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The terrestrial, freshwater and marine realms all provide essential ecosystem services in urban environments. How-
ever, the services provided by each realm are often considered independently, which ignores the synergies between
them and risks underestimating the benefits derived collectively. Greater research collaboration across these realms,
and an integrated approach tomanagement decisions can help to support urban developments and restoration projects
in maintaining or enhancing ecosystem services. The aim of this paper is to highlight the synergies and trade-offs
among ecosystem services provided by each realm and to offer suggestions on how to improve current practice. We
use case studies to illustrate the flow of services across realms. In our call to better integrate research andmanagement
across realms, we present a framework that provides a 6-step process for conducting collaborative research and man-
agement with an Australian perspective. Our framework considers unifying language, sharing, and understanding of
desired outcomes, conducting cost-benefit analyses to minimise trade-offs, using multiple modes of communication
for stakeholders, and applying research outcomes to inform regulation. It can be applied to improve collaboration
among researchers, managers and planners from all realms, leading to strategic allocation of resources, increased pro-
tection of urban natural resources and improved environmental regulation with broad public support.
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1. Introduction

The concept of ecosystem services was established to illustrate the ben-
efits that functional environments provide to humans (Costanza et al.,
1997; MA, 2003), and as a practical, albeit utilitarian, motivation to con-
serve ecosystems (Schröter et al., 2014). Wetlands in particular are highly
valued for the many important global services they provide (Watson
et al., 2018). While these ecosystems have traditionally received much at-
tention, their contribution to wellbeing in urban areas and the services pro-
vided by urban-based ecosystems are often overlooked (Ziter, 2016; Locke
and McPhearson, 2018). Yet, more people live in urban areas and interact
with these ecosystems than outside them, with an estimated 54% of the
world's population currently residing in urbanised regions and two out of
three people expected to live in cities by 2050 (UN, 2015). Cities have
been considered as ‘both the problems and solutions to sustainability chal-
lenges of an increasingly urbanised world’ (Grimm et al., 2008). For exam-
ple, well designed high-density urban planning can limit destruction of
natural landscapes, but the resulting intensified land-use can adversely im-
pact the adjacent natural environment through other direct and indirect
processes (e.g. noise, light, heat and physical pollution).

Nature based solutions are ecosystem modification, protection and
management actions which support healthy societies and provide biodiver-
sity benefits. In cities, ‘nature-based solutions’, such as planting trees and
creating parks and green spaces, to restore ecological processes and en-
hance liveability are increasingly incorporated into urban planning (Roy
et al., 2012; Keeler et al., 2019). However, ecosystem services are not lim-
ited to terrestrial systems and the provision of services often depends on the
flow of biotic and abiotic elements between the terrestrial, freshwater and
marine realms (Bishop et al., 2017). Understanding the connectivity be-
tween realms is fundamental to ensure the multiple beneficial services of
urban ecosystems are effectively achieved. For example, increasing vegeta-
tion cover in urban areas is one of the key strategies tomitigate the adverse
ecosystem and human-health impacts of urban heat-island effects (Tan
et al., 2010) but themaintenance of urban vegetation requires irrigation, in-
creasing water extraction from aquatic systems. To address these conflicts,
management strategies aiming to maintain or restore ecosystems are more
likely to be successful if we consider associations with other realms.

Incorporating the contributions of green and blue spaces to human
health in cities is paramount to achieving sustainable urban planning
goals but relies of appropriately designed research. There have been calls
to review the ways researchers study the role of green space in human
health (Labib et al., 2020) and, similarly, new perspectives are required
to understand the importance of ecosystem services provided by realms in
isolation as well as the linkages and potential impacts across realms
(Bugnot et al., 2019). The majority of assessments of urban ecosystem
services are primarily undertaken in a single realm (Hasse, 2015) with little
acknowledgement of cross-linkages. For example, assessments are often
limited to terrestrial realms in particular (Hasse, 2015) despite the
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extensive contribution that aquatic realms make to ecosystem services in
cities (Dafforn et al., 2015), such as potable water, bioremediation, food,
and cultural and recreational opportunities (Ziter, 2016). Focused research
is required to improve sustainable planning by addressing knowledge gaps
in the understandings of linkages between and across realms. In a recent re-
view of urban ecosystem-service assessments by Ziter (2016), aquatic (ma-
rine and freshwater) realmswere studied in fewer than 25% of papers, with
only three of the 133 studies reviewed incorporating measures of a service
in all three realms. Although the study of urban ecosystem services has ad-
vanced significantly, there are few studies that have looked at unintended
consequences of management actions to enhance a desired service. This is
an essential consideration because a management action may have a nega-
tive trade-offs both within and among realms (Keeler et al., 2019), espe-
cially in highly managed and complex urban ecosystems.

This study advances the review by Bugnot et al. (2019) that discusses
how impacts originating from one realm can have large-scale effects, in-
cluding causing impacts in other realms. Here, we go beyond impacts and
explore how services provided by urban ecosystems, and their underlying
functions, interact across realms. We advocate that the provision of many
urban services is dependent on at least two realms and argue that sustain-
able cities will only be a reality with a holistic management approach
that accounts for realm connectivity. We also discuss potential unintended
negative consequences and trade-offs of interventions, emphasising the
need for a holistic approach. We then provide three examples of integrated
management projects designed to support urban services across realms as
well as potential trade-offs and highlight new areas of research and collab-
oration for urban ecologists. Finally, we develop a framework targeted at
both researchers and practitioners that bridges ecological concepts from
all three realms with practice. This framework provides step-by-step practi-
cal, feasible recommendations to researchers, managers, and other relevant
stakeholders on how to support the provision of services in urban areas by
devising strategies that include all three realms.

2. Defining urban-ecosystem realms and the flow of ecosystem
services

For the purpose of this article, ‘realm’ is defined, according to Bugnot
et al. (2019), as a group of ecosystems that share common physical and eco-
logical attributes and therefore tend to be studied or managed together. We
recognise that this distinction is mostly conceptual, but it provides an intu-
itive framework on which to base the discussion presented here that con-
siders the terrestrial, freshwater and marine realms.

An ecosystem service is broadly defined as a benefit that humans derive,
directly or indirectly, from ecosystem functions (Costanza et al., 1997; MA,
2003) and conversely, an ecosystem disservice is a property of an ecosys-
tem which has negative or unwanted effects. In an urban context, there is
a need to consider not only the ecosystem services by the natural or semi-
natural elements within an urban landscape but also the services provided
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by the cities themselves, such as green infrastructure (Tan et al., 2020).
Urban ecosystem services can be described as regulating, provisioning,
supporting and cultural (MA (2003) Table 1), which can be found in terres-
trial, freshwater and marine realms, although the elements contributing to
these services (i.e. different species, structures or abiotic elements) vary sig-
nificantly between them (Table 1). We discuss the flows between realms in
the context of these aggregations' hereafter.

The flow of services between realms is also important to cities. For in-
stance, increasing urban terrestrial vegetation (by reduced clearing or ac-
tive revegetation) can provide ecosystem services in terrestrial realms, as
mentioned previously, but can also boost ecosystem services in other
realms such as reduced storm water runoff (Jenerette et al., 2011), which
in turn, can reduce the amount of pollutants entering adjacent freshwater
and/or marine waterways (Davis and Birch, 2009). Excess nutrients that
have entered freshwater ecosystems via runoff are a significant driver of de-
clines in key aquatic species such as kelp (Gorman and Connell, 2009) and
seagrass (Waycott et al., 2009), which provide functions including biodi-
versity conservation and nutrient cycling, and services such as carbon se-
questration that underpin clean water and climate regulation. Thus,
Table 1
A comparison of provisioning, regulating, supporting and cultural ecosystem services fro
viding each service (Derived from MA (2003) and FAO (2017)).

Terrestrial Freshwater

Provisioning
Food Plant, fungi, animals (urban agriculture, urban

farms)
Fish, shellfish (fi

Raw materials Timber, minerals, hydrocarbons Fresh water, san
Biochemical, medicinal,
and pharmaceutical
products

Plants, animals, fungi Plants, animals,

Fresh water Rainwater catchments, green roofs (storage of
freshwater, water filtering)

Rivers, groundw
water), filter-fee
(organic nutrien

Regulating
Local climate air quality Trees and vegetation (uptake of airborne

pollutants, prevention of particle suspension)
Freshwater plan

Carbon sequestration and
storage

Trees and other vegetation Freshwater plan
carbon)

Moderation of extreme
weather events

Trees and permeable surfaces (regulating water
flow and temperature)

Streams and fre
temperature)

Erosion prevention and
maintenance of soil
fertility

Trees and other vegetation (prevents sediment
erosion by water and wind and aids fertility
through nutrient cycling)

Streams and we

Pollination Insect, bird, and mammal mediated pollination Invertebrate me
Waste-water treatment Vegetation, green roofs, and walls (filtration

and purification of grey water)
Wetlands (filtra

Biological control Invertebrate predators and parasites, birds,
bats

Invertebrate pre

Regulation of water flows Vegetation, overland flow, green roofs Riparian and we

Supporting services
Habitat for other species Remnant vegetation, green space, built

structures
Streams, canals,

Maintenance of genetic
diversity

All organisms present in the urban system All organisms p

Cultural services
Recreation, mental and
physical health

Outdoor activities (hiking, camping, wildlife
encounters)

Outdoor activiti

Tourism Wildlife tourism and farm tourism Wildlife tourism

Spiritual experience and
sense of place

Value for traditional peoples, connection with
nature, meeting places

Value for traditi
places

Aesthetic appreciation
and inspiration for
culture, art, and design

Green spaces, streetscapes Water views, op

Transport Green spaces, streetscapes Ferries and boat
Education Citizen science, schoolyard science Citizen science
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urban terrestrial vegetation as well as vegetation in transitioning areas to
the marine realm, such as mangroves and saltmarshes, can support aquatic
ecosystem services, but the benefits to systems are often overlooked due to
management strategies that focus only on the terrestrial realm.

3. Trade-offs in ecosystem service management across realms

The multiple, complex and dynamic relationships among ecosystems
services within and across realms means that management decisions
designed to increase some services may lead to decreases in others or
trade-offs. Strategies such as ‘greening’ urban infrastructure may enhance
services between urban terrestrial and marine realms (see Bishop et al.,
2017) and maximise the provision of a range of services from recreation
and wellbeing to wastewater treatment and regulation of water flow be-
tween realms (Dafforn et al., 2015). However, where strategies such as
these may facilitate the spread of invasive plants, there is a potential
degradation of ecosystem services (Vallecillo et al., 2018). Although
urban terrestrial vegetation provides multiple services to urban residents,
park vegetation and street trees in drier climates often require supplemental
murban terrestrial, freshwater andmarine realms and examples of the elements pro-

Marine

shery and aquaculture) Fish, shellfish, algae (fishery and
aquaculture)

d/stones Salt, minerals, sand, mangrove timber
algae Plants, animals, algae

ater, wetlands, and dams (storage of fresh
ders (water filtering), microbial communities
t degradation)

Desalination plants (freshwater
production)

ts and algae (uptake of airborne pollutants) Seaweed and phytoplankton (uptake of
airborne pollutants)

ts and algae, creek, and lake floors (storage of Marine plants and algae, sedimentary
habitats

shwater wetlands (regulating water flow and Seagrasses, mangroves, salt marsh,
biogenic reefs (protection from storms
and temperature regulation)

tlands (regulating water flow) Seagrasses, mangroves, salt marsh,
biogenic reefs (wave attenuation)

diated pollination of freshwater plants Pollination of saltmarshes and mangroves
tion and collection of wastewater) Filter feeders, seagrasses, mangroves and

saltmarshes (filtration and collection of
wastewater)

dators and parasites, fish Invertebrate predators and parasites, fish

tland systems Mangroves, seagrass, saltmarsh, biogenic
reefs (wave attenuation and reduce
flooding)

artificial wetlands Built structures, remnant or restored
coastal habitats

resent in the urban system All organisms present in the urban system

es (fishing, boating, swimming, diving) Outdoor activities (use of beaches,
fishing, boating, swimming, diving)

, water sports, fishing, river cruises Wildlife tourism, water sports, fishing,
river cruises, diving, beaches

onal people, connection with nature, meeting Value for traditional people, connection
with nature, meeting places

en space Water views, beaches

s Shipping and boat transport
Citizen science, educational foreshore trails



Fig. 1. Examples ofmulti-functional,multi-realm infrastructure initiatives: a) Living
shorelines (Chesapeake Bay, Virginia, US), b) Green roofs (Paris, France) and
c) Artificial wetlands (Sydney, Australia). Image credit: J. Hanford. (For interpreta-
tion of the references to colour in thisfigure legend, the reader is referred to theweb
version of this article.)
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irrigation, and can consume more water than they infiltrate, thereby in-
creasing the urban water-consumption footprint (Vico et al., 2014). Trees
located near stormwater drains can also increase the nutrient loads of adja-
cent watersheds through leaf-litter deposition, contributing to the eutrophi-
cation of urban waterways (Janke et al. 2017). Trade-offs betweenmultiple
services such as those demonstrated above may arise in a range of urban
systems and it is critical that relevant stakeholdersmake evidence-based de-
cisions that balance these trade-offs, considering any potential unintended
negative side-effects (Mayer-Pinto et al. 2019) and failing to integrate
realms in decision-making may therefore create trade-offs in services pro-
vided by interacting realms (Bennett et al., 2009).

Management actions can have unintended consequences across realms
via the creation of barriers to the movement of species or resources. The
construction of artificial structures or diversion of waterways that may dis-
rupt or degrade suitable habitat for some organisms. These actions modify
ecological connectivity among realms, influencing important services. For
example, the installation of culverts replaces natural stream vegetation
with impervious surfaces, diminishing in-stream capacity to retain particles
and adversely impactingwater quality (Tippler et al., 2012). These particles
remain in the water column and are transferred downstream to estuarine
environments, affecting the conservation of biodiversity and productivity
across realms (Sklar and Browder, 1998). Poor management of stormwater
and freshwater runoff from terrestrial realms can also impact the flow of
ecosystem services of downstreamwetlands. This occurs through increased
sedimentation and reduced salinity in critically important saltmarsh habi-
tats, which can subsequently facilitate the encroachment of mangroves
into other habitats bringing adverse impacts to local ecosystems
(Kelleway et al., 2017; Geedicke et al., 2018). A common example of direct
trade-offs between ecosystem services from different realms is the modifi-
cation of natural coastal habitats (e.g. mangroves, corals and rocky shores)
due to urban developments (Bulleri and Chapman, 2010). Loss of these key
habitats has led to changes in the types of services supplied, such as de-
creased coastal protection in favour of human-centred needs such as the
provision of real estate. Despite attempts to quantify and identify some of
the synergies and trade-offs of ecosystem services across landscapes
(Álvarez-Romero et al., 2011), we need a greater understanding of these in-
teractions in urban areas, especially across realms in urban environments.

4. Multi-functional infrastructure to support services across realms

Increasingly, governments are investing in ‘green’ infrastructure within
urban landscapes that can bring multiple benefits, with the ultimate goal of
increasing human well-being and achieving sustainability in a highly
urbanised world (Khoshnava et al., 2020; Airoldi et al., 2021). Space is a fi-
nite resource in urban areas and efforts to maximise benefits and minimise
costs are driving increased innovation in the use of space for multiple pur-
poses (Dafforn et al., 2015). In the case studies below, we discuss how tech-
nological advances and careful planning and design can create multi-
functional urban infrastructure that incorporates connections across
realms, maximising the provision of services.

a) Living shorelines provide stabilisation and protection for coastal cities,
which are increasingly threatened by rising sea-levels and increases in
storm surges (McInnes et al., 2003). The construction of hard structures
such as seawalls, revetments and breakwaters have historically been the
standard approach to coastal protection, but these can cause significant
ecological damage and often disrupt important connections between
the terrestrial and marine realms (Bishop et al., 2017). Living shore-
lines, are designed as a substitute or a complement to traditional artifi-
cial coastal defence structures using natural habitats, such asmangroves
or dunes (Fig. 1a). For example, successes in restoring functioning man-
grove ecosystems in the urban setting can be seen in Australia (e.g.
Moreton Bay, Gold Coast (Lovelock et al., 2019)) and Fiji (e.g. Laucala
Bay, Suva (Greenhalgh et al., 2018)).Managing such coastal andmarine
ecosystems can provide services including enhanced water quality
(Needles et al., 2015), habitat provision, fishery enhancement, nutrient
4

cycling and carbon sequestration. A key principle of living shorelines is
that theymaintain connectivity between aquatic and terrestrial systems,
where food and nutrients are exchanged between realms, a process that
is often obstructed by barriers created by traditional infrastructure
(Bishop et al., 2017).
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b) Green roofs are designed to benefit terrestrial ecosystems bymitigating
the urban heat-island effect, providing green space for cultural aes-
thetics (Fig. 1b), recreation and wellbeing, production of food, assis-
tance in offsetting the greenhouse gasses, and habitat/biodiversity
services (Vijayaraghavan, 2016). Well-designed green roofs, green
walls andwater-sensitive urban design have the potential to also benefit
both freshwater and marine ecosystems. For example, plants with cer-
tain traits such as enhanced water storage and large root networks can
be selected for their capacity to retain stormwater (Demuzere et al.,
2014), thus reducing excessive runoff and contaminants entering
water bodies (Pataki et al., 2011). The hydrological and heat modera-
tion services of green roofs are primarily provided by the substrate,
however careful choice of vegetation and planting medium can lead
to the provision of additional ecosystem services leading to increased
biodiversity and wellbeing (Hill et al., 2017). Examples of green roofs
which have been designed to maximise provision of ecosystem services
include: Chicago City Hall, United States (Dvorak and Carroll, 2008),
the International Institute of Tropical Forestry in Río Piedras, Puerto
Rico (Grullón-Penkova et al., 2020) and the proposed “Tengah, the
Forest Town” in Singapore (Tan et al., 2021).

c) Artificial wetlands are commonly constructed in urban environments
to intercept stormwater runoff from roads and streets to filter out harm-
ful pollutants, thus maintaining water quality in the freshwater andma-
rine realms (Fig. 1c). The services provided include: erosion control,
water purification (through the action of filter feeders and microbial
communities that go on to recruit in these wetlands(Lundholm,
2015)),recreation (e.g. used as urban parks), and treatment of wastewa-
ter (filtration via plants, recycling nutrients, sedimentation of heavy
metals, filter feeding animals, microbial communities(Leigh et al.,
2013)). Artificial wetlands also provide aesthetic value for wildlife tour-
ism and recreational activities, including birdwatching (Levy, 2015).
However, care must be taken in the design and maintenance of these
habitats to ensure that while the objectives of improved water quality
and increased biodiversity are met, unintended adverse consequences
are avoided. For example, stormwater wetlands can act as ecological
traps for frogs (Sievers et al., 2018), while stagnant water can support
increased mosquito populations in urban areas (Hanford et al., 2019).
The response to pest and public health concerns may, in turn, result in
application of insecticides or habitat modification that results in long
term ecological damage and may diminish ecosystem services. These
unintended consequences can, alternatively, be managed through pro-
visioning habitat features that create less suitable conditions for mos-
quitoes (Russell, 1999) or that attract the natural biological controls
for mosquitoes (i.e. frogs, dragonflies and other aquatic fauna).
5. A framework for integrating cross-realm research andmanagement

There are a number of challenges that need to be overcome tomaximise
the support of ecosystem services across all urban realms.Multidisciplinary,
multi-realm research can determine which strategies can be applied in dif-
ferent urban ecosystems, but clear processes are needed to improve the cur-
rent lack of integration across realms in urban-development practices. For
instance, a report summarising the main challenges regarding water envi-
ronmental management in 13 Asian countries, including Japan, China
and Indonesia (WEPA, 2012), identified challenges to improve water qual-
ity in these areas but largely ignored linkages across realms, with the excep-
tion of residential and industrial discharges.

Frameworks that outline a procedure for cooperative management can
significantly improve management outcomes in urban areas, especially
whenmultiple interest groups are involved (Bastian et al., 2012). For exam-
ple, the draft Yarra Strategic Plan sets out a 10-year plan for the corridor of
the Yarra River (Birrarung) in Melbourne, the second biggest city in
Australia, home to >5 million people (VictorianGovernment, 2020). The
plan explicitly considers the terrestrial realm along the entire length of
the river from its headwaters to Port Phillip Bay, including planning
5

controls, management of parklands for recreation and other ecosystem ser-
vices, and how activities on land influence the services provided by the
freshwater realm. The draft strategic plan has been developed collabora-
tively by representatives of the Traditional Owners, the Wurundjeri Woi
wurrung Cultural Heritage Aboriginal Corporation, and the 15 government
agencies involved in managing the river. However, this type of collabora-
tive, cross-realm approach remains rare. From the available plan it is not ev-
ident whether the government has done a cost-benefit analyses (as outlined
in our proposed framework) to determine the priority actions of the plan
and, importantly, inform future projects.

In an international context, the European ‘Green Surge’ project, which
aims to advance the development of urban green infrastructure in
European cities, provides a good example of a multi-realm framework.
The project adopts an inter- and transdisciplinary approach and considers
the linkages between urban green and blue spaces in terrestrial and aquatic
realms, respectively, as well as their biodiversity and ecosystem services.
Importantly, the project provided evidence on the ecosystem services and
benefits generated by urban green spaces, when adopting a holistic ap-
proach (Pauleit et al., 2019). Based on successful programs including the
European Water Framework Directive (2000/60/EC), we developed a six-
step framework to integrate management of ecosystem services across
realms in an Australian context. This framework can be used to ensure
that the goals and desired outcomes of all collaborators are understood
and that the processes underlying the provision of ecosystem services are
supported through all research and management decisions (Fig. 2). Impor-
tantly, this framework can also be applied to address local problems across
different countries (see example below).

1) Create multi-disciplinary and multi-realm teams: To maximise the
support and provision of urban ecosystem services across realms, a
teamneeds to be assembled from researchers and practitioners from dif-
ferent fields/management areas. These teams should consist of engi-
neers, land managers, economists, architects, financiers, ecologists,
builders and developers. Additionally, regulators should also be in-
cluded so that positive outcomes of proposed works can be quickly
and directly translated into policy (see last step of the framework).
When and by whom such teams should be formed/convened will de-
pend on the specific issue to be solved/discussed and the desired out-
come. For example, if the desired outcome is to minimise impacts
from coastal industry/developments to improve fisheries and coastal
community livelihoods, then local and state government should coordi-
nate efforts to form a team that includes fisheries researchers,
economists, ecologists, social workers, relevant industry stakeholders
(from the terrestrial and marine realms) and the public living in those
communities.

2) Unify language for communication across realms and stake-
holders: A vital component of cooperation across disciplines is unifying
the terminology used by researchers and practitioners in all three realms
(see further discussion e.g. in Cole, 2005; Bugnot 2019).We suggest that
any collaborative, cross-realm project should create a glossary of techni-
cal terms and their definitions for key stakeholders.We also recommend
eliminating the use of acronyms that are specific to individual realms
and/or area of expertise or stakeholder group. For example, local man-
agers that are responsible for aquatic habitats are likely to have a
completely different set of acronyms to industry stakeholders that deal
mostly in terrestrial systems, and community members may not be fa-
miliar with any of the acronyms used.

3) Focus on outcomes: This stage needs to clearly identify the key goal/
target that needs to be achieved. This will determine which variables
should be measured/considered and why, focusing on interconnected
outcomes. In the context of urban ecosystem services, focusing on out-
comes means measuring the processes themselves and the services
they underpin, which are quite general across realms (Webb 2012;
Table 1), rather than focusing on the underlying mechanisms that are
specific to each realm (see Table 1). For instance, when planning to
plant street trees in coastal cities or designing ‘green roofs’ for buildings,



Fig. 2. Flow chart for recommendations to improve the research, planning and management of ecosystem services across realms.
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ecological researchers need to work with practitioners to measure key
variables on land such as habitat provision, urban-heat mitigation and
mitigation of air pollution, while also planning for how much water is
needed to maintain these green spaces. Similarly, when designing a liv-
ing shoreline, measurements should include habitat provision per unit
area (on land and in the sea), rates of coastal erosion, pollution mitiga-
tion (on land and in the sea) and food production (e.g. fisheries). See ex-
tensive discussion on management of urban areas in Threlfall et al.
(2021).

4) Cost-benefit analysis. Themeasurement of variables as outlined above
is essential for managers and other stakeholders to make a full cost-
benefit analysis, weighing the pros and cons of such interventions
(Fig. 2). For example, services provide by the interventions above
need to be compared to those in areas without street trees, green roofs
6

or living shorelines, to gain understanding of the full suite of impacts.
A global collaborative approach is also beneficial here, as the results
of interventions in one city may be used to inform new planning devel-
opments in other cities with similar impacts. This analysis should be
based on the needs of all relevant stakeholders and decision-makers,
from each realm, taking into consideration economic, ecological and so-
cial costs and benefits.

5) Communication with other stakeholders: The next step is to ensure
that planning strategies and outputs are clearly communicated to stake-
holders that might not have been present at the initial steps (Fig. 2). In
practice, this could be done through direct engagement at either face-
to-face workshops or seminars that communicate the key elements
needed in planning and development. For example, researchers need
to clearly communicate the importance of evidence-based management



Table 2
Key advantages associated with each of the steps within the proposed framework
when applied to constructed wetlands for the management of urban stormwater,
ecosystem conservation, and mosquito management.

Framework step Advantages

Create multi-disciplinary and
multi-realm teams

■ Maximise co-benefits of land use (e.g.
design of adjacent parklands for recreation
and/or additional wildlife habitats; provide
foreshore habitat enhancement in conjunc-
tion with wetland discharge infrastructure)

■ Integrate site-specific cross realm biodiver-
sity objectives (e.g. wetlands designed to
provide foraging habitat for fishing bats;
roost sites in adjacent terrestrial vegetation
for local bird species).

■ Minimise risk of adverse impacts to adjacent
marine ecosystem (e.g. foreshore erosion,
adverse impact on seagrass)

■ Mitigate ecosystem disservices associated
with mosquitoes where conflicts existing
between engineering of water bodies and
enhanced conditions for mosquitoes (e.g.
water depth, aquatic vegetation planting
densities).

Unify language for communication
across realms and stakeholders

■ Shared glossary (i.e. wetland design,
function, and biological attributes) used by
realm specific ecologists, engineers, land-
scape designers and other stakeholders to
minimise confusion may arise resulting in
actual and potential outcomes (e.g. a rec-
ommendation of “rock lined” bioretention
basin may be constructed with rocks lining
the bottom, as opposed to only the margins,
of the waterbody, making maintenance
operationally difficult, reduce ecological
health, and subsequently predispose the
wetland to mosquito production).

Focus on outcomes ■ Prioritise multi realm benefits over single
realm benefits where possible (e.g. water
quality objectives that are independent of
ecological habitat provisions for key local
species)

■ A disproportionate focus on minimising
ecosystem disservices (e.g. mosquito
impacts) may limit ecosystem services oth-
erwise provided for terrestrial and/or
aquatic wildlife (e.g. frog habitat)

Cost-benefit analysis ■ Extend economic assessment beyond con-
struction phase of wetlands

■ Consider cross realm co-benefits (e.g. loss of
recreational utility; financial costs to
authorities or residents to undertake mos-
quito control).

Communication with other
stakeholders

■ Communication within local authorities
(e.g. stormwater, natural resources, envi-
ronmental health, planning) and outside
stakeholders is critical to capture cross
realm benefits

Update regulation ■ Address conflicts between legislation that
specifically apply to individual realms (e.g.
water quality and discharge to downstream
waterways may be in conflict with legisla-
tion regulating conservation of aquatic hab-
itats; strategies to enhance terrestrial realm
ecosystems may need to be traded off
against asset protection legislation associ-
ated with bushfire or flood protection).
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approaches and how science can inform decisions. This can be done
through community talks to inform the general public or through
other platforms, such as presentations in conferences or symposiums
that are well attended by policy-makers, managers and scientists as
well as webinars targeted to specific stakeholders such as developers
that might not have been involved in the initial stages for a variety of
reasons. Support from the community is essential to achieve desired out-
comes in urban spaces (Abelson et al., 2016). Management and strate-
gies to support urban ecosystem services across realms will rarely
achieve their targets/goals if the needs andworries of the general public
and other relevant stakeholders,who are often themost direct recipients
of such services, are disregarded. Initiatives such as the Intergovern-
mental Science-Policy Platform on Biodiversity and Ecosystem Services
(IPBES) are a good example of how multiple stakeholders can be
brought together with the aim of enhancing communication and ensur-
ing sustainable practice across research and government. There is also
enormous potential to get the public involved by using citizen science
which, when limitations such as data quality are well managed, can be
used to both obtain ecological data about how and where biodiversity
persists on private land (Van Helden et al., 2020) and to promote public
engagement regarding issues of ecosystem services in all realms
(Buytaert et al., 2014).

6) Update regulation: The final stage of a cross-realm research/manage-
ment framework relates to working collaboratively to inform and im-
prove regulation. While there is legislation and other planning policies
in place that regulate urban planning and environmental protection,
there are often strict jurisdiction or geographic boundaries, which ig-
nore the risk of cross realm impacts. This is highlighted in the complex-
ity of static planning decisions applied under different levels of
government to dynamic ecosystems at high risk of adverse impacts
from surrounding realms (Rogers et al., 2016).
Planning regulations and guidelines tend to lead to the loss of ecosystem
services in cities rather than their retention due to the priorities given to
urban growth. For example, some biodiversity offsets in planning ap-
provals do not achieve their biodiversity targets and yet developments
are still allowed to proceed (Maron et al., 2016; Sonter et al., 2017).
The ecological assessments of new developments are also moderated
by the developer, which is a significant conflict of interest
(Wotherspoon and Burgin, 2009) and can lead to uncertainty where
there is overlap in environmental protection legislation or the realms
in which they apply. In some instances, there may not necessarily be
mechanisms in place to address potential cross-realm adverse impacts
associated with specific planning decisions. This issue may need to be
addressed by establishing opportunities to collaborate with authorities
responsible for planning decisions (e.g. local government). This will re-
quire assurances that overlapping legislation or planning policies are
crossed checked by relevant departments.
Despite the efforts of compliance officers employed by governments to
counter these challenges and sources of conflict, inappropriate develop-
ment approvals and conditions on approval continue to plague cities
under rapid development pressure (Moore et al., 2017). So long as the
regulatory system fails to demand inclusion of inter-realm impact miti-
gation, the aforementioned research will go unacknowledged in the de-
velopment process. A potentially effective initiative to address these
problems is the development of interaction pathways between planning
instruments with cross realm implications (e.g. asset protection zones in
terrestrial areas that may impact adjacent aquatic ecosystems). These
pathways may provide a workflow for compliance officers to identify
and/ormitigate site-specific cross realm impacts. Importantly, the inclu-
sion of regulators from all three realms in the initial team (as outlined in
step 1) is one of the ways in which such challenges can be quickly iden-
tified and subsequently overcome.

One of the most important situations in which to implement this frame-
work are in ‘transition zones’ such as estuaries, mangroves and wetlands
undergoing high levels of development. To demonstrate the utility of the
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proposed framework, we outline a theoretical scenario in which the frame-
work is applied to a constructedwetlands within an urban setting (Table 2).
Constructed wetlands are an increasingly common feature of urban areas
around the world to assist management stormwater pollution (Malaviya
and Singh, 2012). They also have the potential to be used to enhance terres-
trial, freshwater, and marine biodiversity, assist mitigation of climate
change impacts, and improve the health and wellbeing of the community
but they may also provide disservices such as methane production
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(Whiting and Chanton, 2001) and increased mosquito populations
(Hanford et al., 2019). There can be conflicts in obtaining these objectives
and trade-offs are required. In applying the proposed six-step framework to
integrate management of ecosystem services across realms, we provide ex-
amples of the advantages as they apply to constructed wetlands and sur-
rounding environments within an urban land use context in Australia
(Table 2).

In addition to the scenario outlined above, a real world example of
where our framework could be applied is Guanabara Bay in Rio de Janeiro
(Fries et al., 2019) which is of high importance for industry, recreation, and
tourism, but also has significant ecological value. Guanabara Bay is a natu-
ral tropical embayment in Brazil and its watershed supports 8.6 million
people, with urbanization trends showing that growth is rapidly expanding
to peripheral areas of the Bay as well as the seafront (Fries et al., 2019).
Management plans to improve thewater quality of the baywhich is increas-
ingly threatened by discharges of untreated sewage and industrial run-offs
have recently been developed (PFGGBG, 2016). In this case, the current
management plan does explicitly consider linkages between the marine
habitats within the bay with terrestrial and freshwater ecosystems. For ex-
ample, recognising the impact of the discharge of trash and untreated sew-
age into the bay due to the uncontrolled population growth and lack of
sanitation services on the water quality as well as the importance of the na-
tive vegetation in the surrounded, urbanised areas.

Encouragingly, the management plan seems to have been developed
with the input of a wide range of stakeholders (step 1 of our proposed
framework). However, the goals outlined in the Guanabara Bay manage-
ment seem to be focused on actions rather than on outcomes as proposed
here. For example, stated goals include: ‘increasing human and industrial
wastewater treatment and collection’ (see e.g. Fries et al., 2019). Arguably,
a more appropriate goal would be focused on services – such as improved
water quality to allow/increase recreational and tourist activities. This is
because, increases in sewage treatmentmight not always translate into tan-
gible improvements of the water quality and/or services derived from it.

Even goals that are more focused on outcomes themselves - such as the
goal ‘to promote sustainable fisheries’ - lack further details and/or specific
measures attached to it. For example information on how ‘sustainable fish-
eries’ translates into catch per unit or which species will be targeted. Fol-
lowing the proposed framework here would allow the development of
clear objectives for the Bay and consequently, a rapid and relatively easy
evaluation of whether management actions have been successful or not.
This would likely lead to the implementation and/or update of relevant reg-
ulation as outlined in the last step of our framework.

As interest in urban sustainability initiatives increase, there is a growing
trend in researching the ecological and financial costs and benefits. One re-
cent example is the comprehensive assessment of stormwater management
through green infrastructure in Villanova, Pennsylvania, USA,within a ‘Life
Cycle Assessment’ framework. This framework considers the identification
and quantification of all relative inputs and outputs throughout the life
cycle of the infrastructure, as well as across realm factors, such as wildlife
habitat in terrestrial zones or downstream wetland impacts (Flynn and
Traver, 2013). With an ongoing focus on providing economic assessments
of urban ecosystem services, it is critical that interactions between realms
are considered as opposed to a focus on individual habitats or realms in iso-
lation (Capriolo et al., 2020).

6. Conclusions

Researchers have the important role of providing the evidence required
for better integration of multiple realms into planning decisions and the de-
velopment of multi-functional infrastructure. Ensuring all ecological realms
affected by urban development actions are given consideration, and that all
human communities are included as key stakeholders will improve devel-
opment outcomes and, ultimately, urban liveability in our major cities.
We hope that our synopsis of well-integrated projects and suggestions for
a collaborative research framework will help to improve engagement
between researchers working in different realms; encourage clear
8

communication of the benefits and complexity of healthy urban ecosystems
to the wider community; and in particular, highlight the importance of
maintaining ecosystem services across all three realms.
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