table 4. Strategy and associated outcomes from activities that increase the adaptive capacity of communities to reduce and
prevent the spread of pathogens and vector-borne diseases; and food and waterborne illnesses through the application of
green infrastructure.

Strategy Outcomes

3. Increase the adaptive capacity of communities to reduce and
prevent the spread of pathogens and vector-borne diseases, and

food and waterborne illnesses

• Reduce conditions favourable to pathogen spread

• Facilitate positive species response to climate change

• Increase biodiversity to support zooprophylaxis and dilution
effect

• Improve water quality

• Reduce food miles and contamination pathways

3.4. Climate Change Impact Category: Death

Ontario’s ecosystems are under extreme stress and face multiple threats from land use
change and development resulting in fragmentation and habitat loss, in addition to toxic
pollution [54]. The unsustainable harvesting of species and the spread of invasive species
also threaten the biodiversity of the province [54]. As mentioned previously, climate change
is a threat multiplier. For Ontario’s ecosystems, it can exacerbate threats and stressors
for example, by expanding the range and vigour of invasive species as temperatures
grow warmer. Climate change presents a threat all its own to ecosystems and species
through warmer air and water temperatures, decreasing ice cover and changing patterns
of precipitation [54]. These changes will render some species of plants and animals native
to Ontario, unable to survive while others will adapt to the changing climate. Range
expansion of other plant, animal and insect species from outside Ontario is occurring. A
case in point is the black legged tick which can transmit Lyme disease between animals
and humans [55–57]. The occurrence and abundance of both native and invasive species is
being affected by warming temperatures [54,57].

Aquatic ecosystems across the province are being affected by the changing climate
in the distribution of fish species, their growth, and their reproduction and survival
rates [54,57–59]. Warmer water temperatures are affecting stream flow and will lead to a
decline in some cold-water fish species like lake and brook trout while warm-water species
such as smallmouth bass and walleye will benefit with an anticipated northward habitat
expansion [54]. Water quality is being affected by more frequent precipitation events
resulting in increased nutrient levels in lakes [54,57]. Changes in sea ice cover are affecting
Ontario’s polar bears and reducing their survival rates through diminished hunting access
and denning habitat [60,61].

Changes in phenology including spring breeding cycles and the earlier onset of
plant flowering are occurring. Changes in species distribution have occurred with an
observed shift in northward range expansion and in migration patterns [57]. As a result, the
composition and distribution of species are being negatively affected due to competition
for resources, changes in interactions between species that interact or depend on one
another for survival, such as predator-prey and host-parasite relationships, in addition
to pollinator insects and flowering plants [54,57]. Warming temperatures are impacting
northern Ontario from melting permafrost, to altered species distribution in the boreal
forest, and the loss of peatlands, a major carbon sink in Ontario [54,62,63].
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Climate change is not solely an environmental phenomenon. Humans are directly
exposed to climate change and are at risk of adverse health outcomes from the impacts of
climate change such as air pollution, extreme temperatures, and flooding. Climate related
health risks include heat stress, reduced air and water quality, vector-borne diseases, water
and foodborne illness, and food insecurity. Within urbanized areas, ozone (O3), nitro-
gen dioxide (NO2) and particulate matter (PM) are the most abundant air pollutants [64].
Ground level ozone has harmful environmental effects that include damage to vegetation
and material damage to substances such as rubber [2,5,65]. Ground level ozone is very
reactive and exposure can cause respiratory conditions including pulmonary inflammation
and reduced lung capacity [5,65,66]. In addition to irritation of the eyes, nose, and lungs;
ozone exposure can exacerbate pre-existing health conditions such as asthma and bron-
chitis [66–68]. Adverse human health effects from exposure to nitrogen dioxide include
decreased lung function and exacerbation of respiratory conditions such as asthma, in
addition to harmful environmental effects that include acid rain and eutrophication in
water bodies [2,69,70].

As the climate changes, extreme weather and temperature events will increase in inten-
sity, frequency, and duration, resulting in amplified health risks for many people [47,68,71].
Extreme heat intensifies pollen and aeroallergen levels that trigger asthma [72]. Hot-
ter temperatures will also increase heat stress and risks from food and waterborne ill-
nesses [47,71,72]. In addition, people who are older, chronically ill, and socially disadvan-
taged are more vulnerable to the health effects of extreme heat that can include serious
illness and even death [47,71,72]. Rising temperatures as a result of climate change will
continue to intensify these problems [47,71,73]. Global climate change projections have
indicated that temperatures will continue to rise and the frequency and intensity of heat
waves will increase [47,71,74] although extreme cold events will likely decrease [75]. At a
regional level, heat waves are projected to increase across Ontario due to rising tempera-
tures [27,76,77]. People suffer illnesses and experience reduced quality of life when high
temperatures occur for an extended period of time. Those who are older, chronically ill,
and socially disadvantaged are more vulnerable to the health effects of extreme heat that
can include serious illness and even death. Urbanization, social disparity, and an aging
population will exacerbate the impact of rising temperatures.

The strategy and associated outcomes described in Table 5 can help to reduce and
prevent species endangerment, extirpation, and extinction through the implementation of
green infrastructure. Widespread implementation of different applications of green infras-
tructure across communities can reduce landscape fragmentation and increase connectivity
between green and blue spaces such as forests, rivers, streams, and lakes. Implementa-
tion of green infrastructure can also rebuild natural habitat and restore natural ecosystem
functions and biodiversity. Widespread implementation of different green infrastructure
applications can create a network of sites and spaces to provide species habitat and increase
habitat connectivity and biodiversity [14,78–81]. Green infrastructure also improves water
quality by reducing flood risk, runoff, and pollution. It provides water storage during
rainfall events, reducing overland flows, and preventing sediment erosion and nutrient
loading [14,33,35,36].

Table 5. Strategy and associated outcomes from activities that increase the adaptive capacity of communities to reduce and
prevent species endangerment and extinction through the application of green infrastructure.

Strategy Outcomes

4. Increase the adaptive capacity of communities to reduce and
prevent species endangerment, extirpation, and extinction.

• Improve ecological connectivity

• Protect and restore aquatic and terrestrial ecosystems

• Enhance resilience of ecosystems and species

• Facilitate persistence of species-at-risk

• Enhance capacity of natural heritage areas to respond to the
effects of climate change

• Increase ecological health and propagation of long-lived tree
and vegetative species

• Reduce fragmentation of natural areas, degraded water
quality, and negative impacts to fish and wildlife habitat

• Maintain natural biodiversity

• Protect fish species, habitat, and the aquatic food web

• Improve air quality

• Reduce urban heat island (UHI) effect
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The application of green infrastructure regulates temperature and provides cooling
capacity through evapotranspiration and surface shading. Green infrastructure has a
moderating effect on temperature, providing cooling capacity, and reducing the urban heat
island effect [10,82–87]. Green infrastructure applications have also been shown to improve
health outcomes from extreme heat and air pollution [3,9,13,88–93].

Air quality is improved by the application of green infrastructure through atmospheric
deposition and immobilization of local air pollutants and particulate matter. Green infras-
tructure applications such as green roofs and green walls have been shown to reduce air
pollutant concentrations and provide urban cooling [3,9,85,94,95]. Studies have shown that
the application of green infrastructure can remove air pollutants including ozone, nitrogen
dioxide, and particulate matter [3,9,13,83,87,89,91]. Other applications of green infrastruc-
ture such as urban vegetation strategies like tree and shrub plantings in urban corridors
have also been shown to be effective in the immobilization of particulates, improvement of
air quality, and reduction of temperatures [3,9,13,86,96].

4. Discussion

The Climate Change Local Adaptation Action Model (CCLAAM) provides a deci-
sion support framework for deep resilience by facilitating the implementation of green
infrastructure. It establishes a theory of change to address the impacts of climate change
using Ontario, Canada as a case study. This decision-support framework accounts for
the capacity of communities to implement different applications of green infrastructure
by providing outcomes over the short, intermediate, and long term to address the four
categories of climate change impacts. The framework provides a comprehensive and com-
mon understanding of the multiple applications of green infrastructure and the associated
benefits. In addition, it can be applied across different spatial and temporal scales. It
provides guidance to communities and decision-makers to evaluate which applications of
green infrastructure are most appropriate to address the specific impacts of climate change
within individual communities through land-use planning. This guidance can facilitate
strategic application of green infrastructure as a complex climate change intervention in
a coordinated way that maximizes environmental and human health co-benefits. This
framework also directly contributes to the localized implementation of four UN SDGs and
their associated targets as shown in Table 6.

Each deep resilience strategy corresponds with one or more of the UN SDGs and their
associated targets. For example, strategy one supports two SDGs (i.e., Sustainable Cities
& Communities and Climate Action) and specific associated targets. On the other hand,
strategy two supports four SDGs (i.e., Zero Hunger, Sustainable Cities & Communities,
Climate Action, and Life on Land). Strategies three and four each support three SDGs
(i.e., Sustainable Cities & Communities, Climate Action, and Life on Land). Table 6
provides a provides a cross-stream translation with each strategy supporting the SDG for
Climate Action. There are linkages and interdependencies between the SDGs. Addressing
climate change can have positive benefits for biodiversity while sustainable agricultural
practices can achieve food security, in addition to reducing both poverty and greenhouse
gas emissions.

Currently, there are no green infrastructure implementation support tools compara-
ble to the CCLAAM. Other green infrastructure implementation support tools include
an ecosystem services analysis process for regenerative urban design [97], a conceptual
framework to support nature-based solutions in urban areas [98], a set of urban design
principles for the application of vegetation in urban areas [99], a hierarchical framework to
prioritize the implementation of urban green space [100], and a geo-information system
(GIS) based adaptation support tool for planning urban blue and green spaces [12]. The
CCLAAM is uniquely different from these other tools because it is built around a central
theory of change that is applicable to all communities and is not exclusive to urban settings.
In addition, the CCLAAM provides a series of activities and associated outcomes to enable
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evaluation and strategic selection of multiple green infrastructure applications to address
the impacts of climate change on individual communities.

Table 6. Deep Resilience strategies and corresponding UN SDGs and targets.

Deep Resilience Strategies UN SDGs SDG Targets

1: Increase the adaptive capacity of
communities to reduce resource conflict

and security threats

Goal 11—Sustainable Cities and
Communities: Make cities and human
settlements inclusive, safe, resilient, and
sustainable

11.5 By 2030, significantly reduce the
number of deaths and the number of
people affected and substantially
decrease the direct economic losses
relative to global gross domestic product
caused by disasters, including
water-related disasters, with a focus on
protecting the poor and people in
vulnerable situations
11.6 By 2030, reduce the adverse per
capita environmental impact of cities,
including by paying special attention to
air quality and municipal and other
waste management
11.7 By 2030, provide universal access to
safe, inclusive and accessible, green and
public spaces, in particular for women
and children, older persons and persons
with disabilities
11.a Support positive economic, social
and environmental links between urban,
peri-urban and rural areas by
strengthening national and regional
development planning
11.b By 2020, substantially increase the
number of cities and human settlements
adopting and implementing integrated
policies and plans towards inclusion,
resource efficiency, mitigation and
adaptation to climate change, resilience
to disasters, and develop and implement,
in line with the Sendai Framework for
Disaster Risk Reduction 2015-2030,
holistic disaster risk management at all
levels

Goal 13—Climate Action: Take urgent
action to combat climate change and its
impacts

13.1 Strengthen resilience and adaptive
capacity to climate-related hazards and
natural disasters in all countries

2: Increase the adaptive capacity of
communities to manage the impacts of

resource scarcity

Goal 2—Zero Hunger: End hunger,
achieve food security and improved
nutrition and promote sustainable
agriculture

2.4 By 2030, ensure sustainable food
production systems and implement
resilient agricultural practices that
increase productivity and production,
that help maintain ecosystems, that
strengthen capacity for adaptation to
climate change, extreme weather,
drought, flooding and other disasters and
that progressively improve land and soil
quality

Goal 11—Sustainable Cities and
Communities 11.5, 11.6, 11.7, 11.a, 11.b
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Table 6. Cont.

Deep Resilience Strategies UN SDGs SDG Targets

Goal 13—Climate Action 13.1

Goal 15—Life on Land: Protect, restore,
and promote sustainable use of terrestrial
ecosystems, sustainably manage forests,
combat desertification, and halt and
reverse land degradation and halt
biodiversity loss

15.1 By 2020, ensure the conservation,
restoration and sustainable use of
terrestrial and inland freshwater
ecosystems and their services, in
particular forests, wetlands, mountains
and drylands, in line with obligations
under international agreements
15.2 By 2020, promote the
implementation of sustainable
management of all types of forests, halt
deforestation, restore degraded forests
and substantially increase afforestation
and reforestation globally
15.3 By 2030, combat desertification,
restore degraded land and soil, including
land affected by desertification, drought
and floods, and strive to achieve a land
degradation-neutral world
15.4 By 2030, ensure the conservation of
mountain ecosystems, including their
biodiversity, in order to enhance their
capacity to provide benefits that are
essential for sustainable development
15.5 Take urgent and significant action to
reduce the degradation of natural
habitats, halt the loss of biodiversity and,
by 2020, protect and prevent the
extinction of threatened species
15.9 By 2020, integrate ecosystem and
biodiversity values into national and
local planning, development processes,
poverty reduction strategies and accounts

3: Increase the adaptive capacity of
communities to reduce and prevent the
spread of pathogens and vector-borne

diseases, and food and waterborne
illnesses

Goal 11—Sustainable Cities and
Communities

11.5, 11.6, 11.7, 11.a, 11.b

Goal 13—Climate Action 13.1

Goal 15—Life on Land 15.1, 15.2, 15.3, 15.4, 15.5, 15.9

4: Increase the adaptive capacity of
communities to reduce and prevent

species endangerment, extirpation, and
extinction.

Goal 11—Sustainable Cities and
Communities 11.5, 11.6, 11.7, 11.a, 11.b

Goal 13—Climate Action 13.1

Goal 15—Life on Land 15.1, 15.2, 15.3, 15.4, 15.5, 15.9

The ecosystem system service analysis process for regenerative design put forward by
Zari (2015) [97] is focused on incorporating green infrastructure (e.g., forestry and vegeta-
tion) in highly urbanized settings to restore ecosystem function and service provision to
pre-development levels in New Zealand. This tool does not provide activities or outcomes
to support the implementation of green infrastructure rather it provides another lens in
setting environmental performance goals within urban development. The conceptual
framework to support nature-based solutions in urban areas put forward by Connop et al.
(2016) [98] identifies the benefits and ecosystem services associated with green infras-
tructure (e.g., trees and vegetation) and potential barriers to implementation to support
effective green infrastructure development in urban centres in England and Germany. The
urban design principles for the application of vegetation in urban areas put forward by
Kleerekoper et al. (2012) [99] are focused on incorporating vegetation, water, compact built
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form, and reflective or permeable materials into urban development specifically to reduce
urban heat island effect in the Netherlands. The hierarchical framework to prioritize the
implementation of urban green space put forward by Norton et al. (2015) [100] provides a
prioritization framework to reduce extreme heat events using green infrastructure (e.g.,
trees, vegetation, green roofs and walls) in urban areas in Australia. The geo-information
system (GIS) based adaptation support tool put forward by Voskamp and Van de Ven
(2015) [12] is focused on increasing the adaptive capacity of urban areas in the Netherlands
specifically to flooding, drought and extreme heat using green and blue infrastructure (e.g.,
trees and vegetation, green roofs and walls, and various types of water infrastructure).

The CCLAAM is a novel decision-support framework that illustrates how multiple
green infrastructure applications can specifically address the impacts of climate change
when strategically applied within individual communities. The CCLAAM provides a multi-
faceted solution to the challenges presented by different urban, suburban, and peri-urban
morphologies across Ontario, Canada. It would be beneficial to test the CCLAAM in com-
munities that are representative of different urban, suburban, and peri-urban morphologies
to further refine it. To understand how it performs within different contexts, it would also
be beneficial to test the CCLAAM with the participation of different communities and
decision-making organizations such as municipalities; Indigenous communities; public
health agencies; real estate management companies; or academic institutions with real
estate assets.

5. Conclusions

This decision-support framework can assist communities in harnessing the four horse-
men of climate change using green infrastructure as a complex nature-based intervention.
Without a common lexicon and shared understanding, the pace of uptake and mainstream
implementation of green infrastructure will be slow. Enabling climate resilient pathways
that enable both mitigation and adaptation for sustainable development are essential for
reducing negative anthropogenic influence on the climate system. The CCLAAM is a novel
decision-support framework that illustrates how multiple green infrastructure applica-
tions can specifically address the impacts of climate change when strategically applied
within individual communities. This framework enables deep resilience through the co-
ordinated and strategic implementation of multiple applications of green infrastructure
while localizing implementation of the UN SDGs at the community level. It also maximizes
environmental and human health co-benefits and accounts for local variation in knowledge,
capacity, and resources by providing multiple green infrastructure applications suitable for
different urban, suburban, and peri-urban morphologies.
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