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Abstract: Although urban soils are strongly influenced by human activities, they provide a wide
range of Ecosystem Services (ES) as long as they are not sealed off. This is a major sustainability
issue as the loss of soil functions directly impacts ES and further on the possibility to adapt to the
effects of the climate crisis. Green Infrastructure (GI) measures can be utilized to restore previously
covered soil surfaces and compensate for lost soil functions. We conducted a systematic literature
review to investigate the extent of peer-reviewed publications on GI measures in (peri-) urban areas
covering soil-related ES. After identifying the relevant publications (n = 284), we generated an
overview of the annual, spatial, and thematic distribution of the publications. Then, we employed an
extended content analysis of the published focus topics to assess the representation of soil-related ES
provided by GI. The content analysis revealed that the representation of soil-related ES in GI measures
focused heavily on the contribution of soil to stormwater management. Detailed assessment of the
interconnection of GI measures with key soil-related ES were missing. So far, the assessment of the
loss of soil-related ES is not covered extensively in GI research publications.

Keywords: green infrastructure; soil functions; ecosystem services; systematic literature review; soil
function loss

1. Introduction

The pressure on soil and land in (peri-) urban areas increases due to competing land
uses such as living, working, infrastructure, energy, or recreation, as a result from intensi-
fying urban immigration and the amplifying effects from the climate crisis [1]. Although
urban soils are strongly influenced by human activities and highly heterogenous in their
chemical, physical, and biological properties, they can still provide a wide range of pro-
visioning, regulating and cultural Ecosystem Services (ES) [2,3] similarly to more natural
soils [4–6] as long as they are not sealed off. Soil sealing describes various types of impervi-
ous land covering such as asphalt, concrete, buildings, or impermeable paving [5–7].

When the soil surface is sealed for land use purposes, as e.g., infrastructure or building
development, valuable fundamental soil functions get lost [5]. According to the European
Commission [8], these soil functions can be categorized into seven main topics: (1) biomass
and food production; (2) nutrient and water storage, filtration and transformation; (3)
biodiversity pool and habitats; (4) source of raw materials; (5) carbon pool; (6) physical and
cultural environment for human activity as well as (7) archive of geological and archaeolog-
ical heritage. The occurrence of these soil functions leads to raising soil quality within land-
use boundaries. For this article, soil quality is defined as the multi-functionality of soil to
sustain its environmental capacities, hence to provide soil-related ES. Soil quality promotes
plant growth and biological productivity, secures biodiversity and habitation, supports
animal and human health, regulates water infiltration, and buffers pollutants [9,10].

However, in urban and landscape planning, soil is often perceived solely as a two-
dimensional parameter, because it is reduced to its area function. It is seen as a land surface
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without any depth. Soil quality and related functions linked with the third dimension,
the soil depth, are usually disrespected [3,4]. This is a major sustainability issue, as
the loss of soil functions directly impacts ES and further on the possibility to adapt to
climate change. The reduction of intact soil systems, which occur predominantly in
combination with (natural) green spaces, impacts the soil’s ecological functions such
as carbon storage [11–14], water retention [15–18], regulation of the micro- and meso-
climate [7,19,20] or plant growth [5,21,22]. The loss of the green spaces will enhance
the problems arising from increased Urban Heat Islands (UHI), from reduced stormwater
retention areas, or from impaired air quality, which all lead to reduced quality of life [3,5,23].
Although urban soil quality and its preservation urgently need to be integrated into urban
planning efforts, it is still not yet addressed widely [4,24].

The exploding land consumption in (peri-) urban areas entails an urgent need to pro-
mote sustainable land renaturation [25], especially since in urban areas potentially contam-
inated soils and very natural soils can exist in close proximity to each other [26]. In the EU,
the promotion of Green Infrastructures (GI), defined as strategically planned (semi-) natural
ecosystems to bring vegetation and (engineered) soils back to built environments [3,6,27],
is a long-term strategy to combat the net soil loss and to ensure the delivery of ES in these
areas [28]. GI measures can be utilized to restore previously covered soil surfaces, compen-
sate for lost soil functions, and install newly designed features to generate green, permeable
areas. Urban soils are always anthropogenically influenced and still capable of fulfilling
a broad variety of the already mentioned soil functions and ES if not sealed [24]. Soils
used for GI measures are also not undisturbed soil resources but altered and adapted for
their particular purpose, oftentimes as part of a technical substrate. In 2006, an additional
soil class, Technosols, was added to the World Reference Base of the International Union
of Soil Sciences to describe the occurrence of the added anthropogenic materials or even
impermeable surfaces [29].

So far, no systematic literature review covers soil functions and their loss in the
context of GI. The aim of this systematic literature review is to demonstrate the extent of
publications covering soil functions in peer-reviewed journals when investigating GI in
urban or peri-urban areas, to identify the geographical scope, focus topics, and thematic
distribution of the publications. Furthermore, we provide an analysis of the contextual
discussion within the published focus topics, pointing out the soil-related ES provided by
GI measures. The following research questions are addressed in this review study:

• How are soil-related Ecosystem Services represented within the peer-reviewed publi-
cations on Green Infrastructure?

• How are Green Infrastructures investigated in peer-reviewed publications in regard
to soil-related Ecosystem Services and soil function loss?

2. Materials and Methods
2.1. Systematic Literature Review

This study was built on a systematic literature review [30,31] (Phase I, see Figure 1)
to identify relevant scientific publications that were then subjected to a content analysis
(Phase II). The four phases applied in this systematic literature review were identification
(I.a), screening (I.b), eligibility (I.c), and inclusion (I.d) [30–33]. The pre-defined inclusion
and exclusion criteria (given in Table 1), as well as the explicit methodology of the selection
process allowed for a clear and transparent inclusion process whilst minimizing the bias.

To identify relevant publications, we searched the databases Web of Science and
Scopus according to a pre-defined search string. The keyword “Green Infrastructure”
was combined with the Boolean “AND” and “OR” with the keywords “soil”, “city”, and
“urban” to find research articles within the broad scope of the research questions (“Green
Infrastructure AND soil”, “Green Infrastructure AND city”, “Green Infrastructure AND
urban”, “Green Infrastructure AND soil AND city”, “Green Infrastructure AND soil AND
urban”, “Green Infrastructure AND soil AND city OR urban”). The search terms were
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broad to assure the inclusion of publications even if they did not specifically address the
topic of soil (functions) or soil quality with these specific words.

Figure 1. Process and flow diagram of the four phases of the systematic literature review (identi-
fication (I.a), screening (I.b), eligibility (I.c), and inclusion (I.d) and the extended content analysis
(II.a–II.c).

Table 1. Specific inclusion and exclusion criteria for the phases I.a–I.c of the systematic literature review.

Phase Inclusion Criteria Exclusion Criteria Total n◦ of Excluded Articles

Ia. Identification Keywords: Green
Infrastructure, soil, city, urban Duplicates 226

Ib. Screening:
Title and keyword screening

No title; no abstract;
unrelated topic or measures

with no relevance to soil;
missing data; book chapters;
conference papers; editorials

1528

Ib. Screening:
Abstract screening

Thematic relevance:
soil, permeability, infiltration,

ES and synonyms

Abstract out of scope;
no access, not found;

no keywords; language (not
English or German)

358

Ic. Eligibility
Thematic relevance:

soil, permeability, infiltration,
ES and synonyms

Content out of scope 64

The original search resulted in 2460 publications (cut-off date 21 August 2019). After
the removal of duplicates, the result was a total of 2234 original publications (see Figure 1,
Phase I.a). The screening phase was conducted in two steps:
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First, the titles of the articles were scanned for thematic relevance (Phase I.b). All
publications were initially included as long as they did not fulfill one of the exclusion
criteria (see Table 1 for the total list of inclusion and exclusion criteria). We included
publications throughout the identification and screening phase (Phases I.a and I.b) if they
addressed soil or mentioned it as a factor. Exclusion criteria in Phase I.b applied when the
publications were outside the scope of GI measures in any context of soil in urban areas
(e.g., agriculture in rural areas, energy production, building performance, green walls with
artificial substrates), showed missing data (e.g., no title, no abstract), or were not a research
or review paper (e.g., book chapter, Conference Papers).

Second, the abstract screening for the remaining 706 publications identified 348 publi-
cations that were eligible for the qualitative content analysis. Further exclusion criteria for
the abstract screening were e.g., no keywords or out of scope (see Table 1).

In the eligibility phase (I.c), only publications that addressed one soil-related ES or
one of the soil functions directly or indirectly were included in the keyword and parameter
analysis. We screened the contents of the selected 348 publications for the keywords
“soil”, “permeability”, “infiltration”, and synonyms to assess the thematic relevance of the
publications. This process revealed 64 publications, which were out of scope due to their
lack of addressing any soil issues in a deeper context.

2.2. Extended Content Analysis

The content analysis included the remaining 284 publications and employed a general
analysis extended by an additional keyword and parameter analysis.

The general analysis (Phase II.a) of the publications provided an overview of the
annual (see Figure 2, number of included publications by year) and spatial (see Figure A1
and Table A1, author’s country affiliations) distribution [32]. Reoccurring and predomi-
nant topics were clustered to reveal focus topics of the thematic distributions within the
publications (see Figure 3).

In the keyword analysis (Phase II.b, [32,34]), all keywords used in the publications
were harmonized according to topic and then classified to one of the keyword categories.
The categorization followed the corresponding characteristics of the subcategories. This
and the keyword count allowed for assessing where the authors of the publications put
their thematic emphasis (see Table 3).

The parameter analysis (Phase II.c) assessed the publications regarding (1) ES provided
by soil functions and (2) soil-related ES provided by GI type. Therefore, we screened
all publications to see if and how an analysis of the soil-related ES within the focus
topics occurred (according to CICES – Common International Classification of Ecosystem
Services [35]). A classification emerged during the parameter analysis,(see Table 3) which
showed that the publications covered soil-related ES and soil quality rarely (Class 1),
indirectly (Class 2), directly (Class 3), or mainly (Class 3). Based on this classification,
a closer look at the assessment of the soil-related ES showed if only one ES was the
main research topic or if the publication covered more ES provided by soil functions.
Furthermore, we analyzed the publications for the provision of soil-related ES provided by
individual GI types.

Then, the results of these analyses were discussed and synthesized to assess the
representation of soil-related ES within GI-related publications.

3. Results
3.1. General Analysis (Phase II.a)

The analysis revealed that although we did not apply any restriction for the publication
year, the publications included in the content analysis were published after the year 2008
(see Figure 2). The numbers of publications increased between 2013 and 2018. Of the
284 articles, 213 were published between 2016 and 2019.
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Figure 2. Number of included publications by year (n = 284).

The main publication areas around the globe are North America, Europe, Australia,
and China, with less representation in the remaining parts of Asia, in South America, and
in Africa (see Figure A1 and Table A1).

Less than one-third of the publications was published as an open access article (mean
average 26%, n = 284). The total of the publications consists of 220 research articles (case
studies, field studies, laboratory analyses), 52 reviews, and 11 review analyses.

3.2. Thematic Distribution (Phase II.a)

The starting point of the assessment of the thematic distribution was the main soil
functions (see Introduction). However, the initial definition of soil functions [8] was soon
very restrictive. To be able to assess all emerging topics, we expanded the themes to all
soil-related ES. This revealed a dominant focus topic, namely stormwater management (soil
functions: infiltration and retention) with 45% (see Figure 3). Other focus topics directly
linked to chemical, physical, and biological soil functions were assessment of Ecosystem
Services 14%, biodiversity and habitats 10%, nutrient storage 3%, biomass and food 2%,
filtration and transformation 1%, and carbon pool 1%.

Figure 3. Thematic distribution according to the focus topics of the publications (n = 284).



Sustainability 2021, 13, 3322 6 of 21

Additionally, the following topics emerged predominantly: assessment of Green
Infrastructure in urban areas 10%, Urban Heat Islands 7%, land cover changes 4%, and
governance and policies 4%.

Almost half of the publications focused on soil in the context of stormwater management,
specifically physical functions such as infiltration, retention, and runoff [16–18,23,27,36–38].
Soil is of interest in the (peri-) urban GIs when it can help prevent natural hazards
such as floods [39,40]. Fewer publications address land cover changes [6,41–43] or soil
nutrients [11,14,44]. Furthermore, the inherent soil quality to sustain biodiversity, the gene
or carbon pool is of less interest.

3.3. Keyword Analysis (Phase II.b)

The overview of the keywords highlights where the authors put the most importance
in their research (e.g., GI types, water, systems) and where not (e.g., specific chemical,
physical, and biological soil functions; see * in Table 2).

Table 2. Overview of keyword (sub-)categories, identified according to abundance (* indicates specific soil functions).

Keyword Categories Subcategories n◦ of Publications %

Green Infrastructures and types Green Infrastructure, Green-Blue Infrastructure 153 23
Parks, forests, gardens 44

Low-Impact Development (LID), Sustainable
Urban Drainage Systems (SUDS) 43

Bioswale, raingarden 17
Permeable surface 14

Green surfaces, green space 9
Green roofs and walls 15

Catchment, water bodies 8

Water Stormwater and runoff 60 16
Nutrient and water storage * 49

Water management 41
Filtration and transformation * 35
Water treatment and quality 12

Drainage 10
Ecosystem Service related to any water topic 3

Sustainability and Systemic
boundaries

Climate change, resilience, and adaptation 52 11
Changing systems and trends 31

Sustainability and sustainable development 31
Systemic solutions, complexity and frameworks 24

Ecosystems 10

Spatial distribution Urban, urban density, built environment 51 8
Regional details 33

Spatial distribution, land cover, land use 17

Project details Methods used 86 7
Project name/set-up 11

Policy and planning (Urban) planning and design 40 7
Management practices 27

Policy/governance/strategies/regulations 26

Ecosystem Services Ecosystem Services (in general) 73 6

Biodiversity Ecosystem Service: biodiversity and ecology 42 6
Plant traits/vegetation 24

Biodiversity pool and habitats * 12

Assessment and indices
Optimization, efficiency, evaluation, benefits 27 5
Economic variables, Life Cycle Assessments 21

Assessment, scenarios, quality, impact 20
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Table 2. Cont.

Keyword Categories Subcategories n◦ of Publications %

Sealing and restoration
Soil pollution 18 4

Soil and soil sealing 17
Restoration, reforestation, revegetation 14

Demolition, reclaim, reuse, retrofit 6

Carbon and emissions Micro-climate regulation 29 4
Carbon storage * 11

Gas exchange, thermal, heat, energy, CO2 9

Social context Health and well-being, social aspects 21 2
Archive and heritage * 1

Biomass and materials Biomass and food production * 14 1

Nature-based solutions Nature-based solutions 14 1

Most of the keywords addressed GI and specific GI types (23%), followed by keywords
regarding water issues such as stormwater and runoff or water treatment (16%). Keywords
regarding soil function loss or sealing (4%) were rarely used. Even fewer keywords were
used for health and well-being (2%), indicating that the social context is less important in
publications regarding soil-related ES of GI measures, as were biomass and materials and
Nature-based solutions (1% each). On the other hand, the identified keyword categories
“systems and sustainability”, “spatial distribution”, and “policy and planning” were fairly
common (in total 26%).

3.4. Parameter Analysis (Phase II.c)

We conducted the parameter analysis to assess (1) how ES provided by soil functions
were addressed in the publications and (2) for which GI measures. First, the publications
were classified depending on how they addressed provisioning and regulating ES and soil
quality, hence the multi-functionality of soil to sustain its environmental capacities. GI
publications in Class 1 addressed soil quality and provisioning and regulating ES rarely
(n = 47), in Class 2 indirectly (n = 85), in Class 3 directly (n = 130), and in Class 4 mainly
(n = 22). The heat map (see Table 3) visualizes the thematic distribution of the topics, which
are most prominent within the individual classes.

Table 3. Heat map visualization of the thematic distribution of the focus topics (number of publica-
tions) within each class (n = 284, green = high(er) value(s), white = low(er) value(s)).

Focus topic Class 1:
Rarely

Class 2:
Indirectly

Class 3:
Directly

Class 4:
Mainly

Stormwater management 12 26 86 3
Assessment of

Ecosystem Services 5 22 9 3

Soil nutrients 0 1 5 3
Filtration and transformation 0 0 1 3

Biodiversity and habitats 8 7 10 3
Urban Heat Islands 6 5 7 2
Land cover changes 4 2 3 2
Biomass and food 0 2 1 2

Governance and policies 4 5 0 1
Assessment of GI

in urban areas 6 15 6 0

Carbon pool 2 0 2 0
Total sum 47 85 130 22

The majority of peer-reviewed publications addressed soil quality in regard to the ES
stormwater management. This includes the soil functions retention, runoff, flooding, and
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infiltration, mirroring the thematic distribution and the keyword analysis. When soil quality
is directly addressed, the majority of publications still addressed water management. Soil
quality is indirectly addressed when the topics stormwater management, the assessment of
ES, and the assessment of GI in urban areas are covered.

3.4.1. Evaluation of ES Provided by Soil Functions

To assess the importance of the individual ES, such as water storage or biodiversity,
provided by chemical, physical, and biological soil functions, we analyzed how they were
addressed in the publications (see Figure 4).

Figure 4. Number of publications with direct or indirect assessment of Ecosystem Services (ES)
provided by soil functions (n = 237).

In 48 publications, soil was only mentioned as part of the GI system, but no specific
soil function or soil-related ES were addressed or further discussed, which reduced the
number of included publications to 237. We rated the soil-related ES as “directly” or
“indirectly assessed”, respectively, depending on how in-depth one or more soil functions
(e.g., permeability, nutrient storage) were explored.

The top three ES discussed relevant GIs focusing on soil in the context of water,
specifically the soil functions permeability and infiltration (128), filtration (pollution) (41),
and water storage (29). Topics regarding e.g., noise absorption or soil contaminants have
hitherto been of less interest to the research community. In 86% of the publications, which
addressed more than one soil function directly, two or three soil functions were of interest
to the authors (see Table A2).

3.4.2. Assessment of the ES Provided by GI Types

GI types provide a variety of ES (see Figure 5); 91 publications did not mention any ES
for specific GI measurements, which reduced the number of included publications to 203.
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Figure 5. Overview of the provided ES (R—Regulating, C—Cultural, P—Provisioning ES) in regard to the Green Infrastruc-
ture (GI) type (n = 203; SUDS = Sustainable Drainage Systems, LID = Low-Impact Development).

Figure 5 shows which ES are of main interest for which type of GI. In total, 186
(65.5%) and 54 (19.0%) publications, respectively, discussed stormwater management and
the treatment of polluted water. The main GI measures in this context are permeable or
suspended pavements, bioretention cells, bioswales, and raingardens. Although almost
no publication addressed soil as part of green roofs as a key topic (see Table 2), the water
retention capacity of green roofs and therefore the benefit for stormwater management
was acknowledged in 12 (4.2%) publications. Biodiversity was the third most common
ES and was addressed in 41 (14.4%) publications; these mentions were almost fairly
distributed over all GI types. As outlined in the previous analyses, cultural ES are less
frequently discussed.

3.5. Past and Future Trends of Soil-Related ES in GI Measures

Most of the publications included in this systematic review were published after the
year 2013, and 75% were published in only four years from 2016 to 2019 (see Figure 2). This
can be explained with the emergence of the term “Green Infrastructure”, which is a key
search term for this review, in the 1990s in the USA and its later worldwide usage at the
beginning of the early 2000s, especially since the publication of the EU Green Infrastructure
Strategy in 2013 [45,46]. Furthermore, authors from the US published more than one-quarter
of all included publications (see Figure A1). The global distribution of publications showed
a clear emphasis in North America, China, and Europe (see Figure A1), correlating with
the publication of GI strategies, especially focusing on soil-related ES such as stormwater
management [28,36,46].

According to the analysis, not all soil-related ES in GI measures are represented
equally. In general, the publications rarely addressed soil quality directly (22), but focused
on specific physical and chemical soil functions more extensively (e.g., water infiltration
and retention). Other soil-related ES were hardly addressed at all. The parameter analysis
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assessed the focus topics in regard to how comprehensively the research addressed soil
quality in terms of sustaining the multi-functionality of soil (see Table 3). It became evident
that soil is fairly equally mentioned over all focus topics when it is either rarely considered
(Class 1) or the main topic (Class 4). Publications addressed almost exclusively ES related to
water when specific soil-related ES were addressed indirectly (Class 2) or directly (Class 3).
The same focus was confirmed when only chemical, physical, and biological soil functions
were considered. Water-related soil functions, such as permeability, infiltration, filtration,
and water storage, were either directly or indirectly the most pronounced research interests
(see Figure 4). Usually, publications addressed two or more soil-related ES rather than just
one ES, indicating the interconnection of all soil functions.

Five other chemical, physical, and biological soil function categories were common
enough to become a focus topic (biodiversity, soil nutrients, biomass, filtration and transfor-
mation, carbon pool). Even when combined, they only amounted to 16% of all publications,
compared to 38% of all publications focusing on no specific soil-related ES but other themes
(e.g., assessment of ES or governance and policies) (see Figure 3). The extended keyword
analysis during the content analysis revealed the same priorities: Soil as a keyword was
rarely mentioned, showing that specific GI types were more important to the authors
(see Table 3). The keyword categories “sustainability and systemic boundaries”, “spatial
distribution”, and “policy and planning” emerged fairly commonly (in total 26%), showing
the importance of policy planning and implementation for GI in urban settings [30,47–49].
As the initial literature search ended on August 21, 2019, we used the same search terms
for a post-process control search. This exposed 308 new publications until December 31,
2020. A short analysis revealed that 94 publications would pass the screening phase I.b
(Title and keyword screening) and confirmed the overall trends in regard to the focus
topics. Water-related issues are still the most common topics (stormwater management
38%, filtration and transformation 12%), but the assessment of GI increased in importance
(21%).

4. Discussion
4.1. Representation of Soil-Related ES in GI Measures

The provision of ES is the second most common focus topic and is included as an
additional theme in many other focus topics as well (e.g., biodiversity, Urban Heat Islands
(UHI); see Figure 3). The most commonly provided ES were stormwater management,
nutrient load, and water pollution (see Figure 5). However, Blanchart [4] identified at least
17 targeted ES urban soils can provide, of which all can be translated to ES potentially
provided by GI.

Urban soil characteristics are very heterogenous and vary within individual cities as
well as individual properties [13]. The soil conditions of a roadside bioretention swale in
the city center will differ from a vacant lot in the peripheral regions of a city. The urban
soil development behaves according to pedogenesis as any other soil type and changes
over time [50]. Hence, a plot of soil can provide various ES as the soil adapts over time.

The following subsections reflect the (most) crucial ES addressed in the analyzed pub-
lications.

4.1.1. Stormwater Management

Stormwater management was the ES topic of most interest to the scientific community
researching GI measures when also including the aspect of soil (see Figure 3), although
GI measures are designed to fulfill different purposes and ES. The analysis (see Figure 5)
revealed that the most studied GI measures in regard to the ES provision were bioretention
cells, bioswales, permeable or suspended pavements, trees, and raingardens. However, for
all GI measures, there was at least one publication mentioning the effects of stormwater
management (see Figure 5), even if the GI measures have inherently a minor focus on
stormwater management, such as urban agriculture or green walls.
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Stormwater management measures reduce the total amount of sealed soil area, allow-
ing for enhanced rainwater infiltration. Groundwater can be replenished, and the pressure
on the urban sewage and drainage systems is lightened [51]. As GI has a mitigating effect
on extreme weather events, such as heat waves and floods, this became an increasingly
important topic over the last ten years (see Figure 2). Especially in the USA (14.3%, see
Table A2) and China (4.3%), stormwater management was put in the center of interest
within the Green Infrastructure Agendas in the US in 2008, 2011, and 2013 [52], and within
the Sponge City concept in China in 2013 [36].

In the US, research focused on individual GI measures and their effects on the urban
water cycle [38,53,54]. Life cycle analyses of raingardens [38,55], swales, and permeable
surfaces [53] compared to gray infrastructure alternatives confirmed once more that GI
measures can be highly effective, depending on their intended usage. A combination of
systems promises the best overall results for the preservation of urban ecosystems [53]. The
concept of Green Stormwater Infrastructure, which is also called Low-Impact Development
(LID) or Sustainable Urban Drainage System (SUDS; more often used in the UK), started
originally in the US to use GI measures for stormwater management purposes and is now
implemented worldwide [56]. The idea of LID is to install natural, small-scale drainage
measures to infiltrate, retain, and clean urban runoff locally [56].

In China, the government promotes the strategy of a Sponge City, which is a new
concept for integrated urban water management to enhance the cities’ resilience and
manage quantitatively and qualitatively the average rainfall on-site [36]. The idea is to
implement various GI measures combined with gray infrastructure to clean, harvest, and
use rainwater, recharge groundwater, reduce peak flow and runoff, and transfer the water
out of the city if needed [17,36]. These efforts shall help control floods as well as to foster
ecological restoration [17]. However, the concept has to overcome technical (lack of experts,
appropriate land and materials), financial (lack of funding or economical life cycle analyses)
and regulatory (lack of integration in urban land policy or legislative mandate) challenges
before it can be successfully implemented at the local level [57].

Studies on a more local level focused on individual GI measures. Permeable surfaces
slow down the flow velocities and lower the flood risk, which helps to relieve the urban
sewer systems and leads to fewer costs for municipal sewer systems [58]. The efficiency of
the hydraulic performance of permeable pavements is remarkable as it can reduce flood
events by 70% and peak flow by 95% [37].

Trees greatly influence the urban rainwater cycle via canopy interception loss, evapo-
transpiration, and increased infiltration rates when planted in tree pits along with sealed
infrastructure [59]. Trees also change the hydraulic conductivity of vegetated soil, which is
more uniform with higher rainfall depths and more heterogenous in drier periods, as the
hydraulic conductivity increased when shredded leaves cover the grass [23]. The combina-
tion of GI measures with trees can enhance the effectiveness of stormwater management
efforts due to the higher infiltration rate, water storage capacity, transpiration rate and,
therefore, the overall water output [59]. The health of trees and their performance depends
on the GI design and the soil’s water retention capability as well as the overall water
availability [60].

Publications on stormwater management not only covered explicit soil functions, such
as infiltration or retention, but also expanded the focus on other aspects. Other research
focused on the optimal location of GI measures for stormwater management [61], the effect
of the individual design of the GI measures on their soil and microbial properties [27],
or the provided ES by Green Stormwater Infrastructures [18]. Of interest in regard to
raingardens was the combination of stormwater retention and food production [16] as
well as the maintenance efforts and technical design of a sewer connection [58]. This
list of aspects shows the vast interest of the researchers to investigate a wide range of
interconnections stormwater management efforts can have on the local and global scale.
To enhance participation for the implementation of new GI measures in the area, the
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experiences of citizens with extreme weather events and the effects on their personal life
(e.g., flood events and destroyed streets) can be utilized to reduce barriers to action [62].

4.1.2. Regulation of Water Quality

Soil as a beneficial medium to reverse and retain water pollution of contaminants or
nutrient overloads is one of the most commonly researched soil-related ES (see Figure 4)
and the second most investigated aspect of ES for individual GI measures, especially
bioswales (or vegetation swales) and bioretention cells (see Figure 5).

In general, permeable surfaces increase the infiltration of contaminated runoff and
decrease the discharge of contaminants and water to the drainage system [15,63,64]. This is
also possible by retrofitting impervious surfaces with permeable pavements and bioreten-
tion cells, reducing the runoff pollution load at the same or even lower costs compared to
conventional infrastructure measures [63]. According to Anderson et al. [54], bioswales
along parking lots were able to reduce the overall toxicity and the contaminant load of
stormwater (81% reduction for suspended solids and metals, 82% reduction for hydrocar-
bons, 74% reduction for pyrethroid pesticides). A combination of stormwater management
measures such as subsurface pipes, wetlands, and further filtration layers can remove up
to 80% of suspended solid and heavy metals [43].

Frosi et al. [15] and Morash et al. [65] found evidence for large volumes of runoff
along streets in urban areas to have higher concentrations of contaminants, which affects
the soil and the biogeochemical processes within the soil body. This can negatively affect
tree growth due to the accumulation of contaminants, such as de-icing salt, in the soil
layer [66]. Surprisingly, a study in New York City found no significant high contamination
levels of topsoil samples in younger GI sites, which was probably because the GI measures
(enhanced tree pits, vegetation swales, and street-side infiltration swales) were designed
for stormwater purposes and, therefore, a higher contamination load [27]. It is essential
to adapt GI measures referring to substrate performance for the intended purpose to
increase the pollution removal capacity [67] and to avoid trade-offs between stormwater
management and vegetation growth [66].

Plants do not only increase the performance of the hydraulic conductivity and the
permeability of bioretention systems but also the nitrogen removal capacity [68]. Nidz-
gorski and Hobbie [69] discovered the significantly aggregated effect of urban trees for the
reduction of nutrient leaching to the groundwater (especially phosphorus), contributing to
likewise significant cost savings because of the reduced removal workload for the drainage
plants. Compared to vegetation swales and street-side infiltration swales, enhanced tree
pits had a higher level of microbial biomass carbon and nitrogen content, which suggest
that these GI measures function as denitrification hotspots to lower the nitrogen export to
urban watersheds [27]. Street tree pits can decrease the mass flux of contaminants with
increasing depth and increasing soil organic matter content, and therefore, functioning as
bioretention cells [15]. The overall water quality of the stormwater management system
will benefit with increasing depth of the filter media and a plant selection with higher
uptake potential for nutrients [12].

4.1.3. Diversity and Ecology

Biodiversity and connectivity ES of green spaces seem to be increasing in importance,
as ecology was part of the analyses for 16 of the listed GI measures (see Figure 5). The
design of and plant selection in urban grasslands does not only influence the presence and
quantity of aboveground fauna species and habitat conditions but also the composition
of belowground soil microbes [70]. In bioretention cells, the biological activity and soil
organic matter decreases with depth within the soil profiles [50]. The microbial community
(bacteria, fungi, and invertebrates) varied due to the plant species at the soil surface
(0–10 cm) and due to the plant height in deeper soils (11–20 cm) [70]. Bioswales function as
a source for a diverse and active bacterial soil community, fostering biogeochemical cycling
and pollution removal [71]. Even younger GI sites (>10 years) showed high belowground
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microbial activity, which is essential for carbon and nitrogen cycling and, therefore, plant
growth [27].

The restoration of grasslands at urban–industrial sites can enhance biodiversity in a
very short time with the application of propagules despite initial constraining abiotic and
biotic soil conditions [72]. Hereafter, the consideration of ecological parameters is important
and needs to be considered for maintenance purposes [50]. More diverse perennial urban
meadows create substantial benefits for the above and below ground biodiversity compared
to short mown grassland, while reducing maintenance intensity [70]. This is directly linked
to soil quality. However, the authors point out that the thoughtful consideration of co-
existing meadow types for sustainable landscape design has been rarely considered when
planning urban green spaces. It requires adaptable and more complex mowing regimes and
a focus on public communication to transfer the intent of the various meadow types [70]
and their potential to raise or restore belowground biodiversity and connectivity, and thus
soil quality.

4.1.4. Climate Change Adaptation and Mitigation

Only in 2% of the here analyzed publications was ES referring to climate change
adaptation and mitigation or regulation capacities of soil the focus topic (carbon pool 1%
and UHI 1%, see Figure 3). The potential of soil to actively contribute to climate change
adaptation measurements (as appreciated in Lal et al. [73] and Amelung et al. [74]) is not
yet widely acknowledged in GI research. However, climate change adaptation (reduction
of UHI, increased evapotranspiration) and the mitigation potential of soil (carbon sink, see
Figure 5) are analyzed as an integral part of the GI types such as individual trees, parks,
shrublands, and forests in comparison to other ES [7,12,19,75,76].

Despite the assumption that, on a macro scale, soils within city limits might be
especially degraded, impervious, and biologically basically inactive [5], on a micro scale,
urban soil can sequester significant amounts of Soil Organic Carbon (SOC) [11]. Urban soil
can act as a higher carbon sink than adjacent rural soil [11] and store similar mean soil C
and n levels to forests and agricultural soils [13]. Larger GI measures such as afforestation
projects should adjust to more natural vegetation structures with shrubs and trees because
the organic amendments can result in smaller N20-fluxes from the soil, keeping the carbon
and nitrogen cycles internal [14]. Interestingly, Shrestha et al. [12] proposed the opposite
for bioretention cells along roadsides, which can also be a net sink for carbon and nitrogen.
Their results suggested that a reduction of the amount of organic matter or a greater C:n
ratio, as well as an increase of volume of the filter media, will enhance the contribution
for climate change mitigation. Nutrient re-release could be reduced with a plant selection
focusing on low litter (biomass) production [12].

It is widely appreciated that urban green spaces largely contribute to the mitigation
of UHI with plants and unsealed soil [20,77], and the process is mainly indifferent to
varying conditions in the land area or soil type [7]. Implications for the local scale to
reduce UHI cannot yet be made effectively [78], as most studies have been concentrating on
higher scales. For example, urban lawns and shading trees are highly effective in reducing
UHI and saving building energy, especially in more arid regions, on the small scale [76].
However, single and locally restricted GI measures would most likely not reduce extreme
heat events significantly, as the cooling effect is increased by the size, geometry, and spread
of the green and blue space networks [79,80]. Lin et al. [20] confirmed the importance
of a carefully designed, strategic plan for the distribution of GI measures in residential
areas, parks, and along roadsides to fully harness the cooling potential of vegetation. When
considering retrofitting, existing or installing new urban green spaces to mitigate UHI,
the soil heat flux is a key factor to modulate the microclimatic conditions important for
evapotranspiration as well as plant growth and carbon assimilation [19].
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4.1.5. Social Aspects and Cultural ES

Cultural ES include benefits such as aesthetics, health and well-being, social interac-
tions, and leisure activities [81]. In this review, rarely any publications covered cultural ES
in regard to soil and GI measures (see Table 2 and Figure 5), which is not very surprising,
as these effects were relatively rarely researched in general [82,83]. However, the included
research studies directly or indirectly considered soil as a parameter, as without soil, ES
provided by GI would not be available.

Some beneficial aspects mentioned in the here analyzed literature were reduced stress,
increasing relaxation, improvement of physical health, or faster recovery at hospitals with
tree views [82]. For example, human thermal comfort can be significantly improved by trees
and urban lawns because the increase in relative humidity counteracts loss of humidity
from the human skin [76]. On an urban public square, the adaptation of the number of trees
and their placement to the wind flow situation can increase the thermal comfort, which
will improve further with the addition of open grass meadows [84].

Prudencio and Null [18] and Setälä et al. [5] emphasized the importance of the quantifi-
cation of all ES, also social and cultural benefits, for easier integration into policy agendas.

4.2. Soil Function Loss in the Context of GI Measures

Soils in urban areas are often reduced to one or two of the functions they could
potentially be providing, as e.g., support site for infrastructure [47]. When soil is sealed,
all other soil functions get lost. However, the replacement of sealed soil with permeable
surfaces will always restore some of the essential ES for humans and nature and contribute
to the development of GIs [6]. This topic is rather scarcely covered in research on GI, as
the analysis of the keywords showed that only 4% of all keywords addressed soil sealing
and restoration.

The restoration of brownfields can reduce net soil loss and enhance the global natural
capital [6]. To improve the soil properties, various soils can be transported from close-by
locations [13] or even be mixed with municipal waste (construction waste, bio-stabilized
material, recycled bentonites, and topsoil) to generate new Technosols with low ecolog-
ical risk to the environment and humans, and to secure soil functions [85]. The use of
constructed or reconstituted soils or technical substrates can compensate for lost ES and
provide new ones [27]. The approach to use Technosols for remediation purposes impacts
climate change adaptation efforts positively as waste products are reused and the soil
materials act as carbon sequestration sinks and water retention areas [85]. In addition, trees
planted in GI systems with structural soils or Technosols tend to survive longer and stay
healthier than in regular tree pits while also reducing common conflicts between gray infras-
tructure and tree roots [59]. If for any reason, vegetated GI measures are not an option [37],
even permeable surfaces without vegetation mitigate rainwater events efficiently.

The assessment of GI in (peri-) urban areas and the implementation of governance
regulations and policies regarding soil cumulates to 14% of the focus topics within this
review study (see Figure 3), showing the need to still assess the value of implemented GI
measures and the aspect of soil in the future. When considering land use changes, the
specific soil characteristics and functions need to be included in any policy decision [5].
Salvati et al. [86] could not find a significant link between lower quality landscape (e.g.,
artificial surfaces) and higher consumption of land per capita, suggesting that urban
planning does not take the landscape or soil quality into account adequately for its planning
decisions. This again demonstrates the discrepancy between soil researchers and urban
planners, as urban soil quality and especially soil contaminants for human health are of
main interest to the soil research community [87].

Soil and land use decisions are more often based more on the site location than on the
intrinsic soil quality [47], which could be averted if soil is part of sustainable urban land
valuation [88]. The authors suggest a system for decision-making in urban planning, which
assesses not only the physical and chemical properties but also includes intangible factors
(e.g., social value, aesthetics) to assure a sustainable usage of scarce urban soil resources.
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GI measures are more likely to be installed if they are part of an overall urban sustainability
policy or initiative and linked to urban development projects [43]. Blanchart et al. [4]
developed a decision support system (DESTISOL) to enable soil scientists and urban
planners to work together with an urban soil quality assessment, which links soil indicators,
soil functions, soil covers, and soil ES. The soil of brownfields or vacant lots is not always
fully degraded and can fulfill many soil functions [13]. So far, the tool DESTISOL is based on
the redevelopment of urban brownfields, but with further assessments and collaborations,
it can be applied to various fields and other GIs [4].

The inclusion of GI measures into regional planning strategies has the potential to
confine soil sealing and to promote green spaces within urban areas [86], as the protection
of naturally developed soils is always to be preferred to unsealing previously covered
surfaces [6].

4.3. Limitations of this Review

Although this review was conducted as a systematic literature review, due to the
inclusion and exclusion criteria, not all publications on green infrastructure and soil avail-
able during the defined time frame were considered. As this review is based on scientific
publications, a limitation of the review can be assumed in the incomplete representation of
projects and interventions made at a very local scale. Any form of gray literature was not
included. This could impair the comprehensive assessment of the broader performance of
GI in delivering ES.

Additionally, the term “soil” as used in our study could overlap the broader term
“land”, which is probably commonly used in the context of GI. We intentionally excluded
the term “land” from the keyword search, as the focus of this review is specifically on soil,
soil-related ES, and soil quality. However, peer-reviewed publications on land management,
which consider land in a three-dimensional way, will assess the below-ground area and
refer to it as “soil” at least once. In this case, we assume such publications to be covered in
the identification and screening phase of our systematic search process.

In this review, publications were only included if natural grown soil was used or
added to technical substrates for the GI measures. However, in assessing the ES of each GI
measure, we did not differentiate between naturally grown soil, Technosols, and technical
substrates. We suggest this to be addressed in a further review as natural grown soil can
potentially provide even more ES.

5. Conclusions

In this article, we assessed how peer-reviewed publications on Green Infrastructures
(GI) represented soil-related Ecosystem Services (ES). In the reviewed publications, the
representation focused heavily on the contribution of soil to stormwater management, with
an emphasis on the specific soil functions permeability, infiltration, and filtration. The GI
measures bioretention cells, bioswales, and permeable or suspended pavements were the
most commonly researched GI types.

Other focus topics, such as biodiversity, habitats, and the assessment of ES or GI in
urban areas were of less interest to the research community focusing on GI in urban areas.
The extended content analysis revealed that regulating and provisioning ES were far more
often researched than cultural ES. It is widely acknowledged that GI measures provide
valuable benefits for nutrient retention, pollutant removal, and climate mitigation, such as
reduction of UHI, improvement of the microclimate, and carbon storage.

Further on, we investigated the peer-reviewed publications on GI in regard to the loss
of soil-related ES and soil functions. It became evident that the assessment of soil functions
in terms of substrate functionality and compensation for the loss of soil-related ES has not
yet been covered extensively in GI research publications. The contribution of GI soil and
restoration of sealed surfaces to climate adaptation measures seems underutilized but has
promising potentials when soil quality aspects become an inherent part of GI measures.
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Appendix A

Figure A1. Spatial distribution of author’s country affiliation (n = 403).

Table A1. Ranking of the author’s country affiliation according to (1) the total number of authors
(n =403) and (2) the affiliation of the main author (n = 284).

Ranking Country Country Affiliation

All Authors [%] Main Author [%]

1 USA 23.3 28.2
2 United Kingdom 7.7 6.3
3 Italy 7.4 8.1
4 China 6.5 6.7
5 Germany 6.5 6.0
6 Australia 5.0 5.6
7 Spain 4.0 4.6
8 Sweden 4.0 3.2
9 Canada 3.5 3.5
10 The Netherlands 3.0 2.1

The distribution varies if only the main author is considered. If the analysis focuses on
the main author, and therefore the driving force behind the research, Italy is the second and
China is the third most common country to address GI in paper publications (see Table 2).
In 75.7% of the publications, the authors came from only one country; in 16.5%, the authors
came from two countries, and the remaining 7.7% of the articles were published by authors
from three to eight countries.
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Table A2. Spatial distribution of the focus topics (n = 399, all author contributions for every focus topic).

%

Stormwater
Management
(Infiltration,
Retention)

Eco-System
Services

Biodiversity
and Ecology

Assessment of
Green

Infrastructures
in Urban

Areas

Urban Heat
Islands

Governance
and Policies

Land Cover
Changes

Biomass and
Food Soil Nutrients Carbon Pool Filtration and

Transformation % TOTAL

USA 14.3 1.5 2.3 0.5 1.5 0.3 0.3 0.3 2.0 0.3 0.5 23.6
UK 2.5 1.0 1.0 1.0 0.5 0.8 0.8 0.3 7.8

Italy 1.8 2.0 0.5 1.5 0.3 0.8 0.5 0.3 7.5
China 4.3 1.0 0.0 0.3 0.8 0.3 6.5

Germany 0.8 1.5 1.5 0.5 0.8 0.3 0.5 0.8 6.5
Australia 2.3 0.8 0.3 0.3 0.8 0.3 0.3 0.3 5.0

Spain 0.8 1.5 0.8 0.5 0.3 0.3 4.0
Sweden 1.3 0.8 0.5 0.3 0.5 0.3 0.3 0.3 4.0
Canada 1.0 0.3 0.5 0.5 0.5 0.3 0.3 3.3

NED 0.8 0.8 0.3 0.3 0.8 0.3 3.0
France 1.3 0.5 0.3 0.3 0.3 2.5
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