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Social-ecological and technological factors
moderate the value of urban nature

BonnielL.Keeler®™, Perrine Hamel?, Timon McPhearson343, Maike H. Hamann'¢, Marie L. Donahue®,
Kelly A.Meza Prado'¢, Katie K. Arkema?’, Gregory N. Bratman’, Kate A.Brauman ©¢, Jacques C.Finlay ®8,
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Urban nature has the potential to improve air and water quality, mitigate flooding, enhance physical and mental health, and
promote social and cultural well-being. However, the value of urban ecosystem services remains highly uncertain, especially
across the diverse social, ecological and technological contexts represented in cities around the world. We review and syn-
thesize research on the contextual factors that moderate the value and equitable distribution of ten of the most commonly
cited urban ecosystem services. Our work helps to identify strategies to more efficiently, effectively and equitably implement

nature-based solutions.

2050, meaning that the continued development of cities will

increasingly shape human well-being'. Many of our great-
est social and environmental challenges, such as climate change,
public health and resource availability will be determined by the
form, pattern and function of urban environments’ — requiring
massive financial investments. An estimated US$50-64 trillion will
be invested globally in new urban infrastructure by the year 2030,
with an additional US$2.4 trillion per year needed to implement
the United Nations Sustainable Development Goals*'. With rapid
urbanization and growing needs for infrastructure, the paths taken
for urban development in the next decade will have implications for
both social and natural systems. This is reflected in the inclusion
of ‘sustainable cities and communities’ as one of the 17 global goals
for 2030. Addressing the challenge of sustainable development in
cities requires balancing multiple, often conflicting, objectives with
limited resources: equitable communities, economic development,
sufficient food, water and energy, opportunities for recreation and
renewal, and reduced risks to disasters.

Given the complex sustainability challenges facing urban areas,
city leaders are in need of creative solutions, especially actions that
are cost-effective and deliver multiple benefits. A growing number
of cities are exploring ‘nature-based solutions’ that aim to promote
public health and safety, enhance liveability, and restore natural
hydrologic and ecological processes™. Actions considered under
the broad umbrella of ‘nature-based solutions’ include tree-planting
campaigns, new or improved parks or open spaces, implementing
stormwater controls such as bioswales or retention ponds, restora-
tion of urban rivers or streams, installation of green roofs or rain
gardens, urban agriculture, and living shorelines (Table 1). Beyond
their intended roles in retaining stormwater or providing shade and
regulating climate, parks and green spaces in our cities often provide

_|_w0 out of every three people will live in urban areas by

the only opportunity to experience nature for much of the world’s
population’’ and are essential habitats for urban biodiversity'®''.

The extent to which specific nature-based solutions address
urban sustainable development across and within diverse cities
remains largely unknown'. Given limited resources and the het-
erogeneity of urban contexts and challenges, how much should
different cities invest in nature-based solutions, and what kinds of
benefits can they expect to receive? Our aim is to synthesize the
existing evidence for where and when investments in the protection,
enhancement or restoration of urban nature are most likely to sup-
port sustainable cities and communities.

Current understanding of the positive and negative impacts
of nature-based solutions in cities is largely informed by research
in urban ecology, urban forestry and environmental engineering.
Introduction of the interdisciplinary concept of ‘ecosystem services’
— the goods and services people derive from nature — has elevated
the potential economic value of urban nature'>'. Emphasizing
links between urban nature and human well-being, the ecosystem
services approach offers considerable promise for understanding
where and when nature-based solutions will deliver a suite of ser-
vices. However, there are limitations to the existing body of urban
ecosystem services research that may reduce the adoption of spe-
cific interventions. Three key limitations, outlined below, motivated
our review and synthesis.

The first limitation is that most urban ecosystem services assess-
ments focus on one or two services associated with a limited set of
nature-based solutions — most often street trees”. In their review,
Haase et al.'® found that 60% of reviewed studies on urban ecosys-
tem services focused on a single service, most commonly air quality
(16% of all entries) and carbon sequestration (12% of all entries).
With notable exceptions'>'-%, few studies investigated co-bene-
fits, disservices, or the equity and distributional consequences of
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Table 1| Urban ecosystem services and nature-based solutions

Urban ecosystem services

Nature-based solutions

Street Parks and Engineered Green Waterways and  Coastal Urban
trees openspace stormwater controls® roofs wetlands habitats® gardens
Urban air quality X X
Carbon sequestration X X
Coastal protection X
Urban heat and heat extremes mitigation X X X
Stormwater and wastewater management X X X X X
Urban water supply X X X
Riverine flood impact reduction X X X
Recreation opportunities X X X
Mental health X X X
Urban agriculture X X

We reviewed literature pertaining to ten ecosystem services associated with seven nature-based solutions. Gaps in this matrix identify combinations where there was not sufficient literature to review
the impact of a specific solution on a given service and/or the nature-based solution has been determined to be minimally effective with respect to a particular ecosystem service. 2Such as bioswales, rain

gardens, retention ponds. ®Such as oyster reefs, mangroves, dunes, marshes.

nature-based solutions. Not accounting for unintended conse-
quences, positive or negative, risks undervaluing benefits or, worse,
recommending interventions that put people or property at risk™.

Second, the role of social, ecological and technological con-
text in influencing the value of nature-based interventions is often
overlooked*"*%. As a result, we know little about the generalizability
of findings across spatial and temporal scales, climates, cultures,
or type and quality of built infrastructure”**. Past studies have
reported annual net benefits of urban trees from US$5 to $402 per
tree — a range that suggests high uncertainty in both methodolo-
gies used to assess value and the expected returns of urban nature
across diverse contexts™*.

Third, the value of nature-based solutions is rarely compared
with alternative interventions that seek to improve well-being and
reduce exposure to threats such as pollution”. Cities need action-
able information that presents urban nature in comparable terms
with traditional ‘grey’ infrastructure or technological solutions®.
Putting nature on a level playing field with other interventions
requires comparative information that allows decision-makers to
juxtapose costs and effectiveness of different urban development
pathways — including potential co-benefits and disservices in terms
of human well-being at different scales**. Likewise, these recom-
mendations need to be flexible in their relevance to individual cities
and even neighbourhoods within cities. City leaders may not need
detailed cost-benefit assessments for all alternatives, but do want
to know which approaches are most likely to succeed under certain
conditions and when nature should be considered as an effective
solution to addressing urban sustainability challenges’'.

A framework for valuing urban nature
We adopted a common framework for our review and synthesis,
focusing on how specific actions designed to affect urban ecosystem
service values are moderated by social, ecological and technological
factors (Fig. 1). We define ‘social’ as including socio-demographic
variables, individual attitudes and beliefs, as well as governance,
cultural and institutional factors that affect the exposure, vulner-
ability and preferences of residents to changes in urban ecosystem
services™. ‘Ecological’ covers a broad range of biophysical fac-
tors, including climate, species, soils, geology and topography?’.
‘Technological’ considers the type, quality and configuration of
infrastructure, buildings and other human-engineered amenities*.
The value of a change in urban ecosystem services is highly
dependent on whose values are included and how value is defined
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Fig. 1| A framework for analysing the value of urban nature-based
solutions. Actions lead to changes in the value of urban ecosystem
services, defined by a change in human well-being, which may be different
for different groups of people, hence the importance of considering equity.
The relationships between actions and value are moderated by social,
ecological or technological factors. For each action that leads to a change
in value, there may also be co-benefits (for example, positive impacts

on other sustainability goals) and disservices (for example, unintended
negative consequences). Finally, decision-makers require the ability to
compare the net value of urban ecosystem services relative to substitutes
or alternative interventions designed to meet the same goals.

and measured®. The term value can be used to refer to guiding prin-
ciples, often referred to as underlying values or held values, which
motivate the beliefs, actions and behaviours of individuals®. We
adopt an economic definition of value, referring to a measure of
worth or well-being that can be quantified in monetary terms (for
example, avoided treatment costs) as well as non-monetary metrics
such as changes in physical and mental health, social cohesion or
perceived good quality of life*>**. For example, the value of a pro-
posed redevelopment employing tree trenches, rain gardens and
bioswales could be expressed narrowly in terms of the monetary
savings of avoided water treatment or more broadly and diversely to
also include potential co-benefits (for example, improved aesthetic
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quality or social cohesion) or disservices (for example, displacement
of prior residents or an increased risk of pollen-related allergies).

A focus on the value of urban ecosystem services necessitates
a more explicit consideration of the factors that either enhance or
reduce equity in how services are realized by urban residents”. The
value of nature-based solutions may not accrue equally to all resi-
dents or may result in unintended consequences such as gentrifi-
cation®. We also highlight the importance of comparing the value
of urban ecosystem services relative to non-nature substitutes or
alternative interventions that achieve similar goals of improving the
health, safety and liveability of cities (Fig. 1). This framing places
the value of urban ecosystem services relative to infrastructure
upgrades, technological solutions or behavioural modifications in
terms of effectiveness in achieving sustainability targets.

Our work builds on recent reviews of nature-based solu-
tions'”'***, with a unique focus on contextual factors, equity and
distributional impacts, and the value of urban nature relative to
non-nature substitutes. We reviewed a broad and interdisciplin-
ary literature, with over 1,200 unique references cited in detailed
reviews in the Supplementary Information of ten of the most com-
monly cited urban ecosystem services'® associated with seven types
of nature-based solutions (Table 1). Teams of experts applied the
synthesis framework (Fig. 1) to each urban ecosystem service —
identifying literature that reported on social, ecological and tech-
nological factors affecting the value of urban nature along with
equity implications, co-benefits and disservices, potential alterna-
tives or substitutes to nature-based solutions, recommendations
for practitioners, and relevant tools or models for estimating the
value of urban ecosystem services. Authors synthesized their find-
ings into a set of reviews included as Supplementary Information
designed to serve as both stand-alone documents for an audience
of practitioners and urban researchers, as well as the basis for the
cross-service synthesis presented here in the main text. Findings
across all reviews are synthesized in Table 2, which also includes an
assessment of uncertainty and the potential magnitude or impact of
nature-based solutions on each ecosystem service.

Context determines nature’s values

In this section, we highlight some of the social, ecological and
technological factors identified as most influential in determining
the values of urban nature. We point readers to the reviews in the
Supplementary Information for additional content organized by
individual urban ecosystem service.

Social context. Social factors vary both within and among cities and
moderate the exposure to, access to and value of nature-based solu-
tions*. Our review identified social and cultural norms, income and
demographics, and institutional and financial capacity as the domi-
nant social moderators of the value of urban nature®.

For recreational and cultural services provided by urban nature,
we found demographics and cultural identity, and perceptions of
inclusivity and ownership identified as key social moderators*'~*.
Research identified that community or private gardens may be
viewed as either assets or ‘unkempt’ spaces, depending on individ-
ual preferences and how gardens are managed***. Similarly, studies
found that individuals see parks and green spaces as either invit-
ing or unsafe spaces, depending on past experiences*>*’. Research
shows female users are more likely to consider safety as a constraint
to recreation in urban parks than male users*. These examples illus-
trate that perceptions of safety and a sense of belonging, not just
physical access to urban nature, determine how urban green spaces
are used and valued***. Cultural norms can also enhance urban rec-
reation, for example, in Japan, where forest bathing’ is a common
cultural practice™.

Income, education and financial resources were frequently cited
constraints on the funding and implementation of nature-based
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solutions, as well as the capacity to model, monitor and maintain
green infrastructure over time®'. Long-term maintenance of green
infrastructure in the form of watering, removal of leaves or debris, or
picking up trash is often needed to maximize benefits and improve
performance. Less-developed or more rapidly developing urban
areas may not have the same capacity — financial resources, access
to credit, or awareness of the need for upkeep and maintenance —
which in turn affects the value that nature provides to different
residents®**. While cities or non-governmental organizations
often cover implementation costs, maintenance responsibilities —
especially watering costs — can fall to residents, further burden-
ing lower-income neighbourhoods’. Our review underscores how
the long-term durability of nature-based solutions is driven by local
buy-in and institutional and community capacity>.

Demography and income also affect the vulnerability of resi-
dents to changes in urban ecosystem services and the subsequent
distribution of benefits or costs. Younger and older members of an
urban population and those with disabilities and/or other health
issues may have few opportunities to relocate away from heatwaves,
floods or pollution, or to evacuate in the short term, thus making
nature-based solutions more important for the well-being of high-
risk residents™. Furthermore, neighbourhoods with low literacy,
and limited access to information may be less equipped to respond
to early warning systems and have lower awareness of the impacts
of air or water pollution®. Access to in-home air conditioning and
high-quality and well-insulated housing can also make some popu-
lations less susceptible to heatwaves and increased energy costs™.

Ecological and biophysical context. Of the numerous biophysical
factors that influence the value of urban nature, vegetation structure
and function, topography and landscape position, and geologic and
soil characteristics were the most frequently documented contex-
tual moderators across our reviews (Table 2).

The structure, form and phenology of urban vegetation was espe-
cially important for regulating the effects of nature-based solutions
on urban air quality, heat mitigation, carbon sequestration, coastal
protection and flood mitigation?”*°. Species traits such as larger leaf
area and sticky or hairy leaves increase the removal rate of particu-
late air pollution®'. Canopy density, productivity and rates of evapo-
transpiration enhance the effect of tree cover on shade provision,
heat mitigation and reduced energy consumption®®. Denser, taller,
wider and more continuous habitats provide more coastal protec-
tion®, and vegetation that has high roughness is the most effective
at slowing overland flow of stormwater runoff*. Species root depth
and structure influences infiltration and retention of nutrients, and
leaf nutrient content and phenology affect the amount and timing of
nutrient export to stormwater systems®®.

The potential for implementing nature-based solutions is also
highly dependent on the physical space available for green infra-
structure, especially in urban environments where space is often
at a premium®. Urban heat mitigation, for example, requires a
minimum green space of 0.5 to 2.0 ha to significantly alter air tem-
perature at the neighbourhood scale®®®. Coastal habitat protection
against storm surge and treating stormwater with green infrastruc-
ture (for example, rain gardens and bioswales) requires more avail-
able space than comparable grey approaches’”".

The spatial configuration and landscape position of nature-based
solutions also determines the value of these solutions. Coastal habi-
tats are more effective at stabilizing shorelines when located along
sheltered coasts or bays subject to lower intensity coastal hazards™.
Wetlands and floodplains are most effective when located down-
stream of major sources of runoff production, such as where there
are large and highly impervious upstream contributing areas”.

Soil and geological factors were important for all of the
hydrologic services, including riverine flood mitigation, coastal
protection, stormwater and wastewater management, and urban
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Table 2 | Synthesis of key insights from across the individual urban ecosystem service reviews

Urban ecosystem Dominant social, ecological and technological factors that affect Potential value Non-nature substitutes
services the value of urban nature-based solutions (low, moderate, high)

and uncertainty

(low, moderate, high)

Urban air quality Presence of threat: air pollution Low potential value Non-vegetated barriers,
Location, size and configuration of vegetation at the city-block scale Low to moderate uncertainty pollution-reduction
Vegetation structure and function: leaf area, canopy structure and strategies such as fuel
volatile organic compound production switching, fuel efficiency
Socioeconomic: age, health standards, traffic control or

point-source reductions

Carbon Location, size and configuration of vegetation Low potential value Carbon capture and

sequestration Vegetation structure and function: productivity and shade provision Low uncertainty storage, bioengineering,
Management: energy consumed in tree planting and maintenance carbon mitigation activities
Socioeconomic: energy portfolio, insulation, income including fuel switching,

renewable energy and
other point-source

reductions
Coastal protection Presence of threat: frequency and intensity of storm surge, Moderate to high Built coastal
sea-level rise potential value infrastructure such
Location and configuration of coastal habitat relative to shoreline Moderate uncertainty as seawalls, levees,
Vegetation structure and function: stand density, height, width and bulkheads, jetties
contiguity and groins
Topography: slope, geology, soils
Socioeconomic: age, income, housing quality, access to
transportation, literacy and language
Urban heat and heat  Presence of threat: extreme heat events, rising average temperatures Moderate to high Cooling centres;
extremes mitigation  Location, size and configuration of vegetation at the city-block scale potential value air conditioning in
Vegetation structure and function: canopy density, Moderate uncertainty homes; residential and
evapotranspiration commercial insulation
Socioeconomic: age, health, income, presence of air conditioning retrofits; white or
‘cool’ roofs
Stormwater Presence of threat: frequency and intensity of storm events or Low to high potential value  Centralized wastewater
and wastewater combined sewage overflows Moderate uncertainty and stormwater drains
management Location, size and configuration of vegetation at watershed scale and treatment plants;
Vegetation structure and function: evapotranspiration, root structure built structures to
Infrastructure: type, quality and density of stormwater infrastructure increase infiltration,
Topography: slope and geology/soils drainage or control runoff
Socioeconomic: elevation, housing quality, income (including rainwater
harvesting)
Urban water supply  Location, size and configuration of vegetation at city scale Low potential value Rainwater harvesting;
Vegetation structure and function: evapotranspiration, root structure Low to moderate uncertainty desalination plants;
Infrastructure: presence of reservoirs or wells water treatment, water
Topography: slope, geology, soils recycling; piped water
Socioeconomic: population, income, lack of access to treatment or coming from surrounding
water infrastructure regions (including
interbasin transfer
schemes)
Riverine flood impact Presence of threat: frequency and intensity of storm events Moderate to high Levees, dykes and other
reduction Location, size and configuration of vegetation at watershed scale potential value barriers to flood waters;
Vegetation structure and function: evapotranspiration, root structure Moderate uncertainty channel straightening to
Infrastructure: type, quality and density of built flood control devices move water quickly out
Topography: slope, geology, soils of cities; riprap to armour
Socioeconomic: elevation, housing quality, income riverbanks; flood-proofing
of homes or managed
retreat
Recreation Location, size and configuration of urban nature at neighbourhood =~ Moderate to high potential ~ Virtual environments
opportunities scale value or simulated natural
Access Low to moderate uncertainty places, non-nature-based
Programming, maintenance, built amenities that are sensitive to recreation activities (for
cultural norms and social preferences, public safety. example, art, culture,
Socioeconomic: income, age, gender, culture sporting events)
Continued
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Table 2 | Synthesis of key insights from across the individual urban ecosystem service reviews (Continued)

Urban ecosystem

services the value of urban nature-based solutions

Dominant social, ecological and technological factors that affect

Potential value Non-nature substitutes
(low, moderate, high)
and uncertainty

(low, moderate, high)

Mental health
improvement of cognitive function and affect

Location, size and configuration of urban nature at neighbourhood

scale
Access

Socioeconomic: income, cultural norms, affinity for nature, health

Urban agriculture
neighbourhood scale

Access to land, including plots without soil contamination, access to

food production
Infrastructure: irrigation

Cultural relevance of crops grown and role of community organizers
Socioeconomic: presence of food insecurity or malnutrition,
recreational or income-generating nature, neighbourhood aesthetics

Presence of threat: baseline level of stress, need for restoration and

Location, size and configuration of urban agriculture at city block and

Mediated nature
experiences (through
pictures, videos);
psychiatric, psychological
and medical treatments and
therapies; other

well-being programmes
through healthcare
facilities, employment
programmes and so on

Low to high potential value
High uncertainty

Variable: as food provisioning
service, low to moderate
potential value; as cultural
service, moderate value
Moderate uncertainty

Rural agriculture,
technological

alternatives in urban

areas (rooftop
greenhouses, hydroponic
agriculture, vertical farms),
mobile food markets and
vendors

For each urban ecosystem service, we highlight the social, ecological and technological factors found to be most important in moderating the value of urban nature. Subsequent columns summarize the
potential magnitude of the value of urban nature and associated uncertainty, and the most frequently discussed non-nature substitutes. There are several contextual factors that are important across all
urban ecosystem services including the size and available space for urban nature and the number and location of potential beneficiaries, both which scale positively with value. Similarly, social norms,
cultural preferences, and the management or stewardship of urban nature may affect both the performance and perceived value of urban nature. Climate is an important contextual factor that interacts
with all services, positively and negatively. Expanded reviews for each urban ecosystem service are provided in the Supplementary Information.

water supply. In general, compact soils, high rates of impervious-
ness and steep slopes inhibit infiltration and reduce the effective-
ness of nature-based solutions to mitigate flooding and enhance
water recharge’.

Other than a few studies that examined the role of biodiver-
sity in green spaces in determining the frequency and duration of
visits to urban nature”’°, we found little discussion of how bio-
physical factors moderate the value of mental health and recre-
ation services. This is in part due to disciplinary conventions in
the psychology and leisure studies literature that rarely investigate
or report on variability in the form, structure or composition of
urban nature”’. This gap leaves urban practitioners with a limited
understanding of the ‘nature of the nature’ that provides valuable
cultural services.

Technological context. Patterns of urban development, particu-
larly existing infrastructure such as stormwater and sanitary sewers,
levees, river channelization projects, or bank armouring, modify
the supply of and demand for urban ecosystem services’>*. The
value of green infrastructure declines if water supply services have
already been replaced by built infrastructure, such as reservoirs that
store water efficiently, or alternative sources of water supply such
as desalination plants™. In the absence of built infrastructure, sus-
taining high baseflow levels in surface waters through infiltration
is critical to provide year-round supply. Similarly, the existence of
flood-control infrastructure such as levees, river channelization or
bank armouring can reduce the demand for flood-damage mitiga-
tion services provided by urban nature. These past infrastructure
investments create path dependencies that can limit the space avail-
able for urban nature, reduce demand for the services provided by
green infrastructure or decrease its effectiveness relative to grey
alternatives’.

The effectiveness of nature-based solutions is likely to be maxi-
mized under specific infrastructure conditions. Cities with com-
bined sewer infrastructure have greater risks of sewage overflows,
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which bring stormwater runoff and sewage into streets, neighbour-
hoods, and receiving urban streams and lakes. In these cities, bio-
swales, street trees and rain gardens can intercept, evaporate and
infiltrate stormwater before it reaches sewer systems and decrease
the volume of water treated in wastewater treatment facilities”.
In cities with separated sanitary and stormwater sewers, stormwa-
ter runoff is typically untreated before discharge to receiving lakes
or rivers. In these systems, green infrastructure provides the only
treatment for stormwater, retaining pollutants and providing infil-
tration services that may improve aquatic habitat, reduce rates of
water-borne disease transmission and reduce downstream flood-
ing®. Cities where a large proportion of residents lack access to
piped infrastructure could be expected to see large benefits from
nature-based investments, especially to human health. Older cities
and new, rapidly urbanizing areas that lack large-scale water infra-
structure may see the greatest benefits from urban nature, relative
to cities where heavy investments in infrastructure upgrades have
already been made™.

Specific types of infrastructure within or in connection to
urban nature affect how these spaces are used, which influences
access. For example, walking paths or loops correspond with
park use and increases in physical activity among users®'. Transit
(for example, whether public transportation options are available
or whether a car is required for access), parking policies, hours of
operation, and whether or not there are fees associated with use
(for example, for entrance, parking or use of shelters) determine
accessibility and associated benefits of urban green and blue
spaces for urban residents®. Built infrastructure can also impede
access to recreation opportunities provided by urban green and
blue spaces® or, if improperly maintained, serve as a deterrent
to park use®.

Interactions among social, ecological and technological factors
affect the subsequent value of urban ecosystem services. We found
that some factors, such as climate change, can affect multiple ser-
vices, but in different ways. Changes in the frequency and intensity
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of precipitation in the form of floods or droughts can simultane-
ously overwhelm infrastructure, increase water and energy demand,
affect the productivity of urban vegetation, and exacerbate social
and cultural divisions that can promote unrest or instability®.
Climate impacts on urban temperatures can affect wind speed and
direction and accelerate the rate of chemical reactions that deter-
mine the concentration of pollutants in the urban environment®-*
or make urban waters more susceptible to harmful algal blooms®.
In yet another example of a complex climate-related interaction,
wealthier cities or neighbourhoods who devote greater resources to
the maintenance of urban nature through trimming, irrigation and
collection of leaf litter or debris can decrease or even reverse the net
carbon benefits of vegetation due to the energy and fuel consump-
tion embedded in these activities®.

The value of nature-based solutions is also determined by the
presence and intensity of external threats such as pollution, flood-
ing, heat or mental stress that increase the demand for urban eco-
system services (Table 2). For example, urbanization has been
associated with increased incidence of mental health disorders,
including anxiety disorders and depression®”’. The services pro-
vided by urban nature via improved mood and cognitive function
will have the greatest net value in cities where stress rates are high
and the need for restoration is greatest. Greater threats don't neces-
sarily correlate with improved ecosystem services in all cases. Urban
nature may provide limited coastal protection, riverine flooding or
stormwater management services under high-intensity rain or flood
events, because higher-intensity storms saturate the interception

capacity of trees or overwhelm coastal habitats”’.

Equity and distributional implications

The distributional implications of nature-based solutions are criti-
cally important to assess urban sustainability as they help to identify
who benefits from investments in urban nature. We identified three
different dimensions of equity critical to understanding the value of
urban nature: differences in exposure to environmental harms or
access to benefits, policies and processes that lead to unequal envi-
ronmental outcomes for different communities, and unequal distri-
bution of assets and financial resources between groups of people,
influencing the ability to mitigate risks or acquire substitutes for
urban ecosystem services™.

Our review revealed consistent patterns of unequal exposure
to environmental risks across a range of urban ecosystem services,
where low-income and minority communities have greater expo-
sure to air and water pollution, floods, and other extreme events™®.
Access to the benefits of urban nature is also unequally distrib-
uted within cities”. Research has shown that higher-quality and
safer parks tend to be located close to wealthier neighbourhoods,
rather than near low-income and ethnic-minority communities®.
Demographics also affect relative risk to environmental harms. In
general, children, the elderly, the poor and those with chronic illness
are most in need of or will benefit the most from targeted strategies
that adapt to or mitigate against floods, pollution or heatwaves™”.

Policies and processes aimed at increasing green spaces in cit-
ies can interact with social and demographic factors that exacerbate
harms or create unintended consequences. Gentrification in the
wake of new green space developments or upgrades, for example, is
a growing environmental justice concern in cities of the developed
and developing world***.

For example, in Seoul, South Korea, the price of housing
increased most quickly around newly constructed parks”. In
Barcelona, Spain, similar increases in housing prices were asso-
ciated with decreases in the number of older®*, poorer and
more vulnerable people in neighbourhoods surrounding new
parks'®. In Bangalore, India, restoration of urban lakes that are
traditionally used for religious ceremonies and fishing has led to
new restrictions on lake use, which exacerbates inequities in access,
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and disadvantages low-income communities who rely on the lakes
for their livelihoods and cultural services'*'*.

The unequal distribution of wealth affects the ability of urban
dwellers to access substitutes such as air conditioning or treated
water, which may mitigate against exposure to heat or pollution.
In low-income communities, lack of in-home air conditioning and
poor housing quality increases the vulnerability of residents to heat
and associated health impacts'*>'%". Poorer residents are also more
dependent on public spaces for exercising and recreation, even if
green spaces in their neighbourhoods lack proper maintenance or
have fewer amenities'”. In contrast, higher-income residents are
more likely to have access to private green spaces (for example,
lawns, gardens) and high-quality public spaces with more ameni-
ties. Higher-income households are able to purchase alternative
sources of entertainment or recreation, or have the leisure time and
means to travel outside the city to seek nature-based recreation'*'"".

Our review also identified examples where nature has empow-
ered marginalized groups to create more equitable green spaces,
neighbourhoods and cities. Community gardens and other urban
green spaces — if designed inclusively — can improve community
cohesion and strengthen social networks across diverse groups'®.
For instance, new immigrants to Toronto, Canada, credit urban gar-
dening for providing culturally appropriate food sources and more
inclusive public spaces'”. Cross-sectional work indicates that nature
experience may benefit those from disadvantaged backgrounds
more than those from advantaged ones, which could reduce ineq-
uities in mental health and other outcomes across socioeconomic
groups''*''". Because poorer neighbourhoods are more likely to be
deprived of safe, accessible green spaces, the relative contribution
of urban nature to recreation, social cohesion and other cultural
services in low-income areas may be among the most efficient and
equitable solutions to improve the well-being of urban residents''*.

Co-benefits and disservices
Nature-based solutions hold promise over built or technological
alternatives, especially when co-benefits can be easily recognized
and quantified®"”. Accounting for multiple ecosystem service ben-
efits can identify opportunities for cost sharing and build broader
coalitions of support, essential to the long-term success of nature-
based solutions. For example, parks can double as water collection
basins and mitigate urban warming in addition to providing recre-
ational and cultural opportunities. In some cities, rivers, lakes and
green spaces are used for cultural practices and religious rites, as
well as a source of food, medicines and livelihoods'>"*. In many
cities around the world, protecting and enhancing natural areas
within the city limits will have the added co-benefit of providing
and improving habitat for wildlife, contributing significantly to bio-
diversity conservation, attracting tourism and small businesses, and
providing valuable educational or research opportunities'.
Ecosystem disservices, or negative trade-offs associated with
nature-based solutions, can also affect the relative value of urban
nature compared with alternative investments'”. Urban vegetation
often requires supplemental irrigation, with street trees, urban agri-
culture and park vegetation potentially consuming more water than
they infiltrate, a disservice that may be significant in dry environ-
ments where water resources are scarce'''"”. An analysis of water
balance in Los Angeles, California, found that up to 70% of evapo-
transpiration in the city could be attributed to urban lawns and
turfgrass'’®. Tree roots or limbs can damage pavement and other
infrastructure, leading to costly repairs and legal expenses®. Trees
and urban vegetation can be sources of nutrient pollution, as well
as harmful pests, pollen allergens and volatile organic compounds
that may cause health problems'*'*. Street trees planted in urban
canyons can reduce ventilation, effectively trapping vehicle emis-
sions at the pedestrian level®. Urban nature also can be a source
of contaminants: trees adjacent to impervious surfaces contribute
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nutrients to surface waters; wetlands can be sources of nutrients if
not engineered and maintained properly; turfgrass lawns can con-
tribute nutrients in runoff; and engineered stormwater ponds can
concentrate toxins and be sources of soluble nutrients'?'.

The examples of co-benefits and trade-offs described above
represent a minority of urban ecosystem studies we reviewed.
Most papers did not consider that parks and green infrastructure
can have unintended negative effects or failed to explore potential
interactions — positive or negative — that affect ecosystem service
value. An expanded discussion of potential co-benefits and disser-
vices associated with the seven types of nature-based solutions we
reviewed is included in Supplementary Table 1.

Urban nature compared with substitutes

The value of nature-based solutions can be measured against alter-
native interventions that can meet the same goals, such as improved
health, reduced air and water pollution, and climate mitigation.
Substitutes for the infiltration and water supply benefits of urban
nature include treatment facilities, desalination plants, water re-
use systems and reservoirs. The demand for urban cooling can be
met through shade provision and enhanced tree cover, or through
indoor air conditioning and access to urban cooling centres.

Previous studies have cautioned against overselling the value of
nature-based solutions, especially where green infrastructure com-
petes for funding with other interventions aimed at improving the
health and sustainability of cities®”’. For example, restored wetlands
can improve water quality and flood control but are no substitute
for sewage treatment'*. Trees can mitigate air pollution under some
conditions but the contribution of trees to reductions in air pollu-
tion at the city scale is minimal, ranging from less than 1% to up to
5% (refs. °*'%°). Recent analyses suggest that reductions in carbon
emissions and particulate air pollution could be more effectively
and permanently addressed by reducing energy consumption in cit-
ies or switching to cleaner energy technologies'*'**.

Another commonly cited limitation of nature-based solutions,
relative to engineered devices, is that their effectiveness is limited by
available space. Unless they have a specific engineered design, street
trees infiltrate a small volume of water, whereas engineered solutions
are designed to collect large amounts of stormwater from surround-
ing areas'”". Forested areas or green infrastructure can reduce runoff
production for small storms, but their effect is negligible for events
higher than 20% mean annual flood'*". In general, urban vegetation
is more effective in reducing flood peaks under lower-magnitude
and lower-intensity rainfall events'*. Grey infrastructure can also
fail under extreme conditions, with sometimes disastrous effects,
but in general, built solutions can be engineered to accommodate
larger-intensity events relative to nature-based solutions.

For some services, non-nature substitutes may be readily avail-
able in some neighbourhoods and limited in others. In the case
of food provision, substitutes are available in the form of foods
imported from outside the city, provided that individual urban
consumers have purchasing power and access to food vendors and
retailers; the relative potential and benefits of sourcing foods within
cities will depend on a variety of factors, including climate, farmer
skill level and access to productive resources — especially land'*'%.
Similarly, the psychological and social benefits of nature-based rec-
reation in cities may not have substitutes in the same way that grey
infrastructure can provide urban water management services or
pollution control technologies can improve air quality’”'. Outdoor
recreation is perhaps the highest-valued ecosystem service in cit-
ies without a non-nature substitute'*. A recent study supports this
claim with survey results on the relative value of different types
of cultural services provided by urban parks in Berlin, Germany,
where most respondents “place a very high value” on recreation'*.

For most services, robust comparisons of the value of urban eco-
system services relative to substitutes are not available. Especially
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lacking are controlled studies that compare the performance of
natural and built solutions under a range of conditions and over
time, or studies examining the insurance value of natural ecosys-
tems. There is evidence that uncertainty about the effectiveness of
nature-based solutions is lower than for built infrastructure'*. A
systems approach that adopts a long-term perspective on the value
of nature-based solutions, inclusive of co-benefits and disservices,
is the only way to reliably compare green versus grey approaches to
addressing urban sustainability challenges.

Perspectives and research frontiers

Our comprehensive review reveals the importance of social, eco-
logical and technological context in moderating the value of
urban nature, and identifies and summarizes these factors as they
are addressed in the literature on ten different urban ecosystem
services. Our synthesis is aimed at practitioners and researchers
seeking to maximize the benefits of urban nature in an equitable
manner, while minimizing unintended consequences (see Table 2
and the ‘Recommendations for practitioners’ sections at the end of
each service review in the Supplementary Information). While we
have carefully reviewed and summarized evidence across several
contextual factors and services, many gaps remain.

Targeted research on the potential for urban nature to promote
multiple dimensions of equity is needed to determine who stands
to benefit from urban nature’>'*. Incorporating equity, culture
and governance factors into an urban ecosystem services assess-
ment requires social science tools and approaches that are not yet
mainstream in the ecosystem services community'”’. Also needed
are advancements in how we estimate and communicate the value
of nature as part of a portfolio of actions that include green, grey,
social, institutional, behavioural and other yet-to-be discovered
solutions.

Not covered in our review is a discussion of interactions between
cities, indirect land uses and tele-coupling that links the consump-
tion of urban dwellers with producers in rural and other urban areas
around the world”. Nature outside the city contributes to ecosystem
service benefits within the city in the form of food and resource
recovery as well as disservices such as the transport of floodwaters
and air pollution'**'*.

Perhaps the most critical gap in our understanding of the value
of urban nature is the strikingly uneven distribution of research on
urban ecosystem services, with the vast majority of studies concen-
trated in Europe, China and the United States'’®'">. Conclusions
drawn from these high-income contexts are of limited utility in
the regions of the world that are projected to experience the great-
est and most rapid urban growth'. Nature-based solutions may
look very different in the Global South where infrastructure and
notions of public space are characterized by high levels of informal-
ity and decentralization'*". An agenda for urban ecosystem services
research must address these disparities to provide decision-relevant
guidance for communities and leaders in pursuit of more equitable
and sustainable cities across the world.

Achieving the United Nations Sustainable Development Goal
for ‘sustainable cities and communities’ will require collaboration
across disciplines and sectors, from engineering firms to policy
and planning authorities at local, regional and national levels.
While engineered solutions are, by definition, tailored to particu-
lar problems, nature-based solutions often provide multiple eco-
system services, but these benefits are much harder to estimate in
traditional cost-benefit assessments. Our work calls for increased
investment in research and decision support to help determine the
right mix of nature-based solutions in the right place at the right
scale to deliver benefits to communities and households that need
them most. Models and tools that can assess ecosystem services at
fine scales are relatively nascent in the urban literature and will be
needed to determine distributional consequences at the household
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or neighbourhood scale. That said, it is unlikely there will ever be a
generalizable toolkit for estimating the value of urban nature. As our
review demonstrates, the same size, configuration and composition
of urban nature may have positive, neutral or negative ecosystem
service values because of specific social, ecological and technologi-
cal contexts. Even as data availability and resolution improves, quan-
titative models may not be the most appropriate tools to evaluate
ecosystem service values, especially equity concerns. Recognition
of the importance of context necessitates more emphasis on local-
ized place-based research that is historically, culturally and socially
grounded, over one-size-fits-all decision support tools that aim to
estimate the value of nature across different scales and contexts.

Urban nature clearly has value, but our synthesis suggests that
when contextual moderators and co-benefits and disservices are not
considered, the value of nature can be over- or underestimated. We
conclude that greater research should be directed to nature-based
solutions that: (1) deliver high value in specific contexts, (2) lack
substitutes in grey or built infrastructure, or for which infrastruc-
ture can lead to negative consequences, and (3) have the greatest
potential to directly improve the health, safety and well-being of
vulnerable or marginalized populations. Such a reframing of the
value of urban nature may suggest a shift in emphasis from research
on specific goals such as mitigating air pollution or carbon emis-
sions with street trees, towards greater investments in understand-
ing the contributions of nature for recreation, social cohesion, and
physical and mental health. Ongoing research on nature-based
solutions across social, ecological and technological contexts will
allow urban leaders to be much more strategic in the deployment
of urban nature, in communicating its benefits and in maximizing
nature’s value where it matters most.
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