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a b s t r a c t

In order to develop climate resilient urban areas and reduce emissions, several opportunities exist
starting from conscious planning and design of green (and blue) spaces in these landscapes. Green urban
infrastructure has been regarded as beneficial, e.g. by balancing water flows, providing thermal comfort.
This article explores the existing evidence on the contribution of green spaces to climate change miti-
gation and adaptation services. We suggest a framework of ecosystem services for systematizing the
evidence on the provision of bio-physical benefits (e.g. CO2 sequestration) as well as social and psy-
chological benefits (e.g. improved health) that enable coping with (adaptation) or reducing the adverse
effects (mitigation) of climate change. The multi-functional and multi-scale nature of green urban
infrastructure complicates the categorization of services and benefits, since in reality the interactions
between various benefits are manifold and appear on different scales. We will show the relevance of the
benefits from green urban infrastructures on three spatial scales (i.e. city, neighborhood and site specific
scales). We will further report on co-benefits and trade-offs between the various services indicating that
a benefit could in turn be detrimental in relation to other functions. The manuscript identifies avenues
for further research on the role of green urban infrastructure, in different types of cities, climates and
social contexts. Our systematic understanding of the bio-physical and social processes defining various
services allows targeting stressors that may hamper the provision of green urban infrastructure services
in individual behavior as well as in wider planning and environmental management in urban areas.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Urban areas are facing increasing challenges from climate
change, for example, floods, droughts, heat waves and other threats
to human comfort and environmental justice. In addressing ways to
deal with these challenges, growing attention has been paid to the
potential role of green and blue spaces, often approached with the
e of Social Sciences, Lossi 36-
concept of green (and blue) infrastructure (GUI). Green urban
infrastructure can be interpreted as a hybrid infrastructure of green
spaces and built systems, e.g. forests, wetlands, parks, green roofs
and walls that together can contribute to ecosystem resilience and
human benefits through ecosystem services (Naumann et al., 2010;
Pauleit et al., 2011; European Environment Agency, 2012). Although
GUI cannot fully replacenatural areas, it is regardedas beneficial, e.g.
as it can provide habitats for diverse biota and thereby help protect
terrestrial and aquatic ecosystems (Ignatieva et al., 2011).However, a
more integrated approach highlights the need for a holistic view of
functions from nature conservation to social benefits, including
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benefits for copingwith climate change, for citizens from regional to
city (neighborhood) and site specific scales (Naumann et al., 2010;
Niemel€a et al., 2010; Pauleit et al., 2011).

Green urban infrastructure has been indicated as promising for
reducing the adverse effects of climate change in urban areas, for
example, by balancing water flows to alleviate flooding, providing
thermal comfort by shading vegetation, and supporting coping
capacities by providing people with opportunities to grow food for
themselves (e.g. Krasny and Tidball, 2009; Cameron et al., 2012;
Farrugia et al., 2013). Green urban infrastructure has also gained
attention as a resource for mitigating climate change, e.g. its
biomass can function as carbon storage (e.g. Davies et al., 2011). In
scientific debates on climate change mitigation and adaptation,
green urban infrastructure has often been described in terms of
policy and governance (Naumann et al., 2010), but less holistically
based on empirical evidence of benefits and trade-offs. The services
and benefits of green urban infrastructure to climate change miti-
gation and adaptation have been studied (Gill et al., 2007;
Lafortezza et al., 2009), and conceptual frameworks have been
developed for addressing services and benefits in multi-scalar
contexts (Faehnle et al., 2014; Scholes et al., 2013). Improved
knowledge on the scales at which these services function and the
benefits are delivered can link these processes to the appropriate
level of decision-making, municipal or state authorities or indi-
vidual level (Sternlieb et al., 2013; Wyborn and Pixler, 2013).

This review synthesizes empirical evidence on the contribution
of green urban infrastructure to climate change mitigation and
adaptation services and benefits. For this purpose, we propose a
framework of ecosystem services and identify a set of green urban
infrastructure services and benefits reported in the literature. We
will address the production of the services, benefits, and potential
co-benefits as well as elaborate on trade-offs at various spatial
scales. The article concludes with identifying knowledge gaps
worth exploring in future research.

2. Evidence on services and benefits provided by GUI

In order to draw together the empirical evidence on the
contribution of green urban infrastructure from a climate change
Fig. 1. Green urban infrastructure services and benefits within
mitigation and adaptation perspective, we have developed a
framework for the analysis of the benefits (Fig. 1). Ecosystem ser-
vices can be defined as the contribution of ecosystems to human
well-being, based on ecological phenomena (Fisher et al., 2009).
Services are the production of benefits that are of value to the
people (Chan et al., 2012). For example, carbon storage and
sequestration (service) contributes to decreased CO2 emissions
(benefit), and regulation of climate (service) contributes to human
thermal comfort, which can be a benefit (Fig. 1).

Several authors (James et al., 2009; Heidrich et al., 2013;
Villarroel Walker et al., 2014) have highlighted the need for more
integrated approaches to analyze the physical and social benefits of
urban ecosystems and climate change mitigation and adaptation.
Addressing this call, the empirical evidence on the role of green
urban infrastructure in such a context is described (Fig. 1). Cate-
gorization of services and benefits is challenging because of the
multi-scalar and multi-functional nature of green urban infra-
structure and the multiplicity of interactions between the various
phenomena. For example, thermal comfort and improved air
quality (physical benefits) contribute to human health and quality
of life (health and restorative benefits), but the latter also depend
on many other issues. An aesthetically pleasant floodplain provides
flood protection by regulating water flows (service), enables rec-
reation (health and restorative benefit), but may also offer practical
knowledge (educational benefit) for climate change adaptation. We
will discuss a set of services and benefits that are reported in
literature as essential for climate change mitigation and adaptation.
This list is not exhaustive and others exist, e.g. food security ben-
efits of urban agriculture are excluded. However, we categorize the
key services and benefits that reflect the role of green urban
infrastructure in the context of climate change mitigation and
adaptation.

2.1. Physical benefits

2.1.1. CO2 reduction
Green urban infrastructure contributes to climate change miti-

gation as it directly removes CO2 from the atmosphere via photo-
synthetic uptake during the day and releases CO2 at night via
a climate change mitigation and adaptation framework.
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respiration, while additional uptake can occur via below-ground
biomass and soils (Velasco and Roth, 2010). The relative strength
of all source and sink terms will eventually make up the net urban
CO2 sequestration. For Leicester (the UK), Davies et al. (2011) re-
ported the total average carbon stored within the above-ground
vegetation across the city to be 31.6 t C per ha�1 of urban area
and 7.6 t C ha�1 alone for domestic gardens. This was similar to the
results of Zhao et al. (2010) in the Hangzhou downtown area, where
they reported 30.25 t C ha�1 and 1.66 t C ha�1 yr�1 as the average
carbon storage and sequestration rate, and a little higher than along
three sample transects radiating from the Seattle (the USA) central
urban core (18 ± 13.7 t C ha�1) (Hutyra et al., 2011). Carbon storage
can also vary considerably like in three cities in South Korea: from
26 to 60 t C ha�1 for natural lands within the cities, and from 4.7 to
7.2 t C ha�1 for urban lands (Jo, 2002). According to Nowak et al.
(2013) it varied between 31.4 t C ha�1 for South Dakota (USA)
and 141.4 t C ha�1 for Omaha (Nebraska, the USA). The overall
carbon storage of urban tree cover among all 28 cities across six US
states was 76.9 t C ha�1, with the net carbon sequestration rate
2.05 t C ha�1 yr�1.

Similar CO2 storage and sequestration can be expected from
building green as Ismail et al. (2012) report, measuring daily CO2
uptake for ten pots of Ipomoea pes-caprae showing the annual net
photosynthesis rate 2.3 t C ha�1 yr�1. Additional urban carbon
storage has been estimated from below-ground biomass and urban
soils. A study by Washbourne et al. (2012) across a 10 ha brown-
field in Newcastle upon Tyne (the UK) showed that for a soil vol-
ume of 1 � 106 t characterized by Ca-/Mg-rich silicate minerals, a
total carbon capture potential of 17 � 103 t C could be achieved. A
study of 60 soil cores to a depth of 60 cm in Chuncheon (South
Korea) showed an organic carbon storage average of 31 C ha�1 for
natural lands and 24 C ha�1 for urban lands (Jo, 2002). In general,
green urban infrastructure can be efficient CO2 reducers as Nordbo
et al. (2012) suggest that urban areas have a net sink of CO2 if their
natural fraction exceeds about 80%.

2.1.2. Thermal comfort and reduced energy use
Green urban infrastructure can play a role in climate change

adaptation through reducing air and surface temperature by
providing shading and enhancing evapotranspiration, which leads
to two benefits: reduced energy use and improved thermal com-
fort. We address the thermal comfort and reduced energy benefits
via physical indicators such as ambient temperature, turbulent
fluxes and energy savings.

Studies of parks in Singapore (Yu and Hien, 2006) showed that
the temperature outside the park's boundary gradually increases
whenmoving further away from the green area. The cooling impact
of parks is also reflected in the lower temperatures in the sur-
rounding built environment (the maximal average temperature
difference in locations nearby the park: 1.3 �C). A simulation of a
cooling energy load in surrounding buildings showed a maximum
10% reduction of energy consumption. Similarly, Shashua-Bar and
Hoffman (2000) predicted the cooling effects of small urban
green wooded sites in Tel Aviv to be about 2.8 �C; while Nonomura
et al. (2009) linked the accelerated temperature increase of 0.16 �C/
year (eliminating the background trends) to the decrease of vege-
tated area in a low populated urban sprawl of Takamatsu, Japan.

As shown by Cameron et al. (2012), domestic gardens play a
significant role in climate mitigation, in particular by insulating
houses against temperature extremes. Shashua-Bar et al. (2009)
concluded that courtyards with shade trees and grass yielded a
daytime temperature reduction of up to 2.5 �C. Green roofs often
reflect more sunlight than conventional rooftops (Santamouris,
2014), improve rooftop insulation, cool the air via evapotranspira-
tion from plants and evaporation from soils and reduce energy
demands via cooling and insulation (Cook-Patton and Bauerle,
2012). Reporting on green urban infrastructure for various sites
across the world, Bowler et al. (2010) concluded that surface tem-
peratures of green roofs are cooler than non-green roofs, even
though the actual difference changes according to the time of the
day, season, climatic conditions and the volume of water stored.

Green roofs can significantly reduce energy use (both in summer
cooling and winter heating) in buildings with poor insulation sys-
tems (Castleton et al., 2010). Under warm and sunny conditions
where soil moisturewas limited, evapotranspiration from the green
roof was low, leading to high sensible heat fluxes during the day.
Irrigation improved the performance of the green roof by
increasing evapotranspiration. Alexandri and Jones's (2008) study
of concrete and green roofs and walls across 9 cities in the world
showed that the hotter and drier the climate, the more important
the effect of green walls and roofs on mitigating urban tempera-
tures e an energy savings from 32% to 100% can be achieved in
cooling buildings. As for green facades, Cheng et al. (2010)
concluded that the application of turf as vertical greening
reduced the interior surface temperatures by more than 2 �C.

2.1.3. Reduced problems with flooding and improved water quality
Forests, wetlands and floodplains are known buffers of peak

flows and also purify water through pollutant removal. These ser-
vices are relevant to urban areas for adapting to changing weather
patterns and the dynamics of human requirements (Farrugia et al.,
2013). As the Manning's equation indicates, runoff in urban areas
has greater velocity due to smooth impervious surfaces compared
to rough natural surfaces (Jacobson, 2011). Therefore, while up to
60% of rainwater becomes runoff in vegetation-free cities, vege-
tated areas contribute only between 5 and 15%, thereby reducing
peak discharge and inducing groundwater recharge (Spatari et al.,
2011). However, effective functioning of green infrastructures de-
pends on their location in the urban landscape, and hence should
consist of a matrix of corridors and patches in areas with soils
having high infiltration capacity (Gill et al., 2007; Ellis, 2012). In the
highly flood prone urbanized Como Lake catchment, green areas
have reduced stormwater runoff up to 100% during normal pre-
cipitation years and 77e88% during high precipitation years
(Capitol Region Watershed District, 2012).

Assessment of bioretention cells has shown a reduction in peak
flows by at least 96.5% for small to medium-sized storm events
(Hunt et al., 2008). Comparison of green and black roof plots in-
dicates similar effects, where precipitation retention for smaller
storms (2.5 cm depth) is greater than for large storms (7.6 cm
depth) whilst green roofs may reduce the runoff up to 50% (Hall,
2010). A study of Mentens et al. (2006) on intensive green roofs
in Germany over a 16-year period demonstrated a runoff reduction
of 65e85%. This reduction depends on the green roof structure
(layers and depth), climate conditions and the amount of event
specific precipitation. Additionally, denser vegetation is known to
increase rainwater retention while greater biomass and plant pro-
ductivity are associated with greater evapotranspiration losses.
However, the role of biodiversity in influencing water quantity is
unclear (Cook-Patton and Bauerle, 2012).

Besides influencing the quantity and timing of runoff, green
urban infrastructure improves the physicochemical characteristics
of the water by removing suspended solids, nutrients, hydrocar-
bons, and heavy metals (Davis et al., 2009). A link between hy-
drologic performance and water quality has been found: the
reduction of peak flows and runoff volumes is associated with the
reduction in the Total Phosphorus (TP) and Total Suspended Solids
(TSS) (Odefey et al., 2012). While TP and TSS volume reductions are
reported at between 65 and 100% (Capitol Region Watershed
District, 2012), grass bioretention cells remove nitrateenitrite by
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up to 33%, phosphorus by up to 60% and faecal coliform by up to
100%, which is better compared to the vegetated cells with trees,
shrubs and mulch (Passeport et al., 2009). A review by Czemiel
Berndtsson (2010) revealed the role of soil material and fertilizers
in runoff quality from green roofs to increase phosphorus content.
However, modular green roofs, tested by Gregoire and Clausen
(2011), reduce overall pollutant loading by acting as a sink and
the efficiency of removal depends on the pollutant type, vegetation
type, soil properties, fertilizer addition and local climate.

2.1.4. Effects on air quality
Green urban infrastructure affects air quality through the ab-

sorption of pollutants like particulate matter (PM10). Some of the
particulates, such as black carbon, absorb light and are also called
short lived climate pollutants (SLCPs). Urban vegetation absorbing
SLCPs has a positive effect on climate change mitigation. However,
there is only a limited amount of empirical evidence available and
this is mainly related to roadside vegetation. Brantley et al. (2013)
have verified reductions in black carbon (indicating traffic
exhaust) behind the vegetation barrier; however, they did not see
changes in coarse or fine particle levels. Hagler et al. (2012) have
noted a variable effect of vegetative barriers also in case of near-
road ultrafine particle concentrations (reduction has only been
seen in some cases). Similarly, in two northern cities, Helsinki and
Lahti, Finland, urban parks and forests have been found to be
insignificant in influencing the levels of nitrogen dioxide (NO2),
anthropogenic volatile organic compounds (VOCs) and PM10 (Set€al€a
et al., 2013). In the US, forest edges have been revealed to function
as traps for wind-borne pollutants (Weathers et al., 2001).

The evidence based on modeling studies is much broader
compared to the results from empirical studies. In London, green
areas are estimated to remove 852e2121 tons of PM10 annually,
which equates to 0.7e1.4% PM10 reduction (Tallis et al., 2011).
Tiwary et al. (2009) have found that a 10 � 10 km grid in London
with 25% tree cover could remove 90.4 tons of PM10 per year. A
recent analysis in 10 US cities showed that the mass of fine particles
(PM2.5) removed by trees annually could be up to 64.5 tons in
Atlanta (Nowak et al., 2013). In Guangzhou, China, the annual
removal of nitrogen, and sulfur dioxide and total suspended par-
ticulates could be 312.03 tons (Jim and Chen, 2008). Nevertheless,
the absorption of pollutants varies by vegetation. Freer-Smith et al.
(2005) found that coniferous species are able to capture more
particles than species with broad leaves. Leaves with complex
shape as well as large circumference-to-area ratios, waxy cuticles
or ridged hairy leaves collect particles more efficiently (Tiwary
et al., 2009). Moreover, green roofs help to reduce air pollution
and some of the grasses, such as Agrostis stolonifera and Festuca
rubra, are more effective than Plantago lanceolata and Sedum album
at PM10 capture (Speak et al., 2012). Green walls are even more
efficient, potentially reducing NO2 concentrations by up to 40% and
PM10 up to 60% in street canyons (Pugh et al., 2012).

However, large trees on both sides of streets contribute to
reduced mixing, and dispersion of air pollutants as well as decrease
wind velocity and the related spread of particles (Gromke and Ruck,
2009; Keuken and van der Valk, 2010; Vos et al., 2013). As biogenic
volatile organic compounds (BVOC) emitted by trees cause in-
creases in ozone pollution, low BVOC emitting species could
decrease the risk of high-ozone episodes in urban areas (Calfapietra
et al., 2013). The biogenic emissions model expects an ozone in-
crease of 5e10% in the Northeast area of the USA and a PM2.5

decrease of 5% in the Southeast region in 2050 compared to 2000
(Lam et al., 2011). This is an example of a trade-off of short-lived
climate pollutants, where concentrations of black carbon
decrease, but ozone levels increase. Moreover, effects of climate
change can also occur in ozone production due to a change in
temperature, humidity, radiation and transportation of ozone
precursors, having different effects throughout Europe (Demuzere
and van Lipzig, 2010; Orru et al., 2013).

2.2. Psychological and social benefits

In addition to the focus on physical benefits, some studies
consider social benefits (James et al., 2009; Perring et al., 2012)
indicating that the proximity of urban ecosystems provides a range
of recreational and psychological benefits, as well as opportunities
for community bonding and education to adapt to climate change.

2.2.1. Health and restorative benefits
Green urban infrastructure has health benefits, as it increases

residents' participation in physical, leisure and social activities,
leading to relaxation, comfort and satisfaction (Mazlina et al.,
2012). Studies indicate that green urban infrastructure encour-
ages more active and healthier forms of travel such as walking and
cycling (Coombes et al., 2010), and as a result can help to mitigate
climate change as it can reduce carbon emissions. A review by
Tzoulas et al. (2007) suggested, however, that despite accumulating
evidence on the relationships between components of green urban
infrastructure and health, causal relationships are not easy to
establish. Good access to urban green spaces is associated with
higher physical activity levels, and a lower likelihood of being
overweight or obese (Coombes et al., 2010). Maas et al. (2009)
demonstrated how the annual prevalence rate of 15 of the 24 dis-
ease clusters was lower in living environments with more green
space in a 1 km radius. The relation was strongest for anxiety dis-
order and depression, and stronger for children and people with a
lower socio-economic status. Illness or impairment is considered as
a key impediment for taking adaptive measures in case of weather
extremes (Tzoulas et al., 2007).

Neighborhood green space enhances health by mitigating
stressful life events, e.g. at times of social and environmental per-
turbations (van den Berg et al., 2010). A link between the need for
restoration (worries and stress), the use of environmental self-
regulation strategies (favorite places), and restorative outcomes
has been demonstrated (Korpela et al., 2010). While evidence
suggests that an increase in average global temperature is likely to
be accompanied by an increase in aggressive feelings (Hsiang et al.,
2013), the use of urban green spaces has been examined to alleviate
thermal discomfort during periods of heat stress (Lafortezza et al.,
2009). According to Thorsson et al. (2007), the number of people
seeking shade in green areas increases rapidly with thermal con-
ditions. Analogously, Lin et al. (2012) and Lenzholzer (2012),
emphasized the importance of tree shade and accessible water to
improve thermal comfort and parks' attendance. As Tzoulas et al.
(2007) suggest, future research should clarify the positive or
negative health outcomes from different types and configurations
of green urban infrastructure.

2.2.2. Social and individual coping capacities
Coping capacities refer to the inner strengths and coping re-

sources for necessary adaptation to situational demands such as
climate change (Swim et al., 2009). In this respect, existing litera-
ture shows how green urban infrastructure may promote individ-
ual as well as community level coping capacities. On the individual
level, the perceived ability or inability to take corrective action and
to affect the outcomes can support climate change adaptation or
mitigation activities (Lertzman, 2012). People acting as stewards of
their environment through community gardening, park manage-
ment or watershed restoration (Krasny and Tidball, 2009) may
contribute to the feeling of self-efficacy in making the environ-
mental conditions more favorable around them. Evidence from



Fig. 2. Relevance of the benefits from green urban infrastructure for climate change
adaptation and mitigation on three spatial scales, based on the evidence discussed
above.
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climate education programs shows that participants gain in self-
efficacy, social competence, and a sense of civic responsibility
(Johnson et al., 2007). In turn, a stronger place attachment e the
feeling of ownership and responsibility promotes climate-positive
behavior, as individuals are more likely to act carefully in a place
they value (Gifford, 2008).

On the level of communities, studies suggest that in high density
urban areas, green space can improve social interaction, commu-
nity bonding and satisfaction, and can contribute to the resilience
of communities in the face of environmental extremes, floods or
conflicts (Krasny and Tidball, 2009). Opportunities to socialize in
green areas may be particularly important for more vulnerable
societal groups, e.g. the elderly, those in poor health, or those with
young children that tend to have limited access to social networks
(Kazmierczak, 2013). Analysis by Lafortezza et al. (2009) showed
that during thermal stress people living alone reported higher
benefits from green urban infrastructure than people living in
families. In addition, existing literature (Kazmierczak and Carter,
2010) shows that visitors engage in social activities (by parks of
good quality) and tend to form more extensive social ties.

2.2.3. Education
Psychological studies show that ignorance and uncertainty, be-

sides the effects of denial and habit, can be considered primary
psychological obstacles to taking adaptive or mitigation actions
toward climate change (Swim et al., 2009). Instead of focusing on
factual knowledge, more practically-oriented and hands-on
learning curricula enable people to better understand the depth
and delicate balance of cause and effect relationships between their
own actions and the urban ecosystem (Dearborn and Kark, 2010;
Hashimoto-Martell et al., 2012). Allotment gardens foster experi-
ential learning about local ecosystems, providing socialeecological
memories of gardening skills, local climate variability and other
ecological conditions for gardening (Barthel et al., 2010). Bycontrast,
public-access community gardens are more open to the general
public and interactive methods of managing a local green area and
enable to createmore heterogeneous learning about environmental
and social pressures that condition the creation andmaintenance of
green urban infrastructure (Krasny and Tidball, 2009).

3. Synthesis of GUI evidence and spatial scales, co-benefits
and trade-offs

3.1. Dealing with complexity by identification of relevant spatial
scales

Planning and managing green urban infrastructure and climate
change mitigation and adaptation needs to be approached holisti-
cally, taking into account diverse spatial-temporal dynamics
including the interactions between services (Fisher et al., 2009). One
way to deal with these complexities is to analyze the benefits in
relation to different spatial scales. The scalar differentiation can help
in identifying the particular biophysical characteristics thatmatter in
the benefit production and thereby could be taken into consideration
in decision-making related to regional, city-scale and site-specific
spatial plans (Niemel€a et al., 2010; Scholes et al., 2013; Sternlieb et al.,
2013). Focusing on spatial scales can also help to link activities and
capacities of various local actors to support the holistic management
of green infrastructure regionally (Wyborn and Pixler, 2013).

To address green urban infrastructure as the source of services
and benefits, we summarize the evidence in terms of their spatial
scales and the relevance of the benefits (Fig. 2). Acknowledging that
appropriate scales for an analysis depend on the particular issue at
hand (Sayre, 2009; Scholes et al., 2013; Villarroel Walker et al.,
2014), we chose a scale set (city-region, neighborhood-district,
site-block) that considers scalar aspects of each benefit, but is
simple enough to allow generalization. Adaptation benefits vary
greatly by local conditions and related vulnerabilities (Biesbroek
et al., 2010; Heidrich et al., 2013) and urban areas will need to
adjust adaptation-oriented scalar frameworks for their specific
local purposes. This general scale set can provide inspiration for
discussing usable scales and analysis approaches in different
regions.

Fig. 2 synthesizes our findings; a benefit was defined as relevant
on a scale when the evidence included from several studies' argu-
ments showed that this scale required attention in the planning of
green urban infrastructure because 1) the benefit is dependent on
green urban infrastructure components or characteristics on this
scale, and 2) this scale enables the consideration of the relevant
green urban infrastructure components and characteristics better
than some other scales. A benefit was marked as not defined when
the evidence was conflicting or unclear or if the evidence was
lacking. A benefit was defined as less relevant when there were
arguments from several studies showing that there are other scales
that are clearly more useful than this one.

The evidence discussed above is not all-encompassing but it
covers the essential part of empirical evidence found in the litera-
ture (Fig. 2). Based on the evidence, the following benefits/benefit
sets are relevant on all the three scales (city-region, neighborhood-
district, site-block): improved water quality, reduced problems
with flooding, peak flows and drought, and health and restorative
benefits, social and individual coping capacities and education.
Water related benefits arise from services linked to a regionally
functioning water system, whereby ignoring the regional scale
could lead to management degrading the system as a whole.
Ignoring the smaller scales, in turn, could lead to land use and
management solutions altering water connections within the sub
catchments and thereby, for example, preventing stormwater from
flowing to a green area in which it could be purified.

Evidence for green urban infrastructure on health and restor-
ative benefits, social and individual coping capacities and education
differs from the evidence on the other benefits addressed by the
complexity of human experiences and behavior, e.g. variation of
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cultures, lifestyles, mobility habits and place relations of urban
inhabitants. The spatial scale set is not sensitive to social scales such
as the individual, a family or a group; however, it enables a general
level consideration of the psychological and social benefits together
with other benefits as part of a holistic approach. The psychological
and social benefits are relevant on all three scales: on the site/block
scale possibly because the site characteristics define how the
environment can be experienced; on the neighborhood/district and
city/region scales these benefits are important because accessibility
of opportunities to specific experiences is dependent on land use
solutions on these scales.

Thermal comfort is a benefit with which it is possible to define
one scale as especially important, the scale of site/block. The
cooling effect of a green area beyond its boundary is supported by
few studies; most of them are simulations, especially those refer-
ring to the whole city/region scale. Effects of green urban infra-
structure on thermal comfort and reduced energy use are linked to
the characteristics of vegetation and vegetated surfaces, e.g. in ur-
ban street canyons and parks and on buildings. However, these
benefits may be relevant on the neighborhood/district scale as well.

Improved air quality was the most unclear of the benefits
studied. Air purification services can vary significantly by detailed
characteristics of green spaces such as tree type and the location of
Fig. 3. Co-benefits caused by green urban infrastructure. (1) Other green urban infrastruct
allotment gardens (health and restorative benefits, social and individual coping capacitie
references to color in this figure legend, the reader is referred to the web version of this a
vegetation in relation to buildings, and effects of this service have
been demonstrated only on a site/block scale. However, the evi-
dence is not particularly strong as it is dependent on case-specific
local characteristics and general conclusions are difficult to justify.

CO2 reduction was the only benefit for which it was possible to
define a less important scale. The site/block scale is less relevant
because the benefit makes sense when the volume of CO2
sequestration and storage is large, and for this, large green areas are
important and a single site less significant. If large areas are lost by
lack of attention to wider scales, the lost volumes are impossible or
at least difficult to compensate for with site/block scale solutions.

3.2. Co-benefits and trade-offs

Our review suggested that there are relevant co-benefits and
trade-offs that require attention in addressing the production of
services and benefits. Fig. 3 illustrates the co-benefits between
different services, based on the examples of the types of green
infrastructure that favor the benefit (trees, green roofs, etc).

The grade of the co-benefit observed is the result of the analysis
of published studies that provide empirical evidence (total 86 pa-
pers). This analysis has been accomplished by linking the green
urban infrastructure (e.g. green roofs) and the benefit (e.g. CO2
ure can refer to: rain gardens (flooding, peak flows and droughts and water quality),
s and education), bioswales and wetlands (water quality). (For interpretation of the
rticle.)
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reduction) they have generated, and assessing if this green urban
infrastructure also favors other benefits (e.g. thermal comfort). For
example, based on our analysis of the literature we can affirm that
health and restorative benefits have a high grade of co-benefit
(above 80%) with social and individual coping capacities. These
co-benefits are supported by all types of green urban infrastructure,
but also by others, in this case allotment gardens. From Fig. 3, it can
be concluded that physiological and social services favor co-
benefits with other services. This is because almost all types of
green urban infrastructure can benefit health, coping capacities and
education. More detailed descriptions and interpretations of the
benefits and tradeoffs are provided in the supplementary material.
In summary, in addition to the mentioned co-benefits, the
following trade-offs were identified:

� Maintenance activities: various maintenance and construction
activities (Carter and Keeler, 2008) emit carbon back into the
atmosphere via fossil-fuel combustion (e.g. construction,
transport). Fertilization can also be a problem, for example,
when an intensive green roof requires frequent fertilization
which reduces the quality of stormwater runoff (Berndtsson,
2010).

� Tree shade: very important in cold climates, as shade can reduce
solar radiation penetration, increasing winter heating demand
and reducing thermal comfort in streets and parks (Lin et al.,
2012; Maher, 2013).

� Large street trees: large trees on both sides of streets could also
contribute to reduced mixing, dispersion, and wind velocity and
thereby increase air pollution levels at the street-level (Gromke
and Ruck, 2009; Keuken and van der Valk, 2010; Vos et al., 2013).

� Density and mobility: if a city has extended green areas, the
population density generally reduces, increasing mobility and
fuel consumption.

� Animals and insects in green areas: may be a nuisance or pose a
health hazard as carriers of diseases (e.g. Lyme disease);
increased use of pesticides may in turn lead to reduced air and
water quality.

4. Conclusion

This article demonstrated that an increasing body of knowledge
related to the estimation of the benefits provided by green urban
infrastructure to climate change mitigation and adaptation is
available. The topic is clearly gaining momentum and many studies
provide empirical evidence that can be used to design green
infrastructure to decrease the vulnerability of urban areas to
climate change. However, the analysis also showed that it remains
difficult to draw unambiguous conclusions regarding the actual
contribution of green urban infrastructure. The main reason for this
is that in many cases it is not clear how the evidence obtained in
specific conditions and spatial spheres could be reproducible in
other conditions and spheres. Future research should provide such
important disclaimers and general conclusions. Nevertheless, the
potential of green urban infrastructure across scales is very bene-
ficial, particularly with respect to:

� The role of green urban infrastructure in contributing to climate
change mitigation and offsetting urban carbon emissions. Spe-
cifically, potential CO2 storage and sequestration of unconven-
tional green space, such as green roofs and green facades, for
which robust data are still lacking;

� The impact of greening interventions on thermal comfort in a
wider urban area;

� The cooling effect of green roofs in different types of buildings
and in different seasons;
� The absorption of air pollutants by different types and compo-
sition of green urban infrastructure;

� The cumulative effect of green urban infrastructure on runoff,
groundwater recharge and evapotranspiration, considering local
physiographic, climatic and biotic aspects;

� The vulnerable social groups that could benefit the most from
the health and restorative benefits offered by green urban
infrastructure;

� The characteristics of green areas which bring the most social
and psychological benefits at times of climate-related environ-
mental extremes;

� Co-benefits and trade-offs between the provision of physical
and social benefits of green urban infrastructure in response to
climate change effects;

� Complex stakeholder relations behind the provision of green
urban infrastructure services and benefits in different societal
and climatic contexts.

Concerning the analysis of trade-offs and co-benefits, it can be
concluded that many green urban infrastructure elements can
provide multiple benefits for urban areas. This should be taken into
account in planning and design, e.g. in assessing the usability of
specific greening techniques in different types of areas. Consider-
ation of the multi-functionality is particularly important as the case
of looking at one benefit only could, in turn, be detrimental from
another point of view (trade-offs).

Defining the scales of benefits carries several practical advan-
tages. First, on the individual level, indicating the specific benefits
of green urban infrastructure for climate change adaptation and
mitigation will reduce the uncertainty of climate change and the
global nature of its potential effects that are recognized as the
universal barriers to effective behavioral responses. Evidence on
the spatially defined benefits of green urban infrastructure mea-
sures for climate change adaptation can motivate citizens to un-
dertake often costly or difficult changes in behavior.

Second, on the level of political and administrative decision-
making, a better understanding of the spatial scales of green ur-
ban infrastructure benefits lies in the improved ability to set policy
objectives and responsibilities at appropriate administrative levels.
A more systematic understanding of the bio-physical and social
processes defining the various services from green urban infra-
structure enables to target the stressors hampering the provision
and quality of these services. Understanding the benefits of
greenery allows employing specific competences of regional and
local level authorities, e.g. in urban greening initiatives.

This article has proposed a green urban infrastructure assess-
ment framework and quantifies some of the benefits and trade-offs
of green infrastructure with regard to climate change mitigation
and adaptation. Our suggestion of identifying benefits from green
urban infrastructure across three different scales can hopefully help
to assess, develop and interpret green urban infrastructure as a part
of climate-proof urban areas.
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