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Abstract

The use of plants in cities and the ecosystem services they provide has attracted increased attention both publicly and within
the research literature. Increasingly, the value of urban green and blue space is being recognised for its multiple benefits to
human wellness and ecological integrity.

A quantitative assessment of studies considering nature-based solutions and ecosystem services can identify the current evi-
dence�base for improving the provisioning of plant ecosystem services management and understanding barriers to adoption of
nature-based solutions. Here, we provide a systematic review of the literature to characterise the current state of research on
ecosystem service provision by urban blue and green space.

We identified 684 relevant studies on urban plant literature and extracted key research themes. Studies were generally
focused on terrestrial systems (89%) compared to aquatic systems such as blue space (11%). Geographically most studies were
focused on Europe (39%), Asia (23%), and N. America (22%). Trees were the most frequently reported vegetation type studies
(29%) followed by generic vegetation (20%), grassland (11%), forest (7%), and aquatic vegetation (5%). Many studies were
short (41%), collecting data only over a single year or single field season. Many of the long-term studies are concerning land
use/land cover change. Most studies (64%) were conducted for less than five years. The most-reported methodology was
remote sensing technology (15%), followed by field surveys (8%), stakeholder surveys (6%), and ecosystem service models
(5%). The most-reported ecosystem service types were regulation and maintenance (54%), cultural (28%), and provisioning
(16%). Only a small number of studies looked solely at disservice (1%) or discussed ecosystem services in generic terms. Dis-
services were reported in only 16% of studies with the greatest single category of a disservice being biogenic volatile organic
compounds and allergenic potential. Few studies (13%) reported on the use of nature-based solutions and these 80% only
focused on a single nature-based solution. There was a lack of detail on plant species, 68% (n = 468) did not list the species
studied.

We conclude that there is a broad spectrum of research on urban vegetation services, overall, the focus of the literature is
uneven. Research should seek to examine the species-specific responses to urbanisation and counter geographic disparities.
There is also a need for longitudinal experimental data to identify the functioning and ecosystem service provision of green
infrastructure in both urban green and blue space and factors that influence performance over policy- and management-relevant
timescales.
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Introduction

Throughout the latter half of the 20th and early 21st centu-
ries, urban expansion has continued to increase with urban pop-
ulations and land areas growing rapidly across the world. As of
2008, over half the world’s 7 billion people reside in cities
(Williams, Hahs & Vesk, 2015) whilst urban land use quadru-
pled between the 1970s to 2000s and cities grew at a rate
greater than population growth (Alberti, 2005;
Aronson, La Sorte, Nilon, Katti, Goddard, & Lepczyk, 2014).
It is currently predicted that urban populations will double by
2030, while urban areas are expected to triple (Dulal, 2017).
This increase in urbanisation impacts both natural and modified
environments and continues to exert pressure on the capacity of
these systems to support ecosystem services (Gill, Handley,
Ennos & Pauleit, 2007). As natural habitats are altered or
destroyed, native vegetation is replaced with a mix of homoge-
neous urban vegetation types which better favour urban envi-
ronments (Lososov�a, Chytr�y, Tich�y, Danihelka, Fajmon, &
H�ajek, 2012). Aquatic vegetation is an important indicator of
ecological condition, and urbanisation often decreased the
diversity of macrophyte species present in blue spaces
(Ding, Qian, Wu, Zhao, Lin, & Zhang, 2019; Zub, Prokopuk
& Pogorelova, 2019). It has been noted that blue-space is less
well represented in the research literature than greenspace
(Gunawardena, Wells & Kershaw, 2017). It has also been sug-
gested that blue spaces have numerous wellness benefits and
may be valuable health resources when managed appropriately
(Foley & Kistemann, 2015).

It is evident that human expansion has come at a great eco-
logical and biological cost, while climate and land�use change
can have complex interacting, often synergistic, negative
effects on species and ecosystems (Powers & Jetz, 2019;
Singh, Singh & Singh, 2018). Subsequently, species are going
extinct at a much faster rate than historic background extinction
events (De Vos, Joppa, Gittleman, Stephens & Pimm, 2015).
The physical process of urbanization is also accompanied by
increased traffic, air and noise pollution, the urban heat island
effect, and a greater prevalence in physical and mental ailments
(Depietri, Welle & Renaud, 2013; Kabisch, van den Bosch &
Lafortezza, 2017).

Ecosystem services are the processes through which ecosys-
tems and species support and enrich human life. Applied to
urban planning, the ecosystem services concept reveals urban
populations’ dependence on the goods and services appropri-
ated from ecosystems (Elmqvist, Fragkias, Goodness,
G€uneralp, Marcotullio, & McDonald, 2013; G�omez-Bagge-
thun & Barton, 2013). This concept has now been further
developed by the Intergovernmental Science-Policy Platform
on Biodiversity and Ecosystem Services (IPBES) as nature's
contributions to people, encompassing all contributions, both
positive and negative (Díaz, Pascual, Stenseke, Martín-L�opez,
Watson, & Moln�ar, 2018). The three categories of ecosystem
services as defined by the Common International Classification
of Ecosystem Services (CICES) are: provisioning services are
benefits such as food, water, and timber; regulating and mainte-
nance services are those that moderate phenomena such as cli-
mate, water quality, and viability of species; cultural ecosystem
services are those nonmaterial benefits people obtain from eco-
systems through spiritual enrichment, cognitive development,
social infrastructure, and aesthetic experiences (Haines-Young
& Potschin, 2012). Within an urban context, regulation and
cultural services dominate, although the relative importance of
different services varies in cities depending on socioeconomic
and geographical dynamics and contexts (Luederitz, Brink,
Gralla, Hermelingmeier, Meyer, & Niven, 2015). A quantita-
tive assessment of studies considering nature-based solutions
can identify the current evidence�base for improving the pro-
visioning of plant ecosystem services management and under-
standing barriers to adoption of nature-based solutions to
mitigate the impact of urbanisation.

Urbanisation exerts complex pressures on a wide range of
species (Czech, Krausman & Devers, 2000). Studies have
shown that for several taxonomic groups (vertebrates, inver-
tebrates, and plants) extreme levels of urbanisation nearly
always reduce species richness, mostly via the loss of habitat
or the degradation of remaining patches due to increased
pollution, traffic, or disturbance (McKinney, 2008). McKin-
ney (2008) noted that about 65% of studies indicated
increasing species richness with moderate urbanization.
Most studies included in McKinney’s (2008) analysis
focused on animal taxa, with 57 and 31 reporting inverte-
brates and vertebrates respectively, whilst only 17 focused
on plants. This aligns with general trends in ecology and
conservation studies, where vertebrate studies are well repre-
sented, and other taxa are neglected (Troudet, Grandcolas,
Blin, Vignes-Lebbe & Legendre, 2017).

Urbanisation and its impacts have been recorded to homoge-
nise various freshwater taxa, for example, Ding et al. (2019)
noted the homogenisation of macrophyte species in urban blue
spaces across 35 major Chinese cites whilst Rahel (2002) notes
the homogenization often resulted in increased biodiversity
faunas via the establishment of new species over the extinction
of natives. Some studies have demonstrated that urbanised blue
space can host a range of species and may be of value for con-
servation Perron and Pick (2020). demonstrated stormwater
ponds contained a diversity of Zygoptera species comparable
to natural ponds whilst Hill, Biggs, Thornhill, Briers, Gledhill,
and White (2017) observed that there was a relatively high
alpha and gamma diversity of macroinvertebrates in urban
ponds compared to non-urban ponds with no evidence of
homogenisation.
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It is evident there is still much to learn about the different
impacts of urbanisation on species, particularly on aquatic
plants as despite their ecological significance in urban blue
space they may remain overlooked. Iversen et al. note freshwa-
ter plants have been neglected in the context of functional bio-
geography and little attention has been given to identifying
their life strategies (Iversen, Gir�on & Pan, 2021). They argue
better identifying aquatic plants, their ecological adaptive strat-
egies, and how global change is impacting urban freshwaters
via different species functional responses will aid us in predict-
ing the consequences of global change, which will ultimately
enable us to better enhance urban blue space.

Whilst studies of urban vegetation are less common than
studies on animal taxa, studies on urban flora, such as those by
Qian, Qi, Huang, Zhao, Lin, and Yang (2016), Wittig and
Backer (2010), and Py�sek, Chocholouskov�a, Py�sek, Jaro�sík,
Chytr�y, and Tich�y (2004) have each noted that cites suffer
from homogenisation and feature a general decline in floristic
diversity compared to non-urban areas Ding et al. (2019) con-
ducted a meta-analysis of aquatic plant distributions in China
and found a general trend toward homogenisation in urban cit-
ies. In addition to this, Ding et al. concluded that comprehen-
sive studies of urban aquatic macrophytes are lacking, with
most research being undertaken in China and the West. This
disparity within ecosystem service research was not confined
to aquatic macrophytes, this is particularly of concern with the
current predicted rate of urbanisation in Africa, South America,
and Asia.

Blue space has also been relatively neglected in urban ecol-
ogy (C�er�eghino, Biggs, Oertli & Declerck, 2007), despite many
cities having developed around rivers and their fertile flood-
plains, frequently resulting in the alteration and fragmentation
of freshwater ecosystems (Harrison, Green, Farrell, Juffe-
Bignoli, S�aenz, & V€or€osmarty, 2016). Impacts of urbanisation
on water are well documented and are broadly defined as five
interacting categories: overexploitation, water pollution, flow
modification, invasive non-native species, destruction or degra-
dation of habitats (Dudgeon, Arthington, Gessner, Kawabata,
Knowler, & L�evêque, 2006). Currently, three�quarters of
inland wetlands have been destroyed, one�third of the 28,000
freshwater species assessed on the IUCN Red List are threat-
ened with extinction, and freshwater vertebrate species are
experiencing declines faster than terrestrial and marine counter-
parts (Darwall, Bremerich, De Wever, Dell, Freyhof, & Gess-
ner, 2018). Experiments have demonstrated that urban streams
exhibit increased levels of pollutants, such as nitrogen, phos-
phorus, and faecal coliform bacteria when compared to refer-
ence streams and have lost many clean water taxa and become
dominated by pollution-tolerant taxa (Blakely, Harding, McIn-
tosh &Winterbourn, 2006; Carle, Halpin & Stow, 2005; Shoff-
ner & Royall, 2008). These typical environmental responses to
urbanisation are so frequently observed in urban streams that it
is commonly referred to as “urban stream Syndrome”
(Booth, Roy, Smith & Capps, 2016).

Research on the link between neglected habitats (e.g.
freshwater) and taxa (e.g. plants), the processes of
urbanisation, and the delivery of ecosystem services tend to
be place-specific, restricting the application of that knowl-
edge to “nature-based solutions” to urban challenges in a
broader geographical context. Nature-based solutions refer
to the variety of different engineering and planning interven-
tions to manage various urban planning challenges, defined
by the European Commission as “solutions that aim to help
societies address a variety of environmental, social and eco-
nomic challenges in sustainable ways. They are actions
which are inspired by, supported by or copied from nature”
(Bauduceau, Berry, Cecchi, Elmqvist, Fernandez, & Hartig,
2015; Fusaro, Marando, Sebastiani, Capotorti, Blasi, &
Copiz, 2017). There has, in recent years, been considerable
investment in green infrastructure and nature-based
solutions (Vandermeulen, Verspecht, Vermeire,
Van Huylenbroeck & Gellynck, 2011). The EU has made
considerable commitments to invest in research into nature-
�based solutions under Horizon 2020, allocating 140 million
euros for this research theme (Faivre, Fritz, Freitas,
de Boissezon & Vandewoestijne, 2017). As such, nature-
based solutions may provide answers to many problems
associated with urbanisation, use of stormwater ponds and
vegetated swales for holding and slowing storm surges, veg-
etated roofs for reducing air conditioning costs, the estab-
lishment of hedges to reduce noise pollution are becoming
more commonplace (Amir, Katoh, Katsurayama, Koganei &
Mizunuma, 2018; Biocca, Gallo, Di Loreto, Imperi, Pochi,
& Fornaciari, 2019; Greenway, 2017). Increased greening in
cities is not only linked to biodiversity benefits but also in
providing social and cultural services such as the aesthetic
value and wellness enhancement (Aerts, Honnay &
Van Nieuwenhuyse, 2018).

However, despite the longstanding use of nature in cities,
the study of nature-based solutions is a relatively new field
of research and there are still many research challenges to
consider. For example, often studies discussing the role of
ecosystem services and nature-based solutions discuss
generic vegetation types and lack granularity when discus-
sing how species interactions contribute to ecosystem serv-
ices (Lavorel, 2013). In the context of the homogenisation
of urban vegetation, it is critical to establish a suite of spe-
cies that are suitable for delivering nature-based solutions,
native to the area in which they are being employed, and
ecologically and socially suitable for the habitat.

Previous reviews of ecosystem service provision in urban
environments have incorporated elements of biodiversity in
a broad context rather than exploring links between services
and particular taxa (Haase, Larondelle, Andersson, Artmann,
Borgstrom, & Breuste, 2014; Luederitz et al., 2015). Other
studies have also focused specifically on ecological research
or single areas of research. For example, Ziter (2016) com-
prehensively reviewed ecological studies on the biodiver-
sity-ecosystem service relationship but did not include
studies primarily focused on economics or social sciences
which still may provide valuable information on ecosystem
service provisioning. There is also a wide range of (dis)
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service-specific reviews dealing with topics from air pollu-
tion to invasive non-native species (Branco, Videira, Branco
& Paiva, 2015; Gourdji, 2018). Taking urban plants as a
focal taxon, we suggest that a greater understanding of vege-
tation dynamics will enable us to understand key relation-
ships between plants and ecosystem services. Such an
understanding would highlight gaps within our current
knowledge of which taxa are most appropriate to facilitate
ecosystem services within urban areas.

The purpose of this systematic review is to map and cate-
gorise our understanding of the role of vegetation in the pro-
visioning of ecosystem services and nature-based solutions
with a particular emphasis on the dynamics of ecosystem
service provision in urban green and blue space. To gain
insight into the scope of current urban plant research, we
focus on four broad questions: (i) What is the distribution of
research effort across different habitats or plant communities
studied? Understanding the mechanisms and services pro-
vided by different vegetation types is critical for effectively
understanding, managing, and implementing ecosystem
services and nature-based solutions within urban areas. (ii)
Which services and disservices have been the focus of the
urban plant ecology literature? For example, temperate
urban areas are often focused on hydrological management
(flood or drought), but climate change commitments are
likely increasing the use of plants for carbon capture and
storage. Understanding where the current focus lies can help
to target future research to neglected but promising service
enhancement and identifying potential disservices can help
minimise disruptions in urban areas. (iii) Which geographic
regions are best represented in the literature? Due to the per-
ceived expense of nature-based solutions installation, their
use and study are likely to be restricted to wealthier coun-
tries. However, countries with lower socioeconomic devel-
opment may benefit more from the use of nature-based
solutions. Geographic patterns could help to identify future
opportunities to translate learning among countries. (iv) To
what extent are nature-based solutions recognised or utilised
in the context of ecosystem services provided by plants?
With research and interest increasing in the use and imple-
mentation of nature-based solutions what is the current
knowledge base for urban planners to draw upon?
Materials and methods

The literature search for the review used the ISI Web of Sci-
ence database and SCOPUS search engines and the search
included records from 1st January 1911 to 1st June 2020. We
defined suitable vegetation systems to include in the analysis
as based on Kettenring and Adams (2011) who undertook sim-
ilar work on invasive plants within urban areas. The search
terms that we used to identify relevant papers in Scopus were:
TITLE-ABS-KEY(macrophyt* OR alga* OR plant* OR
seed* OR herb* OR flora* OR veget* OR botan* OR tree*
OR shrub* OR bryophyt* OR grass*) AND TITLE-ABS-
KEY ("ecosystem servic*" OR "nature-based solut*" OR
"nature based" OR nature-based) AND TITLE-ABS-KEY(cit*
OR urban*). In Web of Science, the terms were:
TS = (macrophyt* OR alga* OR plant* OR seed* OR herb*
OR flora* OR veget* OR botan* OR tree* OR shrub* OR
bryophyt* OR grass*) AND TS = ("ecosystem servic*" OR
"nature-based solut*" OR "nature based" OR nature-based)
AND TS = (cit* OR urban*).

Due to the interdisciplinary nature of ecosystem service
work we did not limit the database to fields of study. Instead,
we included all subjects including medicine, virology, and
healthcare. We did not exclude publications based on lan-
guage and so non-English language publications are
included but were not screened. We extracted the following
records from both engines: author, title, keywords, publica-
tion date, abstract, citations, DOI. Duplicate records were
removed using EndNote Online duplicate removal function
and then further manually checked. The systematic review
process followed the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA, http://www.
prisma-statement.org/) system in Fig. 2 and selected
abstracts moved on to the next stage of screening.
Abstract screening

The machine learning program ABSTRAKR, an abstract
and systematic review management tool designed to aid
researchers in organising and screening large volumes of
papers was used by the researchers to aid in screening
abstracts (abstrackr.cebm.brown.edu 2020). ABSTRAKR
aids researchers by providing them with a web-based anno-
tation tool that allows participants in a review to screen cita-
tions collaboratively, and machine learning technologies
that prioritise papers in the screening queue according to rel-
evance (Wallace, Small, Brodley, Lau & Trikalinos).

All unique abstracts from both search engines were
included for the first screening process by SS (n = 2011).
Studies selected for full screening generally featured specific
vegetation types, habitats (i.e. semi-natural grassland/float-
ing ecosystem) or plant species. These could be from any
urban or peri‑urban environment and discussed ecosystem
services. We rejected any papers not relevant to ecosystem
services provisioned by vegetation or specific plants in
urban or peri‑urban environments (n = 543). The screening
resulted in the final set of full texts (n = 1234) that were
used for data extraction (Fig. 1).
Kappa analysis

Cohen's Kappa is a commonly used statistic that measures
inter-observer reliability, sometimes called interobserver
agreement (McHugh, 2012). A Kappa analysis was per-
formed between two authors (SS and CH) on a subset
(n = 150) of randomly selected abstracts from the two

http://www.prisma-statement.org/
http://www.prisma-statement.org/


Fig. 1. PRiSMa flow chart detailing the process of study and abstract collection and elimination for the systematic review (prisma-statement.
org).
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literature databases. Within our study, the Kappa statistic
measures the level of agreement between two authors on the
eligibility of papers for the final analysis. The authors
reached a substantial agreement with Cohen’s Kappa mea-
sured equal to K = 0.7.
Data extraction

When reviewing studies, authors considered relevant studies
as those concerned with a fundamental and applied understand-
ing of plant biology in urban environments, biological inva-
sions, ecosystem services, horticultural sciences, ecological
economics, management of plants, policy and governance of
ecosystem services or urban vegetation management, the social
and cultural value of vegetation, social and health impacts of
plants, mapping of urban vegetation or greenspace change and
urban agricultural systems. All recorded were extracted by SS.
We also included remote sensing and monitoring studies with
a focus on generic vegetation/greenspace if there was a clear
ecosystem service or disservice focus. Studies were then cate-
gorized by the authors via the type of vegetation systems fea-
tured, geographic details, methodological and research
methods, economic outputs, and details of nature-based solu-
tions featured.

Studies or categories where there was a degree of
uncertainty were discussed between SS and CH until a
conclusion was reached. The final set of variables
extracted from papers can be seen in Table S1. Propor-
tions of urban plant studies were calculated from the total
average volume of ecosystem services research papers
published for each relevant year from the Web of Science
and SCOPUS databases. This value was identified by
searching “ecosystem service”, then averaging the output

http://www.prisma-statement.org/
http://www.prisma-statement.org/
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of both databases each year from and calculating the pro-
portion represented by our featured studies.

The studies screened for this review only contain pub-
lished research articles and do not include grey literature.
Reports on some important systems may be found in the
grey literature (e.g., government reports) rather than solely
in publications included in the Web of Science and SCO-
PUS databases. Research themes were based on a published
classification of research perspectives (Luederitz et al.,
2015), ecosystem services were identified as defined by
CICES (Haines-Young et al. 2012), and disservices catego-
ries as per (von D€ohren & Haase, 2015).
Results

Geographic, temporal and spatial, descriptive

The initial search resulted in 3016 retrievals, of these 1005
were duplicates. After the initial screening of titles and
abstracts, the number of remaining papers was 1286. We fur-
ther excluded 602 studies for lack of either clear ecosystem ser-
vice or vegetation links. Some studies were not included
because they were not in English. We have included these
within the appendix should others with the linguistic skills
wish to build upon this work. A visual representation can be
seen in the PRiSMa flow chart below (Fig. 1). For full details
of PRiSMa terminology see Page, McKenzie, Bossuyt, Bou-
tron, Hoffmann, and Mulrow (2021).

Most studies we identified were not open access, only 32%
(n = 218) were open access and the remaining 68% (n = 466)
were behind journal paywalls. The number of published stud-
ies reporting on the ecosystem services associated with urban
vegetation has been steadily increasing throughout the last
two decades, the largest number of studies reported was in
2019 (n = 150). The percentage of studies featuring urban
vegetation and ecosystem services and disservice relative to
total published research in the field of ecosystem services can
be seen in Fig. 2 below. We note a steady increase in the pro-
portion of papers that are being published in the field of vege-
tation ecosystem services since 2004. We found only a single
study before 2004, due to the novelty of the term prior to the
early 2000s. If we consider the whole field of ecological
research, “ecosystem services” are first featured in a 1983
paper by Ehrlich and Mooney (Ehrlich & Mooney, 1983),
whereas by 2005 there were approximately 100 papers in the
field (West, 2015), it is therefore not unsurprising to note few
studies during this period.

Studies tended to be carried out over short timescales,
with 41% collecting data over a single year or field season.
Most studies (64%) were conducted for a period of fewer
than five years (Fig. 3). Many of the longer-term studies
examined land use or land cover change using remote sens-
ing methodologies such as (Mugiraneza, Ban & Haas, 2019)
work on ecosystem service supply, urban land cover dynam-
ics and multitemporal Landsat data.
We were able to identify 513 locations from 82 different
countries, although literature reviews or metanalyses may
not list countries and regions of origin. While this research
was very widely distributed with publications reporting data
from each continent, studies were clustered in Europe, Asia,
North America, and Oceania, with fewer studies in Africa,
South America, Central America, and southern, western,
and central Asia (Fig. 4). There were fewer research articles
from plant ecosystem services developing regions such as
South America, South Asia and Africa. Almost a third of
studies (29%) were conducted in the USA (n = 137) and
China alone (n = 92), with 39% of the remaining studies
focused on European countries (n = 251). Within Europe,
most studies came from Germany (n = 52), Italy (n = 48)
and the United Kingdom (n = 39). Regarding individual cit-
ies, the single most featured city was Beijing, (n = 18), then
Rome (n = 17), followed by New York (n = 16), Berlin
(n = 15), and Helsinki (n = 15).

The most common location for studies was either temper-
ate broadleaf and mixed forest biomes (41%), then Mediter-
ranean forests, woodland, and scrub (19%), tropical and
subtropical moist broadleaf forests � mostly China (16%),
temperate coniferous forests (6%) and taiga (4%). The
remaining 10 biomes featured made up less than 14% of rep-
resented studies. We found around 8% of studies featured
some form of urban blue-space, such as floating ecosystems
or sustainable urban drainage systems (Fig. 6).
Research perspectives and methods

Of the six ecosystem service research perspectives as
defined by Luederitz et al. (2015), ecology was largest with
50% of studies having an environmental science focus.
Social perspectives were the second largest with 22% of
studies dealing with social behaviour, perceptions, and
health. The remaining perspectives were much less com-
monly featured. Methods/tools/guidelines was the focus of
14% of studies, governance 6%, planning 5%, and econom-
ics 4%. Study designs were overwhelmingly descriptive
(50%), with the remaining studies being evenly split
between reviews (13%), applied (13%), experimental
(12%), and observational studies (11%).

In total, we identified 202 research methods, with a total
of 1479 instances of these methods being used across
reviewed studies. The most employed method was remote
sensing (15%), field survey (9%), modelling (9%), literature
review (9%), stakeholder engagement (8%) and ecosystem
service assessment (4%) (Fig. 5). Some of the novel meth-
ods recorded were VR technologies to identify restorative
impacts of different vegetation types on participants
(Nejati, Rodiek & Shepley, 2016), the use of scanning elec-
tron microscopy to identify leaf micromorphology for partic-
ulate pollution capture (Sgrigna, Baldacchini, Dreveck,
Cheng & Calfapietra, 2020), and the use of biomass diges-
tion experiments to access the potential of greenspace to



Fig. 2. Percentage of publications (n = 684) integrating urban vegetation ecosystem services research relative to the total scientific production
in the field of ecosystem services annually as calculated from averages of the two databases used in this study, Web of Science and SCOPUS.
The increased percentage of studies in 1987 is due to the rarity of the term ecosystem services before the 2000s.
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produce biofuel (Piepenschneider, Buhle, Hensgen &
Wachendorf, 2016). The variety of different research meth-
ods reflects the broad scope of our review. Notably, we iden-
tified few studies (2.5%) with a framework and policy focus,
i.e. studies which discuss actions or decision-making to
Fig. 3. Timescale of studies featured within the ecosystem service
literature (n = 684), majority of studies collecting data only over a
single year or single field season and most studies were conducted
for less than five years. The number on top of the bars represented
the total incidence of study length. Most literature-based studies
(reviews and meta-analyses), were categorised as either thematic or
not stated regarding study length, other review papers reported
respective dates of data sources. NS = not stated.
direct a detailed set of policies or strategies for ongoing
maintenance and goals. However, we did not explicitly
include a search term that included frameworks or policy
and these documents may be less likely to be published in
academic literature.
Vegetations and habitats

In total, we identified 21 different vegetation and habitat
types from 1301 different instances across the literature. The
majority of studies focused on either forest habitats (15%), fol-
lowed by generic greenspace (11%), urban parkland (8%),
urban trees (6%), urban agricultural or food-producing land
(8%), green infrastructure (5%), urban blue space (4%) and
urban grassland (4%) (Fig. 6). For additional vegetation sys-
tems see Appendix S4. Studies were generally focused on ter-
restrial systems (87%) rather than aquatic systems (13%).

In total, we identified 54 different vegetation types featured
1023 times across the literature. Many studies focused on trees
or forests (37%), followed by generic vegetation (20%), grass-
lands (11%), aquatic vegetation (6%), crop plants (5%), shrubs
(4%) herbaceous vegetation (4%) and riparian vegetation (2%)
(Fig. 7). For additional vegetation details see Appendix 5.

Out of the 684 studies in the dataset, 68% (n = 468) did
not list the specific species studied. In total there were 879
unique species or genera reported. The most frequently men-
tioned species were Robinia pseudoacacia (L.) and Tilia
cordata (Mill.), with both being featured in 28 studies,
closely followed by Acer platanoides (L.) (n = 27). Other
commonly featured species were Acer negundo (L.)



Fig. 4. Location of studies included in the systematic review that was explicitly specified in the publications looking at ecosystem services
and disservices provided by plants globally (n = 684). Note more than one location could be specified per study and some review articles
may not contain locations.

S. Stroud et al. / Basic and Applied Ecology 61 (2022) 82�101 89
(n = 17), Aesculus hippocastanum (L.) (n = 15), Quercus
ilex (L.) (n = 13), Betula pendula (Roth.) (n = 12), and Quer-
cus robur (L.) (n = 12). For those studies that give species-
level data, the five most frequently featured species make up
50% of all records.

When accounting only for genera there was a different spread,
in total 464 different genera of plants were reported. The single
most frequently reported genus of plants were Acer spp. (6% of
genera reported), Quercus spp. (5%), and Pinus spp. (4%). Tilia
spp., which dominated species-level data made up only 4% of
total reported genera, whilst Robinia sp. Accounted for <2%.
Full species and genera lists can be found in Appendix 2.
Fig. 5. methodology of studies included in the systematic review (n = 684
tured and studies may feature multiple methods.
Ecosystem services

The evaluation of ecosystem services themes was highly
uneven. Regulation and maintenance were evaluated by
most studies (54%), followed by cultural (28%), and provi-
sioning (16%) (Fig. 8). Disservices and “generic” ecosystem
services (i.e., those which used a model to create a generic
ES value) were the focus of a small number of studies.

A total of 57 regulation and supporting ecosystem services
were reported in the literature with a total of 1285 individual
service examples across 529 studies (Fig. 8A). The most stud-
ied regulation and supporting ecosystem service classes were
). Numbers of top of bars represented total times methods were fea-



Fig. 6. The type of ecosystem that was principally investigated or discussed in each publication (n = 684). Figure showing only those envi-
ronments with more than 10 instances of occurrence, publications may have multiple investigated ecosystems. Numbers on top of bars repre-
sent total number of times environments were featured, and studies may feature more than one environment. Bars in white represent aquatic
or riparian systems.
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focused on the regulation of chemical composition of atmo-
sphere and oceans (28%), regulation of temperature and
humidity (15%), followed by hydrological cycle and water
flow regulation (12%) and maintaining nursery populations
and habitats (9%) (Fig. 8A). It should be noted regulation of
chemical composition of atmosphere and oceans, was split
Fig. 7. Vegetation focuses of each of the 684 studies from this review. Sh
rence. Numbers represent the total number of times vegetation types wer
Generic vegetation refers to the non-specific study of green spaces in cit
descript descriptions of sites with few details of vegetation types featured.
between several unique classes, namely carbon sequestration
(9%), air pollution management (8%), and generic air quality
regulation (5%) whereas other regulation groups generally
comprised of only a single class of services.

We identified 38 different cultural ecosystem services
from 647 individual service examples across 283 studies
owing only vegetation types with more than five instances of occur-
e featured, and studies may feature more than one vegetation type.
ies, usually derived from satellite mapping based on NDVI or non-
Bars in white represent aquatic or riparian systems.



Fig. 8. The distribution of ecosystem services examples produced by vegetation in urban and peri-urban areas examined throughout the
research literature (n = 684). The services were assigned to the CICES categories. Only ecosystem services with more than 10 instances of
occurrence are shown. On top of the bars are the total numbers of studies mentioning an ecosystem service and studies may feature more than
one ecosystem service.
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(Fig. 8C). The most featured cultural ecosystem service clas-
ses were overwhelmingly the characteristics of living sys-
tems that enable activities promoting health, recuperation,
and enjoyment (33%) followed by aesthetic experiences
(13%) and elements of living systems that have symbolic
meaning (10%). Other cultural services which featured were
education and training (8%), living systems that are reso-
nant in terms of culture or heritage (7%), and green equity
(6%) (Fig. 8C). The single largest specific cultural
ecosystem service group was physical and experiential
interactions with natural environment (n = 237) followed by
intellectual and representative interactions with natural
environment (n = 217), spiritual, symbolic and other inter-
actions with natural environment (n = 88), Other biotic
characteristics that have a non-use value (n = 46), and other
(n = 59). There was a variety of novel services reported such
as the use of urban gardens for the staging of disaster relief
and memorialization.



Fig. 9. Ecosystem disservice themes featured and their associated
vegetation types (n = 95). On top of the bars are the total of studies
mentioning an ecosystem disservice (studies may feature more
than one disservice).
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Provisioning ecosystem services were the least frequently
reported ecosystem services within the literature, reported in
136 studies. In total there were 26 reported provisioning eco-
system services, with 214 individual service examples
(Fig. 8B). The most-reported provisioning ecosystem ser-
vice class was the use of cultivated terrestrial plants (includ-
ing fungi, algae) grown for nutritional purposes (43%)
whilst the use of wild plants (terrestrial and aquatic, includ-
ing fungi, algae) used for nutrition accounted for 6% of pro-
visioning services. Timber from either wild or cultivated
plants was featured 22 times (11%), with fibres and other
materials from cultivated plants, fungi, algae and bacteria
accounting for 6% and fibres and other materials from wild
plants for direct use or processing for 5% of provisioning
services (Fig. 8B). The remaining 15 provisioning services
all featured fewer than 10 times though accounted for 23%
of those reported. These include services such as wild plants
used for fibres, livestock fodder, and the creation of non-tim-
ber wood products. The two main groups of provisioning
services were Cultivated terrestrial plants for nutrition,
materials or energy (57.5%) and Wild plants (terrestrial
and aquatic) for nutrition, materials or energy (37%), other
provisioning groups accounted for only 5% of services.
Disservices

We identified a broad range of 52 unique disservices pro-
vided by urban vegetation with a total of 283 occurrences
from 95 studies. The most commonly occurring disservice
themes involved health impacts (n = 56), material impacts
(n = 36), and cultural or aesthetic impacts (n = 30), followed
by ecological (n = 19), then safety and security (n = 17).
The least reported disservices were leisure and recreational
(n = 13) and generic (n = 4). The single largest specific dis-
services were those involving biogenic volatile organic
compound emissions and allergenic potential (16%), fol-
lowed by aesthetical appeal of vegetation (10%), cost of
management (7%), potential to encourage pests (7%). The
most-reported vegetation types within disservices were trees
(45%) or forests (14%), generic vegetation (14%), and then
grassland (9%). Disservices were also associated with
aquatic and riparian vegetation, herbaceous vegetation,
green roofs, and green walls (Fig. 9).
Nature-based solutions

Only 20% of screened studies (n = 192) mentioned nature-
based solutions. From these studies, we identified 20 unique
nature-based solutions, and of these most studies focused on a
single nature-based solution (80%). Nature-based solutions
were mostly focused on terrestrial systems (78%) whilst
aquatic or riparian solutions accounted for 22% of those fea-
tured. In total, we identified 21 different contexts within which
vegetation was used in a nature-based solution with 187
different instances across the literature. Most commonly, stud-
ies featured green roofs (19%), followed by trees (18%), biore-
tention areas (11%), generic green infrastructure (11% - papers
discussing benefits of green infrastructure without identifying
specific vegetation), green walls (10%), and generic urban veg-
etation (7%; generic vegetation refers to the non-specific study
of green spaces in cities, usually derived from remote sensing
technologies or descriptions of sites with minimal details of
vegetation). Other nature-based solution types make up the
remaining 25%. Further details can be found with Appendix
table S6.
Discussion

We present an overview of the literature on ecosystem
services and disservices provided by plants in the urban
environment, and nature-based solutions facilitating those
services. We note that there are fewer studies on aquatic
plants and their associated ecosystem services as most stud-
ies in our sample focused on terrestrial ecosystems rather
than urban blue space. There has been continuous growth in
the proportion of papers discussing vegetation in relation to
the total output of ecosystem services research since the
early 2000s. Research was generally conducted under short
timescales with many studies utilising only a single field
season of data. The results from our sample show that stud-
ies in the temperate and tropical regions of North America,
China, and Europe are well represented. Research frequently
focused on large vegetation structures such as trees, parks,
and forests, and had a strong terrestrial focus. We noted a
distinct lack of species-level data and taxonomic biases
within published studies, with 68% of studies not listing spe-
cies-level data. Ecosystem services classes were dominated
by regulation and maintenance services, followed by cultural
and provisioning. Reported disservices frequently focused
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on health, material, and cultural and aesthetic impacts and
were associated strongly with trees and forests.
Vegetations, habitats, and species

One finding from our research was the lack of taxonomic
detail in studies discussing vegetation. Of the studies, we
screened almost two-thirds did not identify vegetation beyond
broad habitat or generic terms. This lack of data on species-level
function, response, and uses within urban areas leads to chal-
lenges in the practical development and design of greenspaces.
We noted few studies focusing on several neglected groups,
namely bryophytes, pterophytes, but also lichens and fungi.
Incomplete taxonomic detail may result in the selection of spe-
cies inappropriate or ill-suited to supplying ecosystem services
which could lead to wasted municipal funds and ultimately
cause disservices (Sjoman, Hirons & Bassuk, 2015). What
should be noted is for some groups there were comprehensive
management considerations, for example, the allergenic impacts
of fruit tree species (Carinanos, Grilo, Pinho, Casares-Porcel,
Branquinho, & Acil, 2019b; Carinanos, Delgado-Capel, Mara-
diaga-Marin & Benitez, 2019a). Without investment into either
research or the harnessing of local or traditional ecological
knowledge to identify the function of urban plant communities,
it will be challenging to develop policies to enhance ecosystem
system services in understudied regions. There are some notable
examples of where research has been well utilised. China has
spent considerable sums on green infrastructure and research on
projects such as the Sponge Cities Program (Chen & War-
ren, 2011; Li, Ding, Ren, Li & Wang, 2017). This program has
been focused predominantly on urban water management by
restoring historic water features and the inclusion of nature-
based solutions (bioswales, vegetated retention ponds) in
Wuhan, and has been successful in alleviating flooding
(Chan, Griffiths, Higgitt, Xu, Zhu, & Tang, 2018).
Blue-green space

Whilst we did see some studies focus on aquatic habitats,
this was small (8%) (Fig. 4), most literature focused on ter-
restrial environments and species. As such, there was rela-
tively poor reporting of aquatic species-level data. The most
frequently reported genus of aquatic or wetland plants was
Salix spp. (n = 17), followed by Typha spp. (n = 4) and
Phragmites spp. (n = 4). Freshwater ecosystems are some of
the most threatened globally, particularly in urban areas due
to the extensive local and landscape-scale modifications
(Hassall, 2014; Hill et al., 2017; Waltham, Burrows, Weg-
scheidl, Buelow, Ronan, & Connolly, 2019). Without a clear
understanding of the ecosystem services provided by aquatic
ecosystems, their benefits may be overlooked, or habitats
used inappropriately. In studies that discuss the benefits of
urban waters and vegetation, it is evident that these habitats
not only represent crucial refugia for aquatic biodiversity
but also provide a range of ecosystem services. One study
estimated the value of wetland services in Jiangbei in China
to be USD 1016.46 million (Tang, Wang & Wu, 2019),
whilst others have demonstrated the ability of urban riparian
vegetation to be highly effective at denitrification of urban
stormwaters (Groffman & Crawford, 2003). Addressing
global inequalities in aquatic systems research to understand
the roles individual species perform in these regions, and
how these may best be utilised to protect and enhance urban
freshwaters and spaces is critical (Garcia, Barcelo, Comas,
Corominas, Hadjimichael, & Page, 2016; Maes &
Jacobs, 2017). Without knowing the effectiveness of species
for use in nature-based solutions and how they facilitate eco-
system services, there is a risk that inappropriate plants will
be used that do not enhance areas and lead to species inva-
sion and/or disservices (Rai & Singh, 2020).

It is well established that most human settlements and cit-
ies are located close to the coast, with 40% of the world's
population living in coastal areas (Barrag�an &
de Andr�es, 2015). Despite this, we found little focus on the
regeneration of estuarine and coastal vegetation systems in
relation to ecosystem service. The notable exception to this
theme is a body of work on the regeneration of mangrove
systems, generally undertaken in Asia, which noted the sig-
nificance of mangrove forests in coastal protection and
disaster mitigation (Avtar, Kumar, Oono, Saraswat, Dorji, &
Hlaing, 2017; Lee, Tay, Ooi & Friess, 2020).
Geographic, temporal and spatial, descriptive

The study of vegetation within urban systems is rapidly
expanding (Fig. 2), which is unsurprising considering the
relative novelty of the field, the amount of investment being
made in research and infrastructure on ecosystem services.
One reason for the increase in publications is investment
from research institutions such as the EU, these research
funds have been made available to reduce public expendi-
ture through increasing the effectiveness of management
interventions with the additional benefits of increasing the
ecological quality of urban areas (Faivre et al., 2017). Our
results match similar trends in the distribution of ecological
studies globally (Fig. 4) Martin, Blossey and Ellis (2012).
mapped the global distribution of ecological studies and
found the geographic distribution of studies was uneven
with the overrepresentation of protected areas, temperate
regions, and wealthier countries. Concerningly, many of the
world’s biodiversity hotspots are not featured within the eco-
system services literature, with few studies being reported
from South America, Africa, and Asia, although our findings
demonstrate that China is well represented (Fig. 4). With
increasing urbanisation globally it is vital to understand how
native species can contribute to people’s health, sustainable
urban design, and maintaining viable ecosystems and their
services whilst mitigating against the negative impacts of
urbanisation (Cobbinah, Erdiaw-Kwasie & Amoateng,
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2015). Only a few studies in this review looked at services
based on native vegetation in the Global South, such as
Basu and Nagendra (2020) and Khan, Jhariya, Yadav and
Banerjee (2020) which both discussed urban green equity
and ecosystem services. As such, future work should focus
on accessing, identifying, and funding the research needs of
the Global South, as it is clear that economics drive the
abundance of research in the West and China (Leimu & Kor-
icheva, 2005).
Disservices

Relatively few studies featured disservices, with only a
handful directly looking at ecosystem disservices as their
focus (Fig. 9). Trees were the most reported vegetation asso-
ciated with disservices followed by generic vegetation, for-
ests, and grasslands. It has been noted that there is a culture
of unsuitable tree planting, particularly in urban greening
projects, which may not acknowledge that trees and their
management can have environmentally negative impacts
(Roman, Conway, Eisenman, Koeser, Barona, & Locke,
2021). These associated management challenges include
risks to people by falling trees or limbs, and to buildings
through the action of their roots or limbs breaking, though it
has been noted that the majority of tree or branch failure can
be detected and thus risk mitigated with appropriate mainte-
nance (Klein, Koeser, Hauer, Hansen & Escobedo, 2019).
They also produce large quantities of organic debris which
can be unsightly and disrupt drainage systems
(Cherqui, Belmeziti, Granger, Sourdril & Le Gauffre, 2015;
Graca, Queiros, Farinha-Marques & Cunha, 2018). Various
compounds produced by trees are harmful or irritable to
human health such as volatile biogenic organic compounds
which induce allergies, thus tree planting needs appropriate
selection, management, and planning (Chen & Liang, 2020;
Fernandez-Rodriguez, Cortes-Perez, Muriel, Tormo-Molina
& Maya-Manzano, 2018; Ren, Qu, Du, Xu, Ma, & Yang,
2017). Health impacts (both negative and positive) are likely
commonly featured due to detailed socioeconomic and
health data for municipal areas with public tree inventories
(Carinanos, Casares-Porcel, de la Guardia, Aira, Belmonte,
& Boi, 2017, 2019a; Escobedo, Kroeger & Wagner, 2011).
Cultural and aesthetic disservices featured prominently in
the literature including, unattractive vegetation, perception
of increasing crime, and perception of increasing litter (Del-
shammar, €Ostberg & €Oxell, 2015; Graca et al., 2018). What
is clear from many of these studies is the role cultural values
and norms play in perceptions of disservices of vegetation.
For example, one study in the US found that pondside and
garden vegetation was frequently managed with neighbour-
hood aesthetic expectations as a key motivation rather than
sympathetic management for environmental quality
(Monaghan, Hu, Hansen, Ott, Nealis, & Morera, 2016).
Future work should continue to build upon methods to
address and reframe urban and sub-urban landscaping
practice towards ecologically sympathetic norms, particu-
larly around homogenous areas which could be utilised for
multiple service supply (Southon, Jorgensen, Dunnett,
Hoyle & Evans, 2017).

Some studies did note the conflicts of management of
non-native invasive species in developing regions: where
native species have been excluded, invasive species may
now supply vital services to local populations
(Dickie, Bennett, Burrows, Nunez, Peltzer, & Porte, 2014).
Non-native species occupy an unusual space within urban
areas. Frequently we see a common suite of non-native spe-
cies utilised for their aesthetic popularity, resilience, and
management (Bay�on, Godoy, Maurel, van Kleunen & Vil�a,
2021). One propagule pressure is the horticultural trade
which had resulted in the widespread movement and homog-
enisation of urban floras, worrying invasive non-native spe-
cies remain for sale even post-control legislation is enacted
(Beaury, Patrick & Bradley, 2021). Gardening and urban
landscaping have long been considered significant players in
global change and as such greening projects and green infra-
structure should, wherever possible, focus on utilisation of
native species including avoiding seed mixtures of cultivars
or introduced provenances of native species
(Fischer, von der Lippe, Rillig & Kowarik, 2013;
Kiehl, Kirmer, Donath, Rasran & H€olzel, 2010; Niinemets
& Pe~nuelas 2008).
Reliance on remote sensing methodologies

Large green spaces, such as urban forests, parks, and
other generically defined green spaces, were a key focus of
studies from our sample and other marginal habitats were
less well represented (Fig. 6). This is not unsurprising con-
sidering that these are probably the most frequently encoun-
tered areas of vegetation by people in urban areas
(Elmqvist et al., 2004). However, this emphasis fails to
account for the variety of different ecosystems which are
encountered throughout urban areas and their contribution
to ecosystem service supply. Several studies did focus on
marginal habitats such as road verge vegetation, vegetation
under power lines, and spontaneous vegetation
(Mathey, Arndt, Banse & Rink, 2018; Seamans, 2018). For
example, the carbon sequestration capacity has been evalu-
ated in roadside vegetated filter strips and swales and find-
ings demonstrated that wetland swales are better stores of
carbon than dry swales (Bouchard, Osmond, Winston &
Hunt, 2013) whilst other studies have explored public under-
standing, values, and perceptions of wild roadside vegeta-
tion and found the public associated a variety of values
whilst demonstrating a high awareness of ecosystem serv-
ices supply (Weber, Kowarik & Saumel, 2014). There was a
small set of papers discussing the integration of more natural
habitats into green spaces. There should be a greater empha-
sis on the potential use of more natural vegetation types in
urban areas to provide a range of services across different
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provisioning types (Gardiner, Burkman & Prajzner, 2013;
Kowarik, 2018).

The prevalence of studies featuring large green spaces
may be attributed to the frequency of remote sensing meth-
odologies within the literature that use spectral features
(reflectance or emission regions) to identify vegetation.
Feld, da Silva, Sousa, de Bello, Bugter, and Grandin (2009)
concluded that such remote sensing of ecosystem services
may be limited to indirect, generic indicators, while other
services may be completely invisible to remote sensing
approaches. For example, many indicators of regulating and
maintenance services operate at very local scales, such as
floral resources for invertebrates, food plants for pollinators
and habitat for predators or pests, which are below the reso-
lution of satellite imagery (30�100 m). Meanwhile, indica-
tors of provisioning services operate at regional scales that
are more amenable to study using remote sensing technolo-
gies. Methods such as Normalised Difference Vegetation
Index (NDVI) (Tucker, 1979) are well-documented and fre-
quently used indicators of vegetation biomass, which has
been used to map vegetation health, carbon sequestration
and forest canopy cover on a variety of scales and is still a
valuable tool in understanding vegetation dynamics over
large scales (Avtar et al., 2017). However, care needs to be
taken when translating into practice a body of literature that
relies heavily upon phenomena only studied at broad scales.
Remote sensing was utilized in novel mixed methods such
as the use of the Danish Civil Registration System to assess
the impacts of childhood greenspace exposure on adult psy-
chiatric disorders (Engemann, Pedersen, Arge, Tsirogiannis,
Mortensen, & Svenning, 2019) and the relationships
between green land cover and life expectancy (Tsai, Leung,
McHale, Floyd & Reich, 2019). Work in the US has demon-
strated that within urban areas most land is private residen-
tial, and it is here where the majority of urban tree canopy is
located (Grove, Locke & O’Neil-Dunne, 2014). Thus, these
coarse resolution land cover analyses in heterogenous urban
areas may favour large blocks of green and blue space but
may fail to detect smaller vegetation dynamics in private
gardens and land which may be a significant contribution to
the local ecosystem service economy but remain undocu-
mented within much remote sensing literature. Work by
MacFaden, O'Neil-Dunne, Royar, Lu and Rundle (2012)
has demonstrated this granular level of tree cover in New
York using high-resolution LIDAR and multispectral imag-
ery technology.

Often, remote sensing technologies are featured in studies
that utilised data from across several years. Other research
methods had a distinct lack of long-term studies. Most stud-
ies featured within this paper were short with 42% (n = 287)
being sampled for less than 1 year and 12% (n = 84) sam-
pled for only 1�2 years. In total, of all screened studies
64% (n = 436) had a study period of fewer than 5 years, fur-
ther highlighting a lack of long-term experimental data. A
lack of longitudinal experimental studies leaves gaps not
only in the knowledge of long-term functioning and impacts
of nature-based solutions but also in the development of
societal attitudes towards green infrastructure. This insight
is vital to understanding and reaching long-term manage-
ment and policy goals. We noted no studies which clearly
disentangled ecosystem service supply and age of vegeta-
tion. Long-term studies would feed into a broader under-
standing of efficiency, cost, and risk. Importantly
assessment of public perception across seasons and ages,
vegetation condition (in flower/dieback) is critical in educat-
ing and gaining public support for nature-based solutions
against hard infrastructure projects. The relationship
between vegetation development and age seems to be a rela-
tively neglected research topic within ecosystem services.
Forest age has been shown to be positively associated with
the multifunctionality of forests and their capacity to provide
multiple ecosystem services to society (Jonsson, Bengtsson,
Moen, Gamfeldt & Sn€all, 2020).
Lack of longitudinal experimental data

We also noted no experimental studies comparing interac-
tions among nature-based solutions, as the majority focused
on a single nature-based solution. As such we lack data on
the potential risks, benefits, and interaction of utilizing mul-
tiple nature-based solutions concurrently. Research should
build upon these findings, undertaking full life-cycle assess-
ments of vegetation, nature-based solutions, and study the
interaction of multiple interventions to fully capture how
ecosystem service supply is impacted throughout the man-
agement lifespan of areas or green infrastructure.

For example, the use of floating ecosystems within urban
blue space has become an increasingly attractive option for
ecosystem service provision and greening grey water infra-
structure where other planting options are not suitable
(Li, Song, Li, Lu & Nishimura, 2010). There have been consid-
erable investments in these floating ecosystems such as in the
Wild Mile Chicago (wildmilechicago.org, (2021b) or the EU-
funded Urban GreenUp programme (urbangreenup.eu,
(2021a). However, the use of these technologies is still rela-
tively novel and there has been little published research on their
long-term functioning. Examples of experimental studies could
focus on how these floating ecosystems enhance the aesthetic,
environmental and biodiversity value of urban blue spaces.
Understanding the longer-term community compositions and
vegetation development of these systems would enable statu-
tory organisations to better target their management regimes to
meet environmental or biodiversity targets.

Policy goals for green infrastructure, nature-based solu-
tions, and the value of biodiversity will only be developed if
there is a clear economic case put forward for inclusion
within urban areas. Our review found a lack of studies that
provide clear and detailed economic analysis of the benefits
or costs of ecosystem services provided by plants in urban
areas. While some studies did attempt to quantify the values
of services provisioned by plants (Sander & Haight 2012;
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Silvennoinen, Taka, Yli-Pelkonen, Koivusalo, Ollikainen &
Setala, 2017; Soto-Montes-de-Oca, Bark & Gonzalez-Are-
llano, 2020), many did not. For example, (Tsai, Floyd,
Leung, McHale & Reich, 2016) examined relationships
between urban vegetation cover and Body Mass Index,
which could have further discussed relationships between
public health and the economic impact of greenspace frag-
mentation. Of those studies which did discuss economic val-
ues many utilised i-Tree methods for the valuation of
ecosystem services. For example, Hilde and Paterson (2014)
used i-Tree valuation to assess the monetary benefits of trees
in energy saving, sequestering carbon, and the management
of air pollution in Texas.

Natural resource monitoring systems such as i-Tree are
critical sources of information for decision-makers on natu-
ral resource management. They provide a powerful suite of
different methods of assessing and valuing forest resources,
understanding forest risk, and developing sustainable man-
agement plans to improve both environmental quality and
human health. Natural Natural, 2013 recommended I-Trees
tools as an appropriate valuation method for urban forests
and trees, particularly so in financial terms to economically
minded policymakers and statutory organisations. Ruam
(2019a) observed that i-Tree Eco had helped some organisa-
tional actors to overcome the negative perception of tree
management. However, enacting recommendations based
on ITree, such as improved urban forest management, fund-
ing allocations or policies changes are still a barrier to
achieving impact (Raum, Hand, Hall, Edwards, O'Brien, &
Doick, 2019b).

It is evident that, to provide an economic case for the
inclusion of a diverse range of vegetation and habitats,
detailed examples of the potential benefits and costs of the
inclusion of these systems are needed. These are not new
concepts: the inclusion of nature-based solutions should
have sound economic grounding, and without a cost-benefit
analysis it is difficult to provide a strong evidence base for
the financial benefits often attributed to nature-based solu-
tions (Cousins, 2021; Pretty & Barton 2020). It is therefore
surprising that this did not appear more prominently within
the studies that we screened. The inclusion of grey literature
may have enabled others to better quantify the economic
benefits of vegetation in urban areas.
Nature-based solutions

Our data demonstrate a wide range of different ecosystem
services provisioned by nature-based solutions and vegeta-
tion in urban areas. This being the case, why is the adoption
of nature-based solutions not commonplace? One answer
may be the lack of good evidence globally for the effective-
ness of nature-based solutions as per our analysis. The
results of successful interventions that use nature-based sol-
utions, including from the grey literature, are currently com-
piled, documented, and analysed in a selection tool
developed by Oxford University (2020). From this kind of
selection tool, solutions for common urban planning chal-
lenges can be created to aid in urban planners selecting
appropriate nature-based solutions. However, our results
suggest that there is likely a need to incorporate regionally
specific species recommendations into these decision sup-
port tools to maximise biodiversity and service provisioning
gains while minimising the risk of the use of non-native or
damaging species. The weak evidence base may also con-
tribute to a lack of engagement among some stakeholders
Kabish (2015). found though a wide range of different eco-
system services were supplied, users had low awareness of
the benefits of green spaces among different organisational
actors, suggesting that training and engagement on the
potential benefits of ecosystem services and nature-based
solutions is essential. Santoro, Pluchinotta, Pagano, Pengal,
Cokan, and Giordano (2019) state that effective manage-
ment strategies are reliant on stakeholder’s perceptions.
Encouragingly, they found that stakeholders understood that
the most suitable solution to reduce flood risk may not
always be grey infrastructure projects. They highlight that
engaging with multiple stakeholders is critical in successful
risk management measures and that there is a critical need
for supporting activities that help to address risk perceptions
to encourage the implementation of nature-based solutions.
Whilst the EU has set clear funding commitments for the
research of nature-based solutions (Faivre et al., 2017), what
is less clear are values of funding commitments for other
global leaders such as America and China
(Escobedo, Giannico, Jim, Sanesi & Lafortezza, 2019).
Conclusions

Given the predicted impacts of future urbanisation, cli-
mate change and population growth it is critical to under-
stand the impact that these processes will have on urban
areas, people, and ecosystems. Urban systems are complex
and the roles and responses of plants within them are not
well understood at either species or community level, partic-
ularly in urban blue space. This systematic review provides
evidence that there are large gaps in our understanding of
vegetation systems in developing nations, as most research
is undertaken in wealthy western countries and China. There
has been an emphasis on terrestrial ecosystems and a generic
approach to “green” space via the use of remote sensing
technologies, rather than a more nuanced ecological under-
standing of how networks of species interact across habitat
types. Research should prioritise our understanding of both
aquatic and terrestrial vegetation responses to urbanisation,
particularly within an experimental and longer-term context.
We noted few studies on urban blue space and aquatic
plants, environments that have decreased within urban areas
but may provide a multitude of regulation, cultural, and pro-
visioning services. Work needs to focus on understanding
ecosystem services at species or habitat level and develop
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best practices in management regimes for urban vegetation.
This review also reveals important shortcomings in research
that validates the economic justification for the application
of natural vegetation and nature-based solutions.
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