
Series Editors: Damià Barceló · Andrey G. Kostianoy
The Handbook of Environmental Chemistry 107

Carla S. S. Ferreira
Zahra Kalantari
Thomas Hartmann
Paulo Pereira   Editors

Nature-Based 
Solutions 
for Flood 
Mitigation
Environmental and Socio-Economic 
Aspects



The Handbook of Environmental Chemistry

Volume 107

Founding Editor: Otto Hutzinger

Series Editors: Dami�a Barceló • Andrey G. Kostianoy
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S. Seifollahi-Aghmiuni � L. Slavı́ková � R. Stričević � N. Šumatić �
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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

four decades, as reflected in the more than 150 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of

vii



“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Environ-
mental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via https://link.springer.com/bookseries/698. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and

Editors-in-Chief are rewarded by the broad acceptance of The Handbook of Envi-
ronmental Chemistry by the scientific community, from whom suggestions for new

topics to the Editors-in-Chief are always very welcome.

Dami�a Barceló
Andrey G. Kostianoy

Series Editors
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Preface

This book has been developed as an outcome of the LAND4FLOOD network.

LAND4FLOOD brings together academics and professionals in flood risk manage-

ment across Europe and beyond to support the implementation of spatial flood risk

management on private land. The initiative is supported by the European COST

funding programme (European Cooperation in Science and Technology, www.cost.

eu). It builds on a long-term cooperation of a group of researchers around the topic.

Numerous publications, collaborations in science and practice, and knowledge and

experience-sharing have been produced since its foundation (see land4flood.eu).

The main audience of LAND4FLOOD outputs is high-level policy makers, water

managers, spatial planners, lawyers, and other stakeholders involved in spatial flood

risk management.

Land matters in flood risk management. This is the starting point and key

message of LAND4FLOOD. How land matters is explored in numerous publica-

tions and outreaches, of which this book is a part of. A special issue in the Journal of

Flood Risk Management explored how a catchment-wide and multi-scale perspec-

tive on land as a biophysical factor, but also as an important socio-economic

institution of interest can potentially contribute to alleviate flood risks [1]. It also

points at the questions of scale regarding land and the need to involve multiple

disciplines – including hydrology, engineering, economics, and planning. In sub-

sequent years, LAND4FLOOD published further special issues and books focusing

on financial schemes for flood recovery [2] and flood resilience of private properties

[3] to discuss the role and responsibility of private landowners in dealing with flood

risks. The special collection on implementing flood-resilience on the local scale

revealed both, the importance of bridging disciplines and the key role private

property can play in reducing flood risks [4]. How this can be achieved in different

countries is then discussed in another special issue that focused on policies and

instruments for mobilizing private land for flood risk management [5]. The book on

nature-based flood risk management on private land [6] uncovered the challenges of

relying on multiple disciplines to realize measures on private land. LAND4FLOOD

shows that land is crucial for realizing nature-based flood mitigation and resilience,

ix
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how land in private ownership is a potential but also a challenge, and that multiple

disciplines need to be involved to make such private land available.

One of the overall lessons is that flood risk management in general and nature-

based solutions on private land in particular have not only huge potential for

interdisciplinary and also international collaboration, but they also show how

difficult it can be to cross disciplinary and national boundaries. This book is an

essential contribution as the focus on flood mitigation via nature-based solutions

complements the existing knowledge brought together by LAND4FLOOD. In

addition, it brings together environmental and socio-economic aspects, enriched

with case studies from different countries in a disciplinary book series of Springer,

namely on: “The Handbook of Environmental Chemistry”. This multidisciplinary

perspective allows, not only to understand the different rationales and approaches

of disciplines and countries to potentially apply or incorporate some of the merits of

other disciplinary approaches, but probably more importantly, it fosters reflections

by each discipline on its own rationale and blind spots. This provides a basis for a

better implementation of nature-based flood risk management, as it is the major

vision of LAND4FLOOD.
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Slovenia) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

Gregor Johnen, Klaudija Sapač, Simon Rusjan, Vesna Zupanc,
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Jan Macháč, Jan Brabec, Marek Hekrle, and Alena Vacková
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Introduction: Nature-Based Solutions
for Flood Mitigation

Carla S. S. Ferreira, Zahra Kalantari, Thomas Hartmann, and
Paulo Pereira

Abstract Floods are one of the most common natural disasters affecting numerous
people worldwide. Over the last years, Nature-Based Solutions (NBS) have gained
attention as an emerging approach for flood mitigation that can complement tradi-
tional grey infrastructures. NBS provide several ecosystem services, including flood
mitigation and improved water quality. Increasing political awareness and interest
from the scientific community have led to the implementation of NBS worldwide.
This contribution provides an overview of the concept of NBS for flood mitigation,
focusing on (1) the environmental impacts of NBS, (2) the effectiveness of NBS in
flood mitigation based on several case studies, and (3) the socio-economic aspects of
NBS. Compiling the latest research, this book furthers our understanding of the role
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of NBS for flood mitigation and its relation to environmental aspects, to guide
students, managers, practitioners, policy-makers, and scientists in future NBS
projects.

Keywords Flood mitigation, Nature-based solutions, Socio-economic aspects,
Water management, Water quality

Flooding is the most widespread natural disaster, representing 47% of all weather-
related disasters, and one of the most expensive in terms of socio-economic damages
[1]. About 58 million people worldwide are annually exposed only to river floods,
with associated estimated direct costs of €110 billion [2]. The number of deaths,
affected people, and economic losses varies significantly by year and continent;
however, Asia is where the impacts are higher [3]. In Europe, floods already
represent 33% of the natural events recorded between 1900 and 2019 [4]. Dealing
with flood events is thus already a major challenge.

The IPCC reports of the past increasingly stress the severity of the impacts and the
increase in frequency and intensity that flooding will cause [5]. Flooding is one of
the most tangible consequences of climate change and it threatens communities
around the globe [6]. The number of flood events and the consequent damages are
expected to increase in a climate change context [5]. Several studies suggest that
extreme weather-related events such as heavy precipitation, storms, and floods will
become more frequent and intense in Europe, although with relevant differences
between regions, seasons, and time periods [7]. The average damages of coastal
flooding are expected to increase from €3 billion per year to up €38 billion by the end
of 2100 [8]. So, the challenges associated with flood risks are very likely to increase
substantially in the future.

Floods are defined as the temporary cover of land by water in areas normally dry
[9]. They are driven by a combination of meteorological and hydrological extremes,
caused by heavy rainfall, snowmelt, or sea level rise. They are also deeply influenced
by human factors, which alter natural landscapes and change the water cycle
(e.g. urbanization, deforestation) enhancing flood hazard. Increasing number of
fluvial and pluvial flood events have been noticed since the second half of the
twentieth century [4]. In Europe, the major river floods in 1993 and 1995 were
important turning points in the way society responds to floods [10]. In this book, we
address floods recorded in rural, urban, and coastal areas, mainly focusing on the
most common types of flooding: river floods, pluvial floods, urban floods, and
coastal floods.

Traditionally, floods have been managed with a strong focus on engineering
infrastructure solutions (called also grey solutions), such as dikes and dams
[11]. Nonetheless, these solutions have been increasingly questioned in the past
decades. They are planned for floods with a specific return period. The consequence
is that most grey solutions protect against often but less severe events, and only a few
are designed to protect against extreme events [6]. This provides limited flexibility
and adaptability to cope with increasing floods hazard driven by climate change and

2 C. S. S. Ferreira et al.



urbanization [12]. Additionally, possible failure of grey infrastructures can have
dramatic social, economic, and environmental consequences, and provide a false
sense of security [6], referred to as dike paradox [13]. The ongoing paradigm shift
from flood protection to flood risk management in Europe since the 1990s did
change the emphasis of grey infrastructure a bit, by taking vulnerabilities into
account [14], but it is still largely focused on grey infrastructure.

In recent decades, the need for flexible and multifunctional solutions has led to
the emergence of nature-based solutions (NBS) [15]. They are understood as solu-
tions which are inspired by, supported by, or copied from nature [16]. The concept of
NBS was first applied in the 2000s as part of integrated climate change mitigation
and adaptation, biodiversity protection, and sustainable livelihood actions [17];
however, its use rapidly spreads into other areas. In water management, NBS
promise to alter, restore, or use landscape features, for example, to improve soil
infiltration, enhance water retention, intercept rainfall, enhance evapotranspiration
and therefore reduce surface runoff and flood hazard (flood mitigation) [18], though
the effects are often debated in academic literature [19]. NBS also includes the
concept of making “space for the rivers”, demonstrating a paradigm shift from
quickly bypassing the streamflow into downstream areas to cope with floods
[20]. Notwithstanding the critique that NBS might be less effective against extreme
events or that they need more space [21] is still part of the contemporary debate on
flood mitigation.

Over the last years, also the political awareness and interest from the scientific
community have led to increasing implementation of NBS worldwide. In Europe, for
example, the Action Programme (a framework for policy-making establishing
medium- and long-term goals) on flood risk management developed by the
European Commission in 2004, defined objectives based on promoting sustainable
flood risk management measures and the need to work with natural processes and to
deliver multiple benefits from flood risk management [22]. With the publication of
the European Flood Directive [9], the paradigm shift towards a more comprehensive
flood risk management that embraces flood mitigation was institutionalized [23]. It
demands that each member state in the European Union establishes flood risk
management plans considering whenever possible “the maintenance and/or resto-
ration of floodplains, as well as measures to prevent and reduce damage to human
health, the environment, cultural heritage and economic activity” and including the
promotion of water retention and mitigation. Thus, NBS started to be considered as
relevant technical solutions to complement typical grey infrastructures to mitigate
flood hazard.

NBS promise to have – next to flood mitigation –multiple benefits. Besides water
regulation and flood risk reduction, NBS can enhance water quality, regulate the
climate, improve the quality of life, and support biodiversity [15, 24, 25]. These are
just a few examples of the multiple ecosystem services supplied by NBS. The EU
recognizes NBS as sustainable solutions to address several environmental, social,
and economic challenges [16]. Thus, NBS have been increasingly recognized as a
relevant option to meet contemporary and future water resources management
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challenges and to support achieving several of the United Nations Sustainable
Development Goals established for 2030 [3].

Although the multiple ecosystem services provided by NBS and the increasing
recognition of their relevance, NBS application is still limited [26]. This is, in part,
due to the lack of evidence regarding the impact of NBS on flood mitigation
[12]. Although several NBS have been implemented worldwide, most case studies
are performed at the small scale [27]. NBS works at large-scale (e.g. on catchment
level) are still lacking, as well as comparative studies between the effectiveness of
NBS and grey solutions. There is also a lack of evidence on additional environmen-
tal, social, and economic benefits from NBS [16]. In addition, NBS in general
demand more space than grey infrastructures. This represents a challenge when
implementing such measures on private land [28], leading to conflicts of interest,
and involving complex property right issues, in particular in urban areas [29]. The
implementation of NBS for flood risk reduction is more complex than the imple-
mentation of grey solutions, involving different disciplines such as hydrology,
ecology, geography, engineering, land management, sociology, and law
[21]. Thus, NBS implementation is challenging and requires good communication
and coordination between several stakeholders, including policy makers, planners,
and engineers.

Bringing together knowledge and experiences from NBS for flood mitigation can
help to identify research gaps but also showcase the merits and shortcomings of NBS
for flood mitigation. Therefore, this book aims to (1) provide an overview of the
typical NBS used for flood mitigation at different scales and in different areas
(e.g. from catchment to hillslope scale; from urban to coastal areas); (2) enhance
knowledge on the environmental aspects of NBS, particularly in the effectiveness of
these solutions for flood mitigation; and (3) discuss socio-economic aspects related
with the implementation of NBS, including regulatory aspects, costs of NBS imple-
mentation, and the perception of citizens about NBS.

This book, integrated in a book series “The Handbook of Environmental Chem-
istry”, is structured in three main sections. The first section presents a state of the art
about different NBS solutions implemented in distinct environments, ranging from
floods in coastal to urban areas, and their environmental impacts particularly on
water quality and pathogen dispersion. It comprises six chapters based on literature
review addressing (1) different structural and non-structural measures typically used
in flood mitigation, with particular focus on the main types of NBS used globally,
and discusses the need for integrated strategies developed at catchment scale; (2) the
main problems of coastal flooding and different types of NBS measures typically
implemented to mitigate this problem, with a discussion of the main environmental,
social, and economic benefits associated, and the challenges to implement NBS in
these kinds of environments; (3) flooding in urban areas, depicting their main causes,
the typical NBS measures used in these particular areas with serious space con-
straints, the current knowledge about their effectiveness on flood mitigation, their
main advantages and disadvantages, and their role enhancing urban resilience;
(4) environmental problems in urban areas, where most of the world population is
concentrated and thus highly susceptible to floods and pollution, discussing how
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NBS contribute to improve air, soil, and water quality and thus human well-being;
(5) the role of floods on infectious disease epidemics affecting humans and animals,
prevalent in developing countries, and how NBS can contribute to prevent and
mitigate pathogen dispersion; and (6) the important role of plants as a NBS for
water regulation and quality control, presenting and discussing different types of
phytoremediation techniques and their relevance particularly in industrial areas.

The second section synthesizes knowledge on the effectiveness of NBS for flood
mitigation, based on several case studies including in coastal, rural, and urban areas,
and presents different methodologies used to best plan and develop NBS strategies.
It includes eight chapters focused on case studies spread all over Europe, addressing
NBS at different scales ranging from small and local measures to a network of
measures integrated at large scale. Specifically, these chapters address (1) the serious
problem of land abandonment in the Mediterranean region, how it affects flood in
mountain areas, and the types of NBS measures and strategies that have been
implemented to improve water regulation in this area highly prone to land degrada-
tion; (2) the role of afforestation on hillslopes and floodplains in flood mitigation in
Central Slovenia, based on a combined modelling approach and cost–benefit anal-
ysis; (3) the impact of riparian woods and estuaries management on coastal flooding
mitigation in Bulgaria; (4) the impact of wetlands on large-scale flood mitigation in
Croatia, using long-term discharge data; (5) the impact of different types of habitats
on soil water retention and infiltration capacity, and thus on runoff processes and
flood mitigation in a medium-sized catchment located in Czech Republic; (6) the
effectiveness of a flood mitigation approach combining NBS with grey infrastruc-
tures to mitigate small-scale urban floods with distinct return periods; (7) the adap-
tation of landscape connectivity principles to improve a spatial planning
methodology to identify the best locations to place NBS, tested at catchment scale
in Portugal and Sweden; and (8) an improved methodology to map the best places to
implement NBS, based on the application of the Sponge cities concept at regional
scale in Italy, through the identification of rural areas of particular interest for flood
retention and landscaping.

The third section explores the socio-economic aspects of NBS, including the
perception of people about NBS and several barriers for their implementation,
including justice, policy regulatory frameworks, and property right issues. This
section comprises six chapters focusing on (1) the combination of game theory
model with cost–benefit analysis to support decision-making process regarding
different types of NBS, based on its application in four European river basins;
(2) a reflection on NBS for flood risk management from a justice perspective,
focusing on the social point of view and including the fairness of the decision-
making and relevance of public participation, based on case studies from different
countries in Europe and Vietnam; (3) lessons from a field study developed in
Czechia to assess the perception of people about NBS, including their preferences
between different possible types to mitigate pluvial floods and their willingness to
pay; (4) legal aspects of NBS for flood mitigation, discussing the coherence of
several current laws affecting flood risk management using the example of Lithua-
nia; (5) international experience on implementing NBS on private land, presenting

Introduction: Nature-Based Solutions for Flood Mitigation 5



and discussing different possible mechanisms such as expropriation and land-use
restrictions, financial incentives and informational measures; and (6) socio-
economic aspects of NBS and a review of methodologies and frameworks typically
used to perform socio-economic aspects.

This book provides a compilation of the most recent research. By addressing
different types of floods and presenting and discussing different types of NBS
approaches used in distinct environments and scales, and considering a
multidisciplinary overview, this book represents a step further in the knowledge of
the role of NBS for flood mitigation, relevant to guide scientists and stakeholders in
future NBS projects.
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Abstract This chapter aims to deliver a brief overview of flood mitigation and
protective measures at different scales within the catchment area and identify the
main factors to be considered in flood risk management. It stands on an extensive
literature review of the ongoing scholarly discourse on the topic. The main focus is
given to novel approaches that are based on Nature-Based Solutions (NBS)
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principles, which are aligned with emerging public awareness not only towards cost-
effective solutions but also towards sustainable proposals which go in harmony with
the environment and natural landscapes. First, we provide a synopsis on the main
aspects influencing the flood events such as Land-Use/Land Cover (LULC), topog-
raphy, hydrometeorology, and hydraulics of the river. Later we included novel
concepts such as ‘‘Sponge Cities”, Integrated Water Resource Management
(IWRM), and the Sustainable Urban Drainage System (SuDS) as examples of
mitigation practices which simultaneously integrate cost-effective non-structural
and structural mitigation measures. Further on, we give some insight on the recom-
mendations on the most pressing research questions and conclude the key issues to
be considered in the flood risk management concerning NBS approaches. As a
result, the study highlights two among many recommendations as to the foremost
crucial ones. First, the flood risk reduction agendas must adopt a spatially compre-
hensive and cross-scale approach while considering flood events. Finally, natural
properties of the context such as LULC, topography, hydrometeorology, and
hydraulics must be considered simultaneously to utilise the full natural capacity of
the context in flood risk mitigation.

Keywords Flood mitigation upscaling, Integrated water resource management,
LULC, Nature-based solutions, Sponge city

1 Introduction

1.1 Climate Change and Uncertainty in Flood Risk
Management

Flooding is one of the most devastating and frequent natural hazards with enormous
impacts on the environment, people, and economy over the globe [1]. Flooding
occurs due to the overflow of fluvial systems, small streams, or lakes, influenced by
heavy and/or intense rainfall. Floods have triggered irreversible tragedies and
property damages over decades, where one of the major tragedies is the one of
1931 in Huang He River in China, where more 3.7 million of people had died
[2]. Floods frequency, magnitude, duration, timing, as well as severity, differ
between regions and depend on several factors such as LULC, meteorological
conditions, the geomorphological context of the region [3], and geomorphology of
the fluvial system among others [4, 5]. Figure 1 shows where flooding occurs more
frequently. Namely, it shows hydrological floodplain defined by bankfull elevation.

In contrast, the topographic floodplain includes the hydrologic floodplain and
other lands (flood fringes) up to a defined elevation; usually, it corresponds to
100-year floodplain. Very often, the settlements are placed near or in the zone of
the 100-year floodplain. Therefore, they are vulnerable to flood events.
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In general, fluvial floods in lowland rivers characterised by broad and flat
floodplains reveal to be more destructive as people historically tend to reside near
to the rivers, which is particularly common in developing countries
[1, 4]. Uncontrolled and rapid urbanisation has increased the risk of floods
disproportionally; millions of people who live in informal buildings of low standards
remain highly vulnerable [7]. Due to precipitation patterns alteration driven mainly
by climate changes as a result of the unprecedented increase in greenhouse gas
concentrations in the global atmosphere, floods are becoming more frequent and
extreme [8, 9]. Climate change has already shifted the timing of fluvial floods. It is
also anticipated to intensify their magnitude in the northern hemisphere, particularly
in Europe [10]. In such circumstances, the management of an intensified flood risk
due to more extensive and frequent floods is becoming more challenging. In a
simplified view, flood risk management represents the required strategies of manag-
ing existing and potential future flood risk situation, while in a more holistic
prospect, it includes several processes such as the planning, design, and implemen-
tation of the systems, which intend to reduce the flood risk [11].

Risk management is an intensively discussed and studied topic which regardless
of the stakeholder’s involvement, consists of three different sets of actions: (1) oper-
ation level – defining the actions which are needed to operate an existing system,
(2) actions related to project planning level, which is used in case of new projects or
regarding re-conceptualisation/revisions of existing projects, and (3) actions that are
taken on a project design level, which represents an advanced stage of the second
level and provides technical details on the design to achieve an optimal solution for
the project implementation [12]. The effectiveness of risk management strategies is
also closely connected to the way how people perceive and their willingness to
respond to a potential risk that may be induced by floods. In this regard, the so-called
protection motivation theory defines the self-preservation behaviour driven by four
main factors: (1) the degree of perceived severity of a threat from floods, (2) the

Topographic Floodplain
(100-year Floodplain)

Hydrologic Floodplain

(Bankfull Width)

Bankfull
Elevation

Flood Fringe Flood Fringe 

llufknaB D
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Fig. 1 Cross-section view shows the flood occurrence with regard to water level and floodplain
width; it shows hydrologic and topographic floodplains, respectively, modified after Carolyn et al.
[6]
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perceived probability of the frequency of extreme floods, (3) the effectiveness of any
potential recommended response by respective institutions, and finally (4) perceived
ability to implement a response (protective and mitigation measures) [13]. Tradi-
tional engineering practices referring to protective and mitigation measures include
building structures such as dikes and deflectors in the areas vulnerable to floods
[14]. Nevertheless, feasibility and effectiveness of such measures in many cases
remain questionable as they are meant to provide local protection only.

Furthermore, local protection measures transfer the accumulated risk downstream
increasing the burden of the community residing in those areas. Therefore, risk
management should be done in a more holistic approach, in larger scale rather than
river reach scale by considering many factors triggering the floods and also affected
by floods [15]. In this context, the Nature-Based Solutions (NBS) concept has
proved to be practical, feasible, and eco-friendly as they offer flood protection
without imposing substantial modification in the environment [16].

1.2 Importance of Upscaling in Flood Mitigation

Although floods may affect large areas by causing substantial life losses and damage
to the properties, periodic monitoring, planning, and management can reduce the
devastating impacts of floods. Integrating NBS as a complementary alternative into
the standard civil engineering measures has provided more room for sustainable
solutions but in the meantime, defining specific flood protection and/or mitigation
strategies is becoming more sophisticated and challenging due to exponential
increase of urbanisation [17]. Upscaling prevention or mitigation measures consist
of composite measures taken at different spatial scale within the basin, as it considers
the enhancement of land cover and implementing mainly structural and/or
non-structural measures from basin scale to river reach scale (Fig. 2).

Allocation of an enormous amount of water volume during instantaneous floods
is challenging, particularly in urban areas. In this regard, when Flood-Excess
Volume (FEV) is reached, the damage risk is higher. In such circumstances,
Square-lake mitigation measures proposed by Bokhove et al. [18] (Fig. 3) is a
cost-effective solution to manage a high volume of water during extreme floods.

Although square-lake or leaky dam concepts, a flooding prevention measure,
moderating the flow of water downstream [19], might be feasible in terms of cost,
their effectiveness may not be guaranteed if simultaneously additional measures do
not take place at a large scale, i.e., within the entire catchment/basin. Indeed,
measures taken within the catchment area can mitigate the risk of extreme floods
significantly by ensuring the high effectiveness of the protective measures
implemented in the river reach scale [20, 21]. Upscaling of mitigation measures is
particularly important because the non-adequate placement of measures can simply
transfer the flood burden downstream by increasing the risk, losses, and costs even
more [22]. In this context, Fig. 4 shows the importance of upscaling of the mitigation
measures and also how local measures alone fail to prevent flooding.
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As regional flooding tends to be frequent and long-lasting, local planners should
adjust the floods mitigation policies based on previous experiences with such
devastating events, and this is an opportunity to consider more effective measures
at different spatial scales overtime to shield the adverse effects of subsequent floods
events [23]. Therefore, a better understanding of the interaction between mitigation
and protective measures against flooding at different spatial scales is critical in flood
risk management and in implementing the most cost-effective solutions.

This chapter intends to give a brief overview of flood mitigation and protective
measures at different scales within the catchment area and also aims to identify the

Fig. 3 Schematic representation of square-lake concept for allocation of Flood-Excess Volume
(FEV): (a) stage–discharge relationship, (b) FEV square-lake concept representation, (c)
FEV-effectiveness assessment considering equivalent measures, afterBokhove et al. [18]

Fig. 4 Flood mitigation upscaling: (a) it involves dykes along both sides of the river and channel
enlargement, which successfully prevents flooding in one village, (b) floods are mitigated in natural
flood expansion areas or dry dams/retention basins while local protections and river training are
kept to a minimum, after Poulard et al. [14]
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main factors related to different scale to be considered in flood risk management.
Namely, the main focus is given to innovative NBS approaches which are not only
cost-effective but also a sustainable solution in terms of environment and natural
landscape conservation. The chapter is organised as follows: Section 2 presents a
synopsis on the main factors influencing flood events; Section 3 describes some of
most common and cost-effective non-structural and structural mitigation measures
as well as their eco-friendliness; Section 4 gives some insight into recommendations
on the most pressing research questions; finally, Section 5 presents a conclusion of
the critical issues to be considered in flood risk management concerning NBS
approaches.

2 Multidimensional Aspects of Flood Mitigation
at the Basin Scale

2.1 Influence of Geomorphological Properties of Earth
Surface on Flooding Regimes

Engineered solutions widely control flood risk at the expense of altered flow and
sediment regimes, as well as the ecological properties within the riparian zone and
beyond [24]. Both elevation profile (i.e. topography and geomorphology) and soil
texture (i.e. land cover) features are reported to have a significant impact not only on
the physical properties of the basin but also on the functional composition of the
riparian lands along the watercourse [25]. For example, floodplain ponds and gravel
bars enable inundations. They are reported to have a considerable effect on the
enrichment of flora and fauna assemblages along the riparian zone [26]. Therefore,
topography and land surface composition are both considered in multi-criteria flood
susceptibility assessment procedures and modelling [27].

In this section, we bring a split into two different spatial scales while considering
the implications of LULC and topography on flood dynamics (Table 1). Both land
surface cover and topographical properties can have different effects on the flood

Table 1 Implications of LULC and topography on hydrodynamics at both basin and riparian scale

Context Implications

Zone Scope Scale Topography LULC

Basin,
watershed,
catchment
area

Regional,
national,
cross-
boundary

>1:5,000 The geomorphology of the
watershed contributes to
the stream orders, runoff
flow, and accumulation

It is affecting the runoff
speed and accumulation of
water – rainwater carrying
capacity of leaves

Riparian
zone

Local, site
scale

<1:5,000 Define the morphology of
the river, riverbanks, and
the flood plain, affecting
the flood-carrying capacity
of the channel

Affecting the riverbank
erosion dynamics and land
degradation. Slowing
down the water flow speed
during flooding seasons
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risk and preventive capacities at the basin scale as well as in the riparian zone (i.e. it
refers to river reach scale). While the spatial scope of the former is expanding to the
regional, national, or even international territories, the scope of riparian zone is
related to the local and site scale, especially in urbanised lands where the flood risk is
highest.

2.2 LULC Data Utility in Flood Risk Mitigation

Generally, LULC is monitored to understand the dynamics of landscape change at a
gradient of spatial and temporal scales. The assessment of long-term alterations of
the surface cover is useful in understanding landscape dynamics in the territory,
especially in areas that are prone to different natural hazards. For example, the
vegetation encroachment processes in flood-prone areas along highly modified
large rivers are accepted as an issue to be carefully managed [28]. For example, in
some cases, this problem is avoided by removing wild vegetation to adjust the width
of the channel and to decrease the roughness of the watercourse to increase the
discharge rates and avoid flooding [29]. These attempts increase flood prevention
capacities as the riparian vegetation is reported to have a considerable impact on the
flow friction and flood level [30]. The model developed by Anderson et al. [31]
demonstrates that the properties of the riparian zone and the coarseness of the flow
channel are determining factors of flow speed, being vital in propagating of flood
waves. Thus, the land cover typology like wetlands along the riparian zone have a
considerable impact on flood risk reduction [32] and must be comprehensively
assessed.

LULC analysis can supply useful spatial information about the surface cover
along the waterways. Generally, they are analysed within the riparian zone along the
watercourse, which is defined via either fixed or altering width buffer. This approach
leads to limitations to the significance that LULC has on the watershed scale as it is
unable to reveal the connectivity of natural surfaces starting from the water source to
further inland. To cope with this shortcoming, other scholars have highlighted the
importance of the transversal (lateral) analysis of LULC (Fig. 5) in relation with the
water sources (i.e. ocean, lake, and river) [33, 34]. Analysing LULC beyond the
riparian zone helps in defining corridors of natural surfaces in the lateral direction,
which can significantly contribute to the water retention capacities and a moderated
rainwater discharge into the mainstream.

At the basin scale, the vegetation structure of the land surface on both sides of the
watercourse is crucial for defining the roughness of the surfaces of the valley, thus,
enabling runoff reduction during the flooding season. The more connected natural
surfaces are in the transversal direction, the more moderated the runoff regimes from
uplands to the watercourse will be.
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2.3 Topography as a Static Driver of Water Flow Regime

The implications of topography on flood risk mitigation vary on different spatial
scales. For example, while the geomorphology of the watershed (i.e. basin scale) has
a direct impact on the runoff amount and speed from the uplands to the main channel,
the topography of the riparian zone (i.e. site/river reach scale) holds potential areas
suitable for temporarily accommodating water by reducing the flood risk
downstream.

The risk-reducing utility of topography is proven by long-run applications of
multi-purpose artificial reservoirs constructed on the upstream sub-basins within the
watershed. For example, 2.6 million small artificial water bodies in North America
contribute to water cycle management by diverting and delaying downstream water
flow [36]. While the reservoirs reduce the runoff during high rates of precipitation,
they supply restored water for diverse types of usages (i.e. agriculture, recreational,
domestic, wildlife, etc.). Moreover, these added water surfaces lead to the flourishing
of vegetated surfaces on the upstream lands, thus, enhancing the roughness of the
basin surfaces and reducing their runoff capacity. Consequently, the topography and
the LULC of the watershed must both be considered when drafting nature-based
flooding mitigation.

2.4 Hydrometeorological Aspects of Floods

Flood characteristics change along the seasons and also differ between regions. The
hydrometeorological conditions (i.e. precipitation and temperature regimes)

Fig. 5 Conceptual diagram of transversal connectivity of vegetated areas along the watercourse,
after Hysa et al. [35]
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represent the main drivers of a flood’s typology [37]. In this regard, there are five
main typology types, namely: long-rain floods, short-rain floods, flash floods, rain-
on-snow, and snowmelt floods [38]. Long-rain floods are characterised by
low-intensity rainfall, frontal type storms, they last from days to weeks and in
general cover large areas; they are found very often in continental climate
[39]. Short-rain floods or the so-called flash floods, characterised by a short duration
of rainfall but high intensity, depending on the cloud pattern they occur locally or on
a regional scale [38]. Flash floods occur more frequently in arid and semi-arid
regions. They are characterised by local high rainfall intensity as well as fast-
flowing runoff due to land cover features characterising those type of regions [9, 37].

The rainfall regime in arid and semi-arid regions is a localised structure called
convective rain which is one of the primary drivers of several meteorological
phenomena, including extreme floods [2, 39]. Because of the high temporal vari-
ability of the atmosphere recirculation, flooding in arid and semi-arid regions is very
complex, and the occurrence and time duration are hard to predict [8]. Extreme
floods occurring during the monsoon season in Asia, mainly in India are main
natural hazards threatening millions of people lives [40]. In general, floods driven
by high-intensity precipitations are the most unpredictable and destructive ones; in
contrast, floods originating from snowmelt are highly predictable and therefore less
devastating [2]. However, the latter one depends on several meteorological factors
such as short-wave radiation, energy balance, and temperature variability, among
others [10]. For instance, rain-on-snow floods originate as a result of a mixture of
rainfall and existing snowpack. In this regard, moderate rainfall mixed with snow
can generate substantial floods, although not intense [41]. Finally, snowmelt floods
occur seasonally, namely during late Spring and early Summer seasons. As mentioned
above, this type of flood is not risky in terms of intensity since the snowmelting occurs
at a low rate [42]. Blöschl et al. [10] proposed several indicators to identify flood
typology. Nevertheless, the storm duration is one of the most common indicators that
do that. Storm duration depends on factors such as topography and climatology, which
may drive substantial spatial differences of the storm type itself [43].

2.5 Hydraulic Aspects of Floods

Indeed, there is a mutual linkage between flood regime and river geomorphology.
The typology of floods not only affects humans but also has a substantial impact on
several fluvial geomorphological processes; affects both the main channel and the
floodplain [40]. Furthermore, it alters sediment transport in longitudinal and hori-
zontal directions, i.e., causing erosion and deposition at a different section of the
rivers (Fig. 6).

The type of roughness and river morphology can influence the flood travel time as
well as stage – discharge relation [4, 45, 46]. Hydrodynamic modelling is a useful
tool in the simulation of flood events to identify the most vulnerable areas. Never-
theless, it requires accurate information about the hydraulic conditions of the river
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channel [4, 47]. In general, 2D hydraulic models are most commonly applied in
practice for flood modelling because of their ability in considering both spatial and
flow variability in time. Accurate hydraulic information of natural rivers is particu-
larly crucial for generating flood risk maps in high populated areas like urban and
peri-urban lands, because it may prevent proper flood management measures or in a
worse scenario lead to failure of the implemented measures [47]. Flow resistance is
an important parameter that influences the stage–discharge relationship in natural
channels [48]. Natural river channels usually have no regular cross-sections. They
have variable roughness along the wetter perimeter, which therefore influences the
flow resistance.

Moreover, flow resistance is additionally influenced by the longitudinal geomor-
phology of the river, such as sinuosity and meandering, among others [49]. The
hydraulic conditions of a river channel can be improved by periodic cleaning of
debris, vegetation, large woody trees, etc., which can enhance the conveyance
capacity of the river channel [3]. The unsteady non-uniform hydraulic regime
characterises floods. Another important hydraulic factor that influences the shape
of the flood hydrograph is the backwater effect created due to water storage or
geomorphological irregularities of the river [48]. The backwater effect conveys the
secondary flows backwards. It substantially affects the flood routing leading to the
formation of a sinuous pattern in the upstream part [50]. The hydraulic regime also
influences several physical and biogeochemical processes of the fluvial ecosystem

Fig. 6 Floods, river geomorphology precedes interlinkage before and after flooding, after Rogers
[44]
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[51]. Thus, the high variability of the hydraulic regime, such as turbulence could
considerably affect the fluvial ecosystem habitat [4, 49, 52]. In this regard, the
upstream hydraulic response to the backwater effect of a downstream riffle crest
imposes a natural analogy associated with flood-induced channel change [53].

3 Sustainable Flood Mitigation Measures in Support
of Integrated Flood Management

3.1 Non-structural Measures

Modern flood risk management practices and strategies aim to reduce the risk of
flooding by considering a mix of management options which extend beyond tradi-
tional engineering measures the so-called non-structural measures and integrate a
wide range of instruments [54]. Non-structural measures are those not involving
physical intervention but instead use knowledge, public awareness-raising, previous
experiences, training and education, and specific laws, to reduce floods risks. In
general, the non-structural measures intend to modify susceptibility to floods to
protect people and properties from the flood hazard.

To assure the effectiveness of flood risk management, it is essential to have
accurate information on the flood occurrence and typology obtained from
non-structural measures, which can significantly decrease the costs of floods for
households [55]. Non-structural measures include real-time flood forecasting and
warning systems, evacuation systems, land-use planning, flood zoning, preservation
of retention ponds, and emergency services, among others [56]. To better manage
the risk of floods, a spatial zonation of the flood risk based on Digital Elevation
Model (DEM) predictions can provide important information through inundation
colour-coded in different flood-vulnerable areas, where different colour may corre-
spond to different levels of flooding [54]. This practical approach would allow
people to relate the colour-coded of DEMs to flood warning posts and enable them
to take appropriate actions. Other semi-structural or non-structural measures that can
reduce the risk of flooding considerably involve wet-proofing approaches such as
solidification of walls against water pressure, adapting the flood-prone parts of the
settlements with waterproof materials, moving vulnerable instruments to upper
floors, risk transfer instruments, flood insurance, evacuation, installing one-way
valves on water evacuation pipes to stop the waters from inflowing the house
through the pipes and storing paints, and chemicals in the upper parts of the home
among others [57]. These kinds of non-structural measures aim to stop the water
from inflowing into the house at the highest level as well as they adopt the house to
cut the damage in case of flooding. Nevertheless, the efficacy of non-structural
measures is sensitive to socio-economic changes and governance provisions policies
[54]. Non-structural measures are in better agreement with sustainable development
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than traditional engineering structural measures, as they are more adjustable, com-
monly accepted, and environmentally-friendly [58].

Overall, non-structural measures have several benefits such as low implementa-
tion cost reducing vulnerability, and easily adaptable; the later on is particularly
advantageous considering the uncertainties resulting from climate changes [22].

3.2 Structural Measures

Even though the non-structural measures offer several benefits concerning flood risk
management, they would be less effective in many cases without combination with
structural measures. Structural river protection and/or mitigation measures such as
dams and dikes are among old and traditionally-known measures. They have been
constructed for at least four thousand years [11]. Management of an area that is
vulnerable to flooding undergoes complex decision-making processes regarding the
measures to be implemented in compatibility with land-use related activities and the
risk to which environment, human, and their properties are subjected [59]. Structural
measures, besides attempts to reduce the water load, contribute to enhancing the
resilience of the entire flood defence system, and also promote the readiness to
somehow live with floods. Structural flood defences systems may boost urban
development at-risk areas. At the same time, the recovery instruments might also
provide preventive measures for flood risk management [11]. Before implementing
new measures, it is essential to explore if it is possible to create a new space in the
existing channel to allocate an extra volume of water to reduce the costs (Fig. 7).

Although structural flood mitigation measures are the most commonly used in
practice as proved of being effective in many highly urbanised flood-prone areas,
poor implementation and management of these infrastructures may lead to irrevers-
ible environmental, geomorphological, and social consequences [60]. Some of the
measures may be implemented temporarily to avoid spontaneous risk (Fig. 8).

Fig. 7 Schematic
representation of side-
channel digging to create
new room for the extra
volume of water (a) current
profile and (b) profile of the
giving-room-to-the-river
scenario, 5 m wider at 1.5 m
high, with the same bank
slope b, adopted after
Bokhove et al. [17]
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Structural measures can be found at different typology, applicable at different
scale within the river basin, and target different typology of floods. For instance,
leaky barriers (Fig. 9) are mostly applicable in the torrential river and take place in
the upland part of the river basin.

Hybrid or combined structural mitigation solution such as tree planting in com-
bination with dykes is also very often applied in practice (Fig. 10).

Such solutions are cost-effective because they can quickly absorb the flooding
wave energy and therefore reduce the construction cost of a dyke while in the
meantime, increasing the reliability of Dykes [62].

Fig. 8 Schematic representation of two types of temporary flood barrier in left and the right, a
picture is showing implementation in practice (Source: https://www.bbc.com/news/uk-25929644)

Fig. 9 Leaky barriers structure applied in the torrential river, after Hankin et al. [19]
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3.3 The Ecosystem Conservation Aspects of Nature-Based
Mitigation Measures

Particularly in urban areas, large impermeable pavement areas, as well as the roofs of
buildings direct rainwater to be collected straight into drainage systems which can
quickly become overwhelmed. Therefore, new sustainable approaches such as the
‘‘Sponge Cities” [63], Integrated Water Resource Management (IWRM) [64], or the
Sustainable Urban Drainage System (SuDS) are receiving considerable interest
[65]. According to these new eco-friendly concepts, runoff water coming from
impermeable surfaces should seep into the ground or be collected in detention
basis and small ponds rather than flushing way through the sewerage system
(Fig. 11). So, the collected rainwater can be released in a controlled way, or it can
even be used for irrigation or other purposes after validating its quality [66].

Such solutions have huge potential in reducing global warming and in helping
people and also ecosystems adapting to a warmer planet. The NBS solutions, namely
SuDS and “Sponge Cities”, have great potential to sequestering CO2, and also
improve resilience, especially of the urban area, to guarantee sustainable food
supplies, to increase biodiversity, and to generate healthier, greener living environ-
ments for people and biota [67]. Concerning the biota, particularly the one related to
fluvial ecosystems, it is significantly affected by the habitat conditions; degradation
of habitat conditions leads to the decline of the aquatic biodiversity [68]. Therefore,
flood mitigation measures to take place in the river reach scale must also consider
preservation and/or improvement of habitat suitability conditions. In this regard,
such measures should guarantee lateral and longitudinal connectivity, spatially and
temporally heterogeneous areas with related water bodies, dynamics of water
exchanges between surface waters and groundwater, and water quality among others
[14, 68]. Figure 12 shows flood mitigation measures in the semi-natural and quasi-
natural channel while in the meantime, intending to improve and preserve the habitat
conditions.

Fig. 10 Schematic representation of a hybrid solution. Mangrove trees can absorb the flood wave
energy. As a result, it reduces the dike height that is needed to meet the safety standards after K. van
Wesenbeeck et al. [61]
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In the case of the semi-natural channel (Fig. 12a, I), about 50% of the bed is
artificial. At the same time, the surface and groundwater connectivity are possible
only through the bed. In contrast, in the second scenario (Fig. 12a, II) only about
30% of the bed is artificial; therefore, surface and groundwater connectivity are
possible through the bed as well as the riverbank. In the case of the quasi-natural
channel (Fig. 12b), almost all types of habitat might be preserved. Nevertheless, the
presence of the artificial elements, particularly in the case of Fig. 12b, I), may restrict
three-dimensional water connectivity and may also influence the water quality.
Overall, the best strategy in such and other types of flood mitigation measures
would be the eco-friendly usage design as well as materials [57, 69].

4 Future Research Needs and Recommendations
for Improvement of Floods Mitigation Measures

One of the essential aspects in the enhancement of flood risk management strategies
is an investment in sciences and communications, which provides a prospect for
further improvement and expansion of the context of NBS utility in flood mitigation
measures. In this regard, real-time localisation of the most vulnerable areas is an
essential task to be considered for further advancement of computer modelling to
provide possible accurate information about high-risk flooding areas. Zonation and

Fig. 12 Schematic representation of the habitat improvement: (a) semi-natural channel and (b)
quasi-natural channel, adapted from Poulard et al. [14]
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flood mapping of the flood-prone areas should be done on priority basis [3], in this
particular context attention should be given to lower-latitude areas where flood
frequency and population are both projected to increase in the future [9]. Many
countries fail in providing effective flood mitigation solution due to the lack of
information on the flood typology. Therefore, it is essential to define the flood
typology at the regional and country scale [10].

Expansion and modernisation of the existing hydrometeorological system are
particularly significant for real-time storm tracking. Multidimensional aspects
improvement of the structural and non-structural measures is tremendously imper-
ative to enhance the efficacy of the flood management system. In this regard, further
research is needed to improve the eco-friendliness related to the design and type of
strategies and materials used in flood mitigation solutions [68]. Fostering interdis-
ciplinary research involving different stakeholders is critical in providing sustainable
flood mitigation solution with a twofold function; reducing flooding risk but in the
meantime, preserving the natural conditions of the riverscape corridor as well as the
fluvial ecosystem [14]. Effective flood risk management requires monitoring of
mitigation solution with regard to their functionality and eco-friendliness. Data
collected through monitoring campaign is essential for decision-makers in the
improvement of the existing mitigation measures and developing the new ones [16].

Further research is needed in flood risk perception, to achieve a more inclusive
understanding of how risk perceptions affect the vulnerability, capacity, and resil-
ience of individuals and communities facing flooding [13]. The term “resilience” has
arisen as the dominant model in flood risk management, mainly related to NBS,
which implies the need to plan and design cities that can absorb water during
flooding and reproduce natural processes more thoroughly [65]. A better under-
standing of the flood risk perception is particularly important in urban areas by
facilitating the cost-effective and safe expansion of such areas. Finally, further
research is also needed to assess the synergistic effects of multiple flood mitigation
strategies on protecting community properties [20]. Last but not least, additional
research is also needed in terms of policies concerning insurance and jurisdictions
aspects related to damage compensation, which might contribute towards enhance-
ment of management practices and governance provisions.

5 Concluding Remarks

This chapter delivered a summary of the existing flood mitigation and protective
measures at a cross-scalar context from reach to the basin area. Furthermore, it
identified the main natural factors within the context that affects the flooding
regimes. It must be considered in flood risk management. This was realised by
thoroughly reviewing the ongoing scholarly discourse on the topic. The main focus
was given to novel approaches that are based on the principles of NBS. These are
advocated to inspire not only cost-effective solutions but also sustainable proposals
that are in harmony with the natural environment and native landscapes. We
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identified four major aspects that have direct implications on the flood regimes,
which are LULC, topography, hydrometeorology, and hydraulics of the river. These
factors have been discussed in detail to clarify their cross-spatial influence on flood
events.

On the other hand, novel concepts such as ‘‘Sponge Cities”, IWRM, and the
SuDS have been reviewed and discussed as examples of mitigation practices that
combine cost-effective non-structural and structural mitigation measures. These
agendas aim to integrate the social, geophysical, and ecological aspects and provide
a comprehensive frame while dealing with urban flooding. Community engagement
and activation are crucial dimensions of these approaches, as well as the ecological
conservation of existing habitats. Nevertheless, we realised that the importance of
the cross-scalar character of flooding phenomena is not considered enough.

In conclusion, this chapter highlights two recommendations. First, the flood risk
reduction agendas must adopt a cross-scale approach while considering flood events.
The mitigation measures downstream and upstream must complement each other
and must be designed in a spatially comprehensive manner. Second, natural prop-
erties of the context (i.e. at both basin and reach scale) such as LULC, topography,
hydrometeorology, and hydraulics must be considered to utilise the full native
capacity in flood risk mitigation. Finally, flood risk reduction agendas must integrate
social, geophysical, and ecological properties of the study area while drafting
practical nature-based flood risk mitigation measurements.
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Abstract Despite its importance in supporting the global economy and to accom-
modate an ever-growing population at the coast, many of the coastal ecosystems
such as mangroves, reefs, seagrass meadows, salt marshes and dunes had in the
recent years an accentuated decrease in their coverage. The loss of coastal ecosys-
tems, among other problems, leads to the loss of natural capacity for flood mitigation
and coastal erosion. Since a considerable share of the coastal population is living in
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flood-prone areas, the loss of capacity of the ecosystems to mitigate the impacts of
floods and coastal erosion can increase the vulnerability to natural hazards such as
storm surges, hurricanes and typhoons. This is especially relevant in a context of
increasing sea-level rise and intensity and frequency of extreme weather events, both
increasing the risk to lose lives and assets. Coastal flood mitigation has been done
primarily through the use of hard grey infrastructures. However, these types of
structures can have long-term impacts on coastal ecosystems, require continuous
maintenance and, in the face of extreme events, may represent an inefficient way to
prevent coastal degradation. This called the attention of scientists and decision-
makers towards the role of nature to mitigate the impacts of coastal floods through
nature-based solutions (NBS). NBS, under the framework of ecosystem-based
management, are interventions that aim to reduce the impacts of coastal flooding
and erosion and simultaneously enhance ecosystems, biodiversity and natural
resources. NBS can use (1) natural solutions (e.g. marine protected areas), (2) soft
engineering and ecological restoration (e.g. beach nourishment) and (3) hybrid
solutions, which integrate natural and grey infrastructures. Recently, NBS are
gaining popularity and are part of coastal management strategies in many countries.
Despite their efficiency, it is still a new practice, and therefore concerns are raised
regarding their environmental and anthropogenic impacts. Also, there are some
drawbacks and pitfalls that need to be overcome to increase NBS implementation.
In this chapter we make an overview on the need for NBS for coastal flood
mitigation, its implementation in a worldwide context, their impacts on the coastal
social ecological economics systems, drawbacks and opportunities to improve their
acceptance.

Keywords Climate change adaptation, Coastal resilience, Hybrid solutions,
Nature-based solutions, Sea-level rise, Storm surge

1 Introduction

Traditional coastal flooding mitigation strategies were implemented using hard
engineered measures, commonly referred as “grey” infrastructures [1–3]. Due to
their durability, the facility of implementation and effectiveness, grey infrastructures
were built as an immediate response to coastal flooding and erosion events [4, 5].

With the aim of protecting human lives and preventing economic losses in highly
populated urban areas [4], the construction of grey infrastructures were implemented
regardless of their integration in the natural landscape or the long-term effects on
coastal ecosystems functions. This led to adverse environmental impacts such as
changes in sediment dynamics and local ecology [6–10]. Grey infrastructures require
constant maintenance during their lifetime [5]. They are not the best strategies to
mitigate climate change impact and other anthropogenic disturbances. Recent effects
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such as sea-level rise, the increase in urbanization and severity and intensity of storm
surges and extreme events like hurricanes exposed their weakness and failed to
protecting the coast, with implications in high losses of human lives and assets
[11, 12]. After extreme events, the areas where coastal habitats have a high quality
are the less affected [13–16]. Coastal habitats (e.g. mangroves, reefs, dunes) have a
great capacity to adapt to the new conditions following extreme events. Therefore,
when compared to grey measures, they are more sustainable solution to mitigate the
impacts of coastal flooding. Healthy coastal habitats are nature-based solutions
(NBS) valuable to protect the coast against extreme events.

In the last decades, the use of NBS to mitigate coastal floods has been increas-
ingly used by combining actions to protect, restore and manage ecosystems in a
sustainable way, addressing also socio-economic aspects, ensuring human wellbeing
and safeguarding biodiversity [5, 17–19]. NBS utilize coastal ecosystems’ natural
capacity to act as barriers to attenuate and dissipate the effect of storm surges and
high-water levels and are seen as a valid and more efficient alternative to traditional
coastal protection methods due to its capacity to protect and deliver ecosystem
services and other co-benefits [20, 21].

Over time, different NBS for coastal flood mitigation have been developed. The
type of NBS to be used is dependent on local socio-economic and environmental
factors. Each NBS implementation should be considered as individual. Applying the
same measure elsewhere may not be the best practice [22]. However, despite its
increasing application cases, there are still challenges and pitfalls regarding the use
of NBS such as lack of guidance, political, legal and financial support and monitor-
ing its effectiveness over time [23]. Furthermore, due to the relatively recent
adoption, some authors question if there is enough evidence to fully understand
the environmental impacts of NBS [24–26].

This chapter aims to synthesize the information on NBS for coastal flood miti-
gation and erosion protection, including examples of NBS, implemented worldwide,
and examples showing the advantages, disadvantages, challenges, opportunities and
the associated environmental problems.

2 The Transition from Traditional to Nature-Based Coastal
Flood Mitigation

Coastal zones are perhaps one of the most important and complex socioecological
systems. These areas host an enormous diversity of terrestrial and marine species,
habitats and landscapes [27–29]. This diversity includes some of the most productive
and important ecosystems such as mangrove forests, seagrass meadows, coral reefs,
intertidal areas, coastal lagoons, coastal dunes, salt marshes and wetlands. Coastal
ecosystems provide an enormous array of goods and services, essential to support
human development and wellbeing. From basic nutritional and non-nutritional
resources, water purification, climate regulation and nursery areas to transportation
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and cultural identity, coastal zones are important drivers of socio-economic devel-
opment [30–33].

Coastal zones, defined as the interaction zone between the terrestrial and marine
part of Earth [34], cover only 4% of land and 11% of marine waters; however, they
host around one-third of the global population [35]. The largest urban agglomera-
tions and megacities are located near the coast [36]. Examples are Tokyo, New York,
Newark and Shanghai with 37.2, 20.4 and 20.2 million inhabitants, respectively
[37]. In the future, it is expected that population will increase in coastal areas,
attaining 625 million in 2030 in low-lying areas [32]. It is estimated that 50% of
salt marshes, 35% of mangroves, 30% of coral reef and 29% of seagrass meadows
have already been lost [31]. The restoration and destruction of natural habitats are
recognized as one of the most important drivers of change in the coastal zone [34,
38].

The capacity of coastal ecosystems to provide flood protection has been degraded
as consequence of urban development. Since many of these habitats have been lost
or impacted to some degree, these functions are not present or are diminished,
leaving coastal communities vulnerable to floods [15, 39, 40]. With around 10%
of the global population living in low-lying flood-prone areas much is at stake
[41]. In addition to land-use change, the vulnerability of coastal communities is
even more exacerbated by climate change [42]. Some of the impacts of climate
change in coastal areas are sea-level rise, the increase in severity and occurrence of
storm surges and extreme events [43].

The history of coastal protection for flood mitigation is old as ancient civilizations
that responded to fluctuations in sea-level rise following the Glacial Age [44]. Early
coastal flood protections included the building of dikes in the Netherlands and
China, wooden pile groynes in the Baltic coastlines and beach nourishments in the
Mediterranean [44–46]. As a consequence of population increase in coastal areas
and a chain of impact such as sediment removal, reduction of the sediments
transported to the coast by damming rivers, erosion, port and tourism development,
stronger and more durable solutions were needed [44, 46, 47]. Technological and
scientific developments allowed to engineer coastal protection structures (grey infra-
structure) such as breakwaters, ripraps, sea walls, tetrapods, bulkheads and groynes, to
address these issues [44]. Grey infrastructures were built all around the world as an
immediate response to flooding events or eroding coastlines, where the priority was to
save human lives and assets instead of keeping the natural landscape [5, 48].

During the last decades, the concerns about environmental degradation in post-
industrial revolution led to a shift in coastal planning and management towards an
ecosystem-based approach [49]. Notions of sustainability and sustainable use of
natural resources and habitats [50], the ecological contribution of nature to human
wellbeing through the deliverance of ecosystem services [51] and green/blue econ-
omy [52] brought an environmentally holistic focus. The development of the
Integrated Coastal Management (ICM) in the United States and later the Integrated
Coastal Zone Management (ICZM) in Europe shifted the coastal protection from a
sectorial to an integrative approach [53]. In parallel, concerns of biodiversity and
habitat loss developed the implementation of ambitious targets (so-called Aichi
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Targets) under the Convention on Biological Diversity (CBD), which aimed at “by
2020, at least 17 % of terrestrial and inland water, and 10 % of coastal and marine
areas, especially areas of particular importance for biodiversity and ecosystem
services, are conserved through effectively and equitably managed, ecologically
representative and well-connected systems of protected areas and other effective
area-based conservation measures, and integrated into the wider landscapes and
seascapes” [54]. Recently, the United Nations declared the decade of 2021–2030
as the decade for ecosystems restoration. This is one of the greatest challenges for the
next years. Approximately 20–50% of blue carbon ecosystems that include seagrass
beds, salt marshes and mangroves are degraded. Restoring wetlands can contribute
14% of the capacity to limit the global temperature rise of 2�C [55, 56]. In areas
affected by flood, grey infrastructures need to be rebuilt and redesigned, while the
habitats described in Box 1 have a natural capacity to restore themselves [57]. In this
context, some questions arose regarding the efficiency of grey infrastructures for
flood coastal protection and its resilience and adaptability to future climate condi-
tions. This shifted planners and decision-makers towards more nature-friendly
alternatives [5].

Box 1 Natural Flood Protection from Coastal Ecosystems
Coastal ecosystems are natural protective barriers against storm surges and
sea-level rise, preventing coastal flooding and promoting shoreline stabiliza-
tion [49]:

• Coral and other biogenic reefs: biogenic reefs can be considered the first
line of defence for coastal protection for their capacity to attenuate incom-
ing wave energy [58, 59].

• Seagrasses: seagrass ecosystems are capable to protect the coast by their
capacity to stabilize and maintain sediments in shallow areas and to modify
both current flows and wave action [60, 61].

• Beaches: highly dynamic changes in beach profile as a response to different
wave behaviours and the accretion of sediment creating dissipative surf
zones reducing wave energy at the shoreline [62].

• Dunes: coastal dunes and dune vegetation act as social, ecological, eco-
nomic protective buffers against storm surge, wave attack and erosion of
the hinterland [63].

• Mangroves: mangrove forests contribute directly and indirectly to flood
mitigation, by promoting siltation, accretion and stabilization of sediments
as well as obstructing the waves energy with its roots and trunks [64].

• Salt marshes: salt marsh vegetation buffers the effects of the waves and at
the same time prevents erosion [65]. Furthermore, salt marshes also accu-
mulate and store big amounts of water from flooding events.
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3 Categorization of NBS for Coastal Flood Mitigation

As many other ecological concepts, several options exist to define and categorize
NBS for coastal flood mitigation. However, a common categorization by different
authors [66–68] and adopted by Gómez Martín et al. [69] categorizes NBS for
coastal flood mitigation into three types: NBS type 1, low human interventions;
NBS type 2, medium human interventions; and NBS type 3, creation of new ecosys-
tems and hybrid solutions.

3.1 NBS Type 1: Low Human Interventions

Also known as natural solutions, these types of NBS include approaches and
measures that aim to preserve coastal ecosystems and their natural capacity for
flood protection and mitigation, without active physical anthropogenic interventions.
Examples of this type of NBS include the creation of coastal and marine protected
areas to promote coastal protection by restricting the presence of anthropogenic
activities to preserve the well-functioning and resilience of coastal habitats,
[70, 71]. Coastal and marine protected areas have been established worldwide,
covering 7.44% of all marine areas [72].

3.2 NBS Type 2: Medium Human Interventions

Also known as soft engineering approaches, these types of NBS are comprised by
extensive and intensive physical approaches. They aim to support the enhancement
of ecosystem services provided by coastal habitats in a sustainable way [69]. NBS
type 2 are implemented to increase the protection capacity of coastal ecosystems or
to complement existing hard engineered structures [73]. This is in general one of the
most used type of NBS for coastal flood mitigation. This type of NBS shares the
same principles with similar coastal ecosystem-based approaches such as “living
shorelines” [74], “soft engineering” [75], “nature-based features or infrastructure”
[76], “green/blue infrastructure” [77] and “building with nature” [78]. The most
common solutions under type 2 are actions which deal with ecological restoration or
rehabilitation of coastal habitats (see Box 2).
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Box 2 Examples of NBS Type 2 for Coastal Flood Mitigation
Approaches
This type of NBS has been implemented all around the world for many
different coastline types and is designed according to existing ecological
elements (habitats, functions and processes) within the implementation
areas. Some of the strategies have been used by humans since early beginning
of coastal protection history. Some of the most popular type 2 NBS for coastal
flood mitigation include:

• Beach nourishment: also known as beach replenishment is an ancient
practice which basically consists of the artificial reallocation of sediment
from land-based or offshore sources. Typically, beach nourishments are
done as a response to coastal erosion events [79].

• Mangrove restoration and afforestation: ecological restoration and engi-
neering actions aiming at returning mangrove forests to a pre-existing
condition. Traditional approaches include the plantation of monospecific
stands of mangrove seedlings. Mangrove afforestation includes the planta-
tion of mangrove forests for purposes of coastal protection in areas where
this ecosystem was not present previously [80].

• Dune protection and stabilization: traditional solutions encompass the
plantation of dune vegetation for dune stabilization and the use of wooden
fences to trap sediment and in some cases limit anthropogenic activities
[81]. These actions prevent sediment losses and the re-establishment of
sediment dynamics making dunes resilient against storm surges.

• Salt marsh restoration and recreation: restoring and re-establishing salt
marshes of once reclaimed coastal landscapes require de reopening or
de-embankment of existing physical barriers (dikes, levees, etc.) for the
re-establishment of tidal hydrodynamics [82]. Other complementary
actions, like the removal of invasive species, also contribute to restoring
the well-functioning of salt marshes.

• Coral reef restoration: reef ecosystems can be done following passive and
active restoration strategies. Popular approaches include the direct trans-
plantation and gardening or coral fragments, larval enhancement and the
stabilization and creation of substratum for the establishment of coral
reefs [83].

• Seagrass restoration and rehabilitation: the restoration and rehabilitation
of seagrass meadows is mainly done through direct transplantation of plants
from donor locations or through mechanical seed dispersal [84].

• Oyster reefs restoration and establishment: establishing oyster reefs
requires the addition of substratum in which oyster larvae attach. A popular
method is the recycling of oyster or clam shells which are designed and
agglomerated into “bags” which are then submerged in the location iden-
tified as important for the establishment of larvae [85].

(continued)
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Box 2 (continued)
• Barrier island restoration: barrier island restoration follows a similar

approach as beach nourishments. Sediment is pumped to the existing
barrier island creating a beach and a dune; furthermore, a second dune is
created to allow the development of a marsh and the establishment of
vegetation [86].

3.3 NBS Type 3: The Creation of New Ecosystems and Hybrid
Solutions

NBS type 3, commonly referred to as hybrid solutions, combine a type 2 NBS with
hard grey infrastructures for maximum coastal protection [5]. Hybrid NBS are very
popular since they possess the strong protective capacity of hard structures and at the
same time contributing to the well-functioning of coastal ecosystems. Examples of
hybrid solutions include managed realignments of coastal populations in which hard
structures are moved further inland allowing the establishment of natural habitats.
The combination of NBS type 2 and hard structures allows for the creation of
innovative designs in coastal protections [5, 17].

3.4 Global Implementation of NBS in the Context of Coastal
Flooding

As alternatives to hard structures, in the last decades, an increasing number of NBS
implementation efforts have been carried out all over the globe to safeguard the
coastal population from the damages associated to coastal flooding and make them
more resilient to future events (e.g. sea-level rise and extreme weather events) [5, 24,
87]. In some countries NBS implementation is well established in coastal zone
management and disaster risk reduction strategies with specific financing schemes,
for example, in Europe, the European Commission allocated around 185 million
euros between 2014 and 2020 for NBS implementation projects [26], and in the
United States, the US Army Corps of Engineers is advised to use NBS to enhance
coastal resilience [88]. In recent years, many initiatives have pushed forward the
implementation of NBS through projects and pilot studies, compiling case studies
databases. Some of these include the “Nature-based Solutions Initiative” by Oxford
University (naturebasedsolutionsinitiative.org), “Nature-Based Solutions” (nature-
basedsolutions.com), “European Union Repository of Nature-Based Solutions”
(oppla.eu), “Think-Nature Platform” (platform.think-nature.eu) and “Natural Haz-
ards Nature-based Solutions” by the World Bank (naturebasedsolutions.org). These
databases comprise many case studies and descriptions, which NBS have been
applied in coastal areas. All of them contain NBS in coastal areas. Figure 1 illustrates
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the global distribution of these projects. Beach nourishment in Lithuanian coast is
described in Box 3 as an example of a soft engineering solution used to protect
coastal assets in detriment of a normal sediment littoral dynamics by built breakwa-
ters to secure port industry.

Fig. 1 Global examples of NBS for coastal flood mitigation. The examples were compiled from
(1) Natural Hazards Nature-Based Solutions (naturebasedsolutions.org), (2) Naturally Resilient
Communities (hnrcsolutions.org) and Narayan et al. [24]
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Box 3 Beach Nourishment in the Lithuanian Coastline
The Lithuanian coastline is composed by sandy beaches and unique coastal
dunes. Klaipeda Straight, where the Curonian Lagoon meets the Baltic Sea,
transports sediment essential for the littoral dynamics. However, after the
development of port industry, two jetties were built at Klaipeda Straight.
These structures negatively affect sediment transport along the coast, increas-
ing the deficit in northern part of the coast. The loss of beach width increases
the risk of coastal flooding. In some areas, coastal communities are at risk. To
ensure sediment dynamics and reduce the risk of erosion and coastal flooding,
Lithuania has been using soft engineering solutions: beach nourishment. This
method has been applied whenever sediment deficiency is observed.

Coastal protection ecosystem service supply (a) and demand (b) in the
Lithuanian coastline, mapped within the Lithuanian National Ecosystem Ser-
vices Assessment and Mapping, following the approach by Liquete et al.
[89]. Flood protection supply was assessed using the indicators coastal geo-
morphology, slope, seabed habitats and land use. Flood protection supply
demand was based on indicators of population density, imperviousness and
cultural sites. For more information, please consult linesam.mruni.eu.

3.5 Socioecologic Impacts of NBS

In the context of coastal flood mitigation, NBS are planned and designed to maxi-
mize coastal protection capacity. During the implementation process, an analysis is
performed on the potential effects and impacts of the NBS in the socio-economic and
ecological setting [73, 90]. This analysis is usually based on the lessons learned from
other case studies, which used similar approaches. However, every system is unique,
and the design and implementation processes are different. Therefore, it is never
possible to predict what will be the impacts of the NBS, unless there is a pilot study
before the implementation [91, 92]. Also, monitoring the site before NBS imple-
mentation would be an advantage for proper assessment of NBS.
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Despite the growing evidence of the efficiency of NBS for coastal flood mitiga-
tion [24, 93], monitoring is an aspect that rises concerns among scientists and
planners [91, 94–96]. While there are few long-term monitoring results and evidence
on the environmental and impacts of NBS, in a short-term perspective, NBS can
produce effects beyond providing coastal protection. Some of these effects may be
beneficial or problematic [97, 98].

3.5.1 Socioecological Benefits

Depending on the choice of NBS, type 1, 2 or 3, there is either the preservation,
restoration or rehabilitation of coastal habitats. Besides enhancing the coastal pro-
tection capacity, it also enhances other ecological processes, functions and interac-
tions with surrounding ecosystems. Some implementation driven environmental
benefits of NBS include:

• Increase in habitat availability, biodiversity and species abundance: the creation or
restoration of coastal ecosystems increases the habitat availability for several
species. These new habitats may be used as feeding or nursery grounds, nesting
and resting areas, or simply hard structures to be colonized. Several case studies
showed that reef restoration NBS through artificial structures increased coral
establishment, recruitment and colonization by other species [99, 100]. Another
environmental impact is the general increase in biodiversity and species abundance.
In Mobile Bay (USA), the establishment of an oyster reef for coastal protection
purposes attracted a diversity of fish and crab species, some of economic interest for
coastal communities [101]. Various salt marsh and wetland restoration actions also
reported increased local biodiversity and biomass [102–104].

• Carbon sequestration: coastal ecosystems are known for their high capacity to
sequester carbon [105, 106]. The establishment of a new or restoration of an
existing coastal ecosystems and its associated biodiversity can have a positive
effect, increasing carbon sequestration at the local level. The “Sundarbans Man-
grove Restoration Project” planted circa 6,000 ha of mangrove trees in India,
increasing carbon sequestration almost three times more than expected [107]. A
large-scale seagrass restoration of about 1700 ha in Virginia (USA) has shown an
increase of carbon sequestration compared to its prior state [108].

• Support for recreation and tourism industry: an important human benefit from
NBS is the implementation and increase of recreation opportunities, such as
birdwatching in salt marshes, snorkelling and diving in coral restored areas or
simply hiking along restored wetlands. There is clear evidence that NBS can
contribute to their socio-economic wellbeing by supporting the tourism industry.
Sauer et al. [109] reported that coastal West Mediterranean areas subjected to
restoration were perceived by beachgoers as beneficial for coastal flood protec-
tion. Mandić [110] concluded that all dimensions of tourism development can be
related to the implementation of NBS. In Pensacola (USA), the effects of
re-establishing marsh area breakwaters included an increase in tourism
numbers [111].
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• Support for the fishing industry: restoring and creating coastal habitats through
NBS implementation provide an enhancement in the abundance of economically
important biological resources, increasing fisheries and coastal livelihoods. Reef
restoration in Grenada Islands has increased the abundance of lobsters and
octopus, supporting local fisheries [99]. Rezek et al. [112] analysed the long-
term performance of seagrass restoration projects in Florida and reported an
increase in fishery resources.

• Improving water purification and quality: coastal ecosystems, especially man-
grove and salt marshes, contribute to the maintenance of the hydrological cycle.
Through plant remediation and fixation of pollutants and nutrients, NBS can play
an important role in improving water quality, essential for humans and biota
[113]. For example, in Tampa Bay (USA), multiple habitat restoration interven-
tions have significantly improved the water quality [114].

• Self-maintenance and coastal resilience: different from hard structures, NBS for
coastal flood mitigation require much less maintenance [5, 17, 115]. This is
because NBS have a natural capacity to cope with the impacts of extreme events
and sea-level rise and adapt to new environmental conditions [5]. These charac-
teristics are important for supporting coastal resilience of coastal communities
[20]. For example, a study by Rodriguez et al. [116] concluded that oyster reefs
would be resilient enough to cope with increasing sea-level rise. Another exam-
ple, reported by Mo et al. [117] is the self-restoration of salt marshes after being
affected by a hurricane in the Gulf of Mexico.

• Cost-effectiveness: the above-mentioned examples of co-benefits can only be
delivered by NBS solutions, since hard grey infrastructures do not have this
capacity. Therefore, when integrating all the benefits of coastal flood mitigation
and the environmental and human co-benefits, NBS are more cost-effective than
traditional hard structures. Therefore, the investments made for the design and
implementation of NBS will be paid off in a short-medium time range. Narayan
et al. [24] and Reguero et al. [118] analyse and compare the cost-effectiveness of
several NBS for coastal food mitigation. They found that for wave heights up to
0.5 m, the costs of salt marshes and mangrove nature-based defence projects can
be two to five times cheaper than a submerged breakwater.

3.5.2 Socioecological Constrains

Even with the best available knowledge and detailed planning, nature process is
complex, dynamic and unpredictable, and so is the implementation of NBS.
Unforeseen short- and long-term interactions with surrounding natural areas and
conflicts of interests with human demands can create constrains for NBS implemen-
tation. Some of these constrains include:

• Introduction or proliferation of alien species: while the principles for the design
and implementation of NBS requires the non-introduction of alien and pest
species, this is always a possibility and can have significant negative outcomes
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on coastal ecosystems [25, 119]. However, in some cases introduced non-native
species can help to restore ecosystems, thus their functions and services
[120]. This problem can be tackled with an appropriated planning.

• Continuous human interventions: despite being still self-sustaining and resilient
to coastal flooding hazards, some NBS also require continuous interventions. For
example, due to the highly dynamic nature of sediment transport in the coastal
zone, beach nourishments need to be replenished regularly increasing the costs of
its maintenance [121]. A more cost-effective approach is the establishment of
mega-nourishments like the Sand Motor in the Netherlands, which is done to be
self-dynamic for decades [122]. Another example, are dune restoration solutions,
which would also require maintenance when wooden fences are damaged [123].

• Land occupation and land-use conflicts: one of the biggest conflicts is the
required area for the implementation of NBS, which may belong to private
owners and slow down the implementation process [124–126]. Also, in the
NBS implementation areas, there could be other important socio-economic activ-
ities. For example, in mangrove areas restoration may be seen as a conflicting
solution with other important socio-economic activities like aquaculture (shrimp)
which in fact cuts down big portion of mangrove areas [127].

• Sustainability: while the process of designing and implementing NBS aims at
sustainable use of resources, environmental integrity and socio-economic devel-
opment, choosing the most sustainable NBS is complicated since sustainability is
a long-term metric. Sustainability is not a metric that is measured as an immediate
response. These uncertainties may also create resistance amongst the
stakeholders [128].

4 Challenges and Opportunities for the Implementation
of NBS for Coastal Flood Mitigation

In the context of coastal flood mitigation, the evidence on the effectiveness of NBS is
reshaping the world’s coastlines from grey to green [17, 129]. Despite its efficiency
not only for coastal flood mitigation but for the supporting role in the deliverance of
several other ecosystem services and benefits, there are still some challenges and
resistances. Most of these challenges and resistances are strongly related to the
infancy of the NBS compared to the long-established hard coastal engineering.
Recently, to increase the acceptance and implementation of NBS, several authors
[23, 25, 124, 130] identified the most pressing challenges to be overcome. It is
important to understand that challenges can appear at any step of the process of
implementing NBS. Based on those challenges, we have identified some of the most
important:

• Lack of guidance: despite the recent efforts in creating guidelines for NBS
implementation for coastal flood protection by European Commission, The
Nature Conservancy, World Wildlife Foundation and the World Bank, the lack
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of a clear, standard and stepwise guiding process for the implementation of NBS
is one of the most common challenges mentioned. This lack of guidance can
hinder, delay or even abandon the implementation of NBS [19, 22]

• Low and slow acceptance: despite NBS efficiency, several works [129, 131, 132]
revealed that there is still resistance from more conservative stakeholders. Since
the traditional coastal flood mitigation was through hard structures, there is still a
misconception that these are the most robust against storms and sea-level rise.

• Stakeholder engagement: while in countries where NBS for flood mitigation is
well established into coastal zone management and ecosystem-based approach,
stakeholder engagement aims to include all users and interested parties [133]. The
non-inclusion of all interested parties in the decision, design and implementation
of NBS can create some resistance problems in the process [109, 134]

• Lack of monitoring and evidence of effectiveness: while hundreds of NBS for
coastal flood protection have been implemented, only some of them have a
monitoring program [17], and very few are long-term. Without a relevant mon-
itoring plan, it is difficult to justify the effectiveness and efficiency of NBS.

• Lack of financing and insurance: According to Seddon et al. [25], “less than 5%
of climate finance goes towards dealing with climate impacts, and less than 1%
goes to coastal protection, infrastructure and disaster risk management including
NBS”. In general, NBS are financed by public and private funds [135–138]. In
countries where NBS are established in their coastal flood mitigation strategies,
there are defined financing schemes. However, for developing countries where
NBS are slowly gaining importance, financing schemes are lacking. The World
Bank has been working in this respect, financing NBS implementation projects
around the world (see naturebasedsolutions.org).

• Time pressure: usually when a coastal flood mitigation solution is needed, it
comes as urgent. While traditional coastal defences exercise their protective
capacity since the moment they are implemented, this is not the case for NBS,
especially those which require ecological restoration. In the case of NBS, it takes
time until the protective capacity is expected to increase as the coastal ecosystem
becomes more and more resilient [5, 97].

• Dilution with other ecological concepts: the umbrella concept over NBS is the
ecosystem-based approach. However, NBS is just one of many concepts. Living
shorelines, building with nature, green infrastructure and nature-based infrastruc-
ture are examples of concepts that share many principles with NBS [22, 73]. Such
“similar” concepts kind of dilute NBS in the perspective of ecosystem-based
management. This can hinder the importance of NBS to the frontline as solutions
for coastal disaster mitigations.

Challenges can also be looked like opportunities to explore in the future, which
would increase the acceptance and implementation of NBS for coastal flood miti-
gation. Despite that the main aim is coastal flood mitigation, NBS should also be
framed to tackle other socio-economic and environmental challenges. This might be
an advantage against traditional hard grey structures. Identifying trade-offs and
synergies with and among socio-economic and environmental targets from different
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policies may increase the probability of NBS to be implemented. We have identified
some of these frameworks, in which NBS could be framed into:

• Contributing to the achievement of the United Nations Sustainable Development
Goals: considering the UN 2030 Agenda for Sustainable Development Goals to
address global societal challenges, NBS have the potential to substantially con-
tribute to its targets and to assist achieve the full range of SDGs [137]. According
to the Nature-Based Solutions for Climate Manifesto developed for the UN
Climate Action Summit 2019 “they are a significant complement to
decarbonisation, reducing global climate change risks and establishing climate-
resilient societies” [139]. NBS provide multiple benefits and are identified as
critical for the regeneration and improvement of wellbeing in coastal resilience
and ecosystem restoration [22, 140]. They enhance the insurance value of eco-
systems and increase carbon sequestration, as well as increase the sustainability in
energy use. NBS are increasingly seen as innovative solutions to manage water-
related risks while transforming natural capital into a source of green growth and
sustainable development [141] . Specifically, NBS are directly relevant to various
SDGs: to SDG 1 (tackling poverty), SDG 2 (food security), 3 (health and
wellbeing), SDG 4 (quality of education), SDG 6 (sustainable management of
water), SDG 7 (climate adaptation strategies may be linked to the goal for clean
and sustainable energy), SDG 8 (sustainable economic growth), SDG 10 (reduc-
ing inequalities), SDG 11 (sustainable cities and communities), SDG 12 (respon-
sible consumption and production), SDG 13 (climate change), SDG
14 (conservation and sustainable use of oceans, seas and marine resources) and
SDG 15 (protection, restoration and promotion of sustainable use of terrestrial
ecosystems) [22, 137, 142].

“NBSs are a necessary component of the general global effort to attain the goals
of the Paris Agreement on Climate Change” [139]. They improve harmony between
people and nature, representing a holistic, people-centred response to climate
change. A more robust harmonization of policies across economic, environmental
and social agendas is especially important to recognize the multiple dimensions of
NBS impacts and co-benefits.

• Contributing to coastal resilience and climate change adaptation:Masselink and
Lazarus [143] define coastal resilience as “the capacity of the socioeconomic and
natural systems in the coastal environment to cope with disturbances, induced by
factors such as sea-level rise, extreme events and human impacts, by adapting
whilst maintaining their essential functions”. A report by the US Army Corps of
Engineers [76] and Sutton-Grier et al. [5] are just two examples of a panoply of
reports and studies that place NBS for coastal flood mitigation as a central pillar to
achieve more resilient ecosystems and communities. Similarly, due to their
versatile characteristics of self-adapting and repairing after extreme events and
to cope with sea-level rise, NBS will serve as climate change adaptation struc-
tures, which coastal communities must rely on to avoid further losses [4].
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• Contributing to the achievement to global targets: at the global level the CBD,
through the Aichi Targets, aims to halt the loss of biodiversity, improve its status
and the environmental and socio-economic benefits associated with it, until 2020.
Unfortunately, they were not met, but in the future, targets such as the UN decade
for restoration can be achieved by applying the NBS principle. Therefore,
framing NBS as contributors to CBD and Aichi Targets can potentiate its
implementation.

• Contribution to the enhancement and deliverance of multiple ecosystem services
and circular economy (CE): ecosystem services are the contributions of nature’s
ecological processes and functions which deliver goods and services for human
wellbeing [144]. Usually, ecosystem services are used to show the socio-
economic benefits of a preserved environment or an ecological intervention.
Several of the above-mentioned case studies identify the multitude of ecosystem
services enhanced by the implementation of NBS for flood mitigation. As
ecosystem services also include cultural services (tourism), it is easier for the
general public to perceive the NBS as a direct input and improvement of their
socio-economic and health status. Framing NBS for enhancing ecosystem ser-
vices could contribute to their implementation [145]. Moreover, integrating NBS
in the built environment can contribute to a circular economy through the
provision of ecosystem services [146].

• Contributing to green/blue economy: the concepts of blue and green economy are
built on the premises of economic development with sustainable use of environ-
mental resources for the improvement of human wellbeing, without compromis-
ing and jeopardizing natural ecosystems. NBS for coastal flood mitigation can be
framed as contributing to green/blue economy since their implementation can, for
example, enhance fisheries and tourism industries [147, 148].

5 Concluding Remarks

There is growing evidence on the efficiency of NBS as one of the most cost-effective
solutions for their multiplicity of benefits beyond flood mitigation. Furthermore,
scientific evidence points out that the integration of coastal ecosystems as NBS
increases resilience and the capacity for climate change adaptation, since natural
ecosystem cope and adapt easily to new situations. The acceptance of NBS for flood
mitigation is increasing with every implementation and because coastal communities
experience fewer damages and losses when protected by coastal ecosystems.

Despite the many benefits of NBS, there is still some resistance for its imple-
mentation. What we consider to be an impeding factor for NBS implementation is
the similarity of terminologies, objectives and aims of similar concepts, like living
shorelines, building with nature and green infrastructures. Most of these concepts are
under the umbrella of ecosystem-based management, and even if their framework is
different, they all aim to the sustainable status of coastal ecosystems. This multitude
of concepts in a way dilutes the visibility of NBS as first choice solution for coastal
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flood mitigation. Another aspect is that, compared to hard structures, NBS are site-
specific. Although there are some general frameworks, the lack of concrete guidance
and best practices are hardly transferable to global guidelines. Every NBS imple-
mentation is unique and the socioecological response is specific. However, it is
important to report and monitor its efficiency and increase evidence of its utility.
Another hindrance of the NBS is the time needed from implementation until full
protection capacity, since grey infrastructures develop coastal protection as soon as
they are established. Nevertheless, the versatile nature of NBS allows the inclusion
of hard structures in hybrid solutions, which can deliver both short and long-term
protection against coastal floods.

To increase the acceptance and implementation of NBS, governments and plan-
ners should advocate for NBS as contributors for global environmental and socio-
economic targets beyond risk disaster management. NBS must be framed as active
contributors to global targets like SDGs, UN decade for restoration, the compliance
with climate change adaptation targets, green and blue economy and growth and
aiding to reverse global biodiversity and ecosystem loss. Framing NBS in these
contexts will also increase its cost-effectiveness and potentiating its implementation.

Overall, the multitude of benefits of NBS implementation to humans and biota
allows claiming that these measures can be considered as more effective and
sustainable compared to grey infrastructure solutions. However, to fully understand
its impacts, it is necessary to promote a long-term monitoring process to support its
reliability and credibility.
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Abstract Urban areas face several environmental problems and risks related to
water management, such as floods and degradation of water quality, enhancing
population vulnerability and threatening urban sustainability. These problems are
expected to be exacerbated with increasing urbanization and climate change, which
leads to higher frequency and intensity of hydrometeorological extremes. Moving
towards more flood resilient cities has proven a major challenge, particularly con-
sidering the high concentration of population and economic activities and, thus, high
pressure on limited available space. Nature-based solutions (NBS) in urban areas
favour stormwater retention, infiltration, and filtration, contributing to flood mitiga-
tion and enhancement of water quality. The effectiveness of different NBS on
stormwater management, however, is influenced by design and placement aspects,
but a network of connected NBS elements can improve flood mitigation and enhance
urban resilience. Stronger evidence of the advantages of NBS, however, is still
required to overcome the current challenges and barriers impairing their wider
implementation in urban areas.

Keywords Flood mitigation, Nature-based solutions, Urban areas, Urban
resilience, Water pollution

1 Introduction

Urbanization has increased considerably over the last century, driven by the increas-
ing urban population [1]. Today, 55% of the world’s population lives in cities and
the United Nations projection indicates that by 2050 this share will increase to 68%,
and urban population will reach 6.7 billion people [2]. Physical expansion of urban
areas is even faster than expansion of urban populations, due to the occupation of
nearby land (peri-urban areas) motivated by the lower living costs than recorded in
urban centres, easy mobility/transport, and the demand for improved quality of life
[3]. The occupation of nearby rural areas involves an increasing consumption of
natural resources, habitat loss, and environmental degradation and consequent
decrease in ecosystem services supply, including water and climate regulations [4–
6].

Number of floods in the world is rising since 1950s and this is associated with the
changes in hydrological cycle and more frequent occurrence of hydrometeorological
extremes [7]. Combined effects of more frequent occurrence of extreme events
together with the development of urban settlements result in increasing occurrence
of urban floods [8]. Removal of vegetation and expansion of sealed surfaces in urban
areas additionally disrupts the hydrological cycle, i.e. reduces rainfall interception,
evapotranspiration, and infiltration and thus increases runoff [9]. Urban water
management practices based on nature-based solutions (NBS) are promising strate-
gies to maintain the urban hydrological cycle as close as possible to the natural state.
While reducing floods, NBS improve mitigation and adaptation to global changes
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(including both land-use and climate change) and provides services for maintaining
and restoring ecological functions [10, 11].

Urban green infrastructure is a broad concept that supports NBS through integra-
tion of green and blue spaces in urban areas, thus sustaining water resources together
with maintenance of biodiversity and ecological functions [12]. In the context of
urban water management and mitigation of urban floods, similar concepts and
solutions based on elements of green infrastructure can be found in the literature
and differing in terminology depending on the part of world where they are devel-
oped. Some examples are Sustainable Urban Drainage Systems (SUDS), Runoff
Best Management Practices (BMP), Low-Impact Development (LID), Water-
Sensitive Urban Design (WSUD), Integrated Urban Water Management (IUWM),
and Sponge city (SC) [13, 14]. NBS therefore contain solutions from specific
techniques in urban drainage to the broad principles, such as sustainable develop-
ment of urban areas [13]. Ecosystem restoration and climate change adaptation
achieved by multiple functions of NBS contribute to the implementation of UN
2030 Agenda for Sustainable Development Goals and lead to enhanced development
of circular economy [15]. However, the increasing extent and complexity of the
urban systems pose major challenges for water management, and particularly to the
implementation of NBS and to foster urban resilience [16, 17].

This chapter aims to present and discuss the main approaches used in urban flood
risk management, and the most widely NSB measures implemented for flood
mitigation in urban areas, based on literature review. Additionally, this chapter
discusses the role of NBS to improve urban resilience and the main advantages
and barriers to implement NBS in urban environments.

2 Urban Flood Risk Management Approaches

The urban water cycle is disrupted due to the extensive impervious surfaces, and
their associated impacts on increasing flood hazard have been recognized for
decades [18]. The traditional paradigm of flood protection founded on structural
measures has been abandoned due to the high costs and inherent uncertainties
regarding their effectiveness. Thus, a new approach based on flood risk management
was slowly introduced in water management legislation at the turn of the century.
For example, European Union has adopted the Water Framework Directive [19] and
subsequent Floods Directive [20]. Water Framework Directive introduced an
approach to integrated river basin management through development of River
Basin Management Plans and commits EU member states to achieve good qualita-
tive and quantitative status of all water bodies. Steps for assessment and manage-
ment of flood risks are prescribed in Floods Directive. Measures focused on
prevention, protection, and preparedness are proposed in Flood Directive through
the development of Flood Risk Management Plans. Flood Risk Management Plans
need to be coordinated with the River Basin Management Plans, together with the
implementation of all the relevant environmental objectives from the Water
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Directive. Flood risk management is therefore an integral part of integrated river
basin management and incorporates the concept of living with flood risk [21].

Flood risk is defined as “a ‘product’ of the probability of flood and their
consequences”, or, as the “product of flooding hazard and society’s vulnerability
to flood hazard” [22]. Quantification of flood risk in urban areas presents a challenge
due to the complex interrelationships of different flood sources and the effectiveness
of management measures, so an integrated approach for flood risk management is
needed [23]. The main phases included in the design and implementation of an
integrated Flood Risk Management plan include (1) flood risk assessment, including
risk perception and risk tolerance; (2) risk reduction through implementation of
adaptative strategies and measures [22]; (3) emergency management; and (4) short-
and long-term recovery [24, 25]. Development and implementation of the Flood
Risk Management approach requires trans-sectoral governance, cross-sectoral coop-
eration and planning, interdisciplinarity, and inclusion of different stakeholders.
Although this adds complexity to the Flood Risk Management, this wide integral
approach enables coordination between social, hydrological, and ecological systems
providing framework for better adaptation to climate change and sustainable devel-
opment of urban areas [21, 25].

In urban areas, flood mitigation is performed through a series of structural and
non-structural measures. Typically, structural measures rely on “grey” solutions,
i.e. hard-engineering structures for flood defence such as channels, pipelines, and
storage tanks included in urban stormwater drainage systems, which provide quick
conveyance and drainage of stormwater runoff. The application and maintenance of
these conventional methods have proved costly and insufficient to cope with chal-
lenges of more frequent precipitation extremes and consequent floods in urban areas,
driven by climate changes [26]. Urban drainage systems are designed so that they
can accept runoff caused by design rain, i.e. rain of a certain duration and recurrence
period (usually 1–5 years). Design rain is determined by statistical analysis of
historical rain events and does not consider changes caused by climate change
recorded after the construction of the system. Therefore, the drainage system in
circumstances of higher frequency and intensity of rain events, although designed
and dimensioned according to the rules of the profession, can no longer successfully
care excess water resulting from more frequent flooding [27]. Land-use changes
during urbanization process are characterized by an increased share of impervious
surfaces, resulting in reduced infiltration which ultimately leads to an accelerated
and increased volume of surface runoff to be managed. Previous studies have shown
that an increase in impermeable surfaces by 30% compared to the state before
urbanization results in a twofold increase in flooding over a 100-year return period
[28]. Also, complex interactions between urban and natural system present chal-
lenges to modelling urban flood processes, since hydrological models are usually
based on simplified surface runoff processes and hydraulic models on simplified
piped systems [29].

The transition from traditional urban water management system towards nature-
based urban flood management intends to reestablish hydrological conditions before
urbanization, i.e. reducing and delaying runoff, through the incorporation of green
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elements that increase infiltration, evaporation, and retain water [30]. An increasing
number of cities all around the world have been implementing green solutions,
regulations, programmes, and incentives enabling flood protection based on NBS.
Singapore (Fig. 1), Berlin, and several cities in China present good examples of NBS
for stormwater management [31–33].

NBS applications for Flood Risk Management in urban areas, however, must
consider specific local conditions and a multidisciplinary approach, in order to
implement economically, environmentally, technologically, and socially sustainable
solutions. Operationalization of NBS for floods and other hydrometeorological
hazards can be established through a set of principles that describe co-design,
co-development, co-deployment, and demonstration of the NBS effectiveness.
Research should be conducted with impact/scenario modelling together with the
incorporation of related policy frameworks. Achieving these steps is possible
through shared knowledge and skills of stakeholders, researchers, experts, and
end-users from different fields, including engineering, hydrology, urban planning,
landscape architecture, ecology, economics, law, and other professions [34].

3 Nature-Based Solutions for Urban Flood Mitigation

Water management in urban areas is established to mitigate the impacts of develop-
ment on water cycling by means of NBS, namely through the implementation of
Green Infrastructures. The Green Infrastructure concept appeared in the last decade

Fig. 1 Integration of green infrastructure in Singapore (Photo by: Ana Sović Kržić)
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[35] as a result of the urbanization pressure and the shortage of green and blue spaces
within urban areas. Green Infrastructure can be described as a system of natural
areas, features, and green spaces in rural and urban, terrestrial, freshwater, coastal,
and marine areas [36]. It includes a network of natural and designed landscape
components with important role on water regulation and flood risk mitigation and
management [37], as well as reduction of water pollution [2]. In the context of urban
water management, Sustainable Urban Drainage Systems have been also presented
as water management elements, based on natural hydrological processes. However,
whereas Sustainable Urban Drainage Systems are devoted to more specific tech-
niques on smaller spatial and functional scales, Green Infrastructure is used on larger
scales and involves a multitude of stakeholders, such as local authorities and private
landowners [13].

There are many permeable vegetated surfaces integrating Green Infrastructure in
urban areas, such as green corridors, urban parks, urban gardens, urban forests,
urban grasslands, and other recreation zones [38, 39]. The water elements integrating
urban Green Infrastructure include rivers, lakes, canals, ponds, and floodplains,
which provide an additional capacity to cope water during rainfall events [40]. In
turn, Sustainable Urban Drainage Systems, which are incorporated into urban
drainage systems, include green roofs, retention and detention ponds, wetlands,
infiltration tranches, bioretention basins, rain gardens or swales, and impervious
pavements (Fig. 2). These structures are mainly implemented as source control
techniques, to reduce the amount but also improve the quality of stormwater at or
near its source [41].

Sustainable Urban Drainage Systems and Green Infrastructure can be designed
for temporary water storage and runoff reduction, but also to provide additional
ecosystem services such as regulation of water quality and cultural services for
citizens (e.g. aesthetics and recreation). Regarding water regulation, they provide
infiltration, detention attenuation, conveyance, and water harvesting as the main
management options for runoff quantity control and peak flow reduction. The use of
vegetation in the NBS measures (e.g. green roof, infiltration gardens, and urban
forests) additionally provides rainfall interception and evapotranspiration, enabling
water to return to the atmosphere [42].

Some of the most widely used NBS to mitigate runoff and address issues of poor
surface water quality include wetlands and runoff ponds (e.g. retention ponds, flood
storage reservoirs, shallow impoundments), which contain water during dry weather
and are designed to hold extra water when it rains [43]. While wetlands restoration
has been performed to renew their natural functions (e.g. by removing underground
drainage tiles), constructed wetlands have been also implemented to improve food
mitigation and surface water quality. Typically, constructed wetlands are created
through excavation of upland soils to elevations that will support the growth of
wetland species, but they can involve also dyke installations [2]. Constructed wet-
lands establish a hydrological regime which mimic the functionality of natural
wetlands and facilitate filtration of polluted stormwater runoff and pollutant
absorption [43].
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Detention basins, which are grassed depressions or basins created by excavation
into which runoff generated during rainfall events is channelled, are designed to
temporarily detain and facilitate the slow filtration of runoff. They play important
roles in regulating water flows and maintaining water quality by retaining sediments
and reducing nutrient and metals, as a result of settling of particulate pollutants and
uptake by vegetation [43, 44]. Additional bioretention structures, such as pits
backfilled with soil, mulch, and/or vegetation used to retain and infiltrate runoff,
also rely on biophysical processes within the soil matrix to reduce the volume of
stormwater and pollutant characteristics [2].

Fig. 2 Examples of NBS in urban areas: (a) green facade and (b) green roof in Riga, Latvia, (c)
bioretention basin and (d) infiltration trench in Riga, Latvia, (e) detention basin in Pula, Croatia, and
(f) wetland in Ghent, Belgium
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The performance of NBS on flood mitigation, however, is highly dependent on
rainfall return periods [45]. Based on field and laboratory studies, for example,
porous pavements showed better performance in respect of peak runoff reduction
than green roofs and bioretention cells under different storms [46]. Bioretention
cells, in turn, revealed more effective in the reduction of runoff volume [42]. In
general, filter trenches, soakaways, and green roofs are typically designed to cope
with moderate rainfall events, whereas elements such as retention ponds, swales, and
detention basins can cope with heavier rainfalls [45].

As presented above, several studies have shown the positive impacts of NBS on
water infiltration, retention, interception, transpiration, evaporation, and mitigation
of surface runoff, and thus their role in managing flood risk [39, 47]. However, the
performance of different NBS in flood protection is strongly linked to different
spatial allocations and to different patterns of their installation. Small-scale examples
of several NBS showed better performance in surface runoff reduction than single
NBS [48] and that was also the case with NBS that were spatially distributed but
with good hydrological linkages [49]. Spatial allocation tools are therefore used to
estimate optimal hydrological functioning and perform spatial analysis [50]. Map-
ping of Green Infrastructure is considered a prerequisite to improve its functionality,
but consensus is still lacking about using appropriate typology, mapping methods,
and tools for specific applications [39].

Some researchers argue better effectiveness of NBS over the grey infrastructures
[51, 52]. Others, however, have found that although NBS provide flood reduction
gains, under intensive rainfalls and in cases when only green measures are applied,
its performance is questionable [11]. Grey infrastructures provide rapid conveyance
and transport of runoff into downslope areas [53], particularly relevant in dense
urban areas, and can be designed and constructed to manage large volumes of
stormwater (e.g. driven by 50-year floods [54]). Nowadays, this grey approach is
considered to offer low sustainability, while NBS provide numerous complementary
benefits, such as climate regulation and supporting biodiversity [55]. Thus, a com-
bination of NBS and grey measures has been advocated as the best option for
stormwater management and urban flood mitigation [54, 56].

4 The Role of NBS to Improve Urban Resilience

4.1 Sustainability and Urban Resilience Principles

Urban resilience can be defined as the ability of a system to develop the resources,
skills, and capacities needed to maintain or rapidly return to desired functions in the
face of a disturbance (e.g. flood and climate change) and limit its negative impacts
[57]. It enables the urban system to prepare and plan for (pre-disaster actions to
mitigate hazards by reducing their frequency, intensity, and duration), absorb (min-
imize potential damages and losses), rapidly recover from, and adapt to stressors and
adverse events (Fig. 3) [58].
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In order to plan and prepare for disturbance (e.g. flood event), it is important to
assess the consequences based on past experiences, namely by building knowledge
about previous disturbance, exposure, vulnerability, and monitoring of critical slow
variables. Absorbing disturbances requires robust infrastructures, and creation of
buffer capacity to dynamically cope with disturbance and maintain the desired
functions of the urban system. Urban systems must provide diverse responses,
ensured by different spatial diversity, to recover from disturbances. Adaptability
involves changes driven by institutional learning capacity and reflectivity, which
requires innovative and transdisciplinary practices, and flexibility in spatial plan-
ning, to quickly modify and transform the urban system and maintain the desired
functions into the future [59]. Besides the physical component of urban resilience,
the social networks that connect resources to vulnerable social groups (social
resilience) and the economic recovery of the urban areas (economic resilience) are
important aspects to include in resilience thinking [60]. The need for urban resilience
has been reinforced by the European Commission, the World Bank, and the United
Nations and has become a major focus for guiding planners and decision-makers
[58] and to support the achievement of Sustainable Development Goals [15].

4.2 NBS Contribution for Urban Resilience

Governments and local authorities are increasingly involved in resilience-building
strategies, seeking to design and implement sustainable solutions, which combine
the maximization of tradeoffs between positive and negative effects of, for example,
urbanization and climate change, with sustainable development and environmental
concerns, to guarantee liveable conditions in urban areas [58]. Towards this end,

Fig. 3 Three dimensions and four principles of urban resilience
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there is a perspective change in the conception, planning, and development of the
built, infrastructural, operational, and functional forms of urban areas [61]. NBS
have been identified as a promising approach to enhance urban resilience by
providing flexible and adaptable solutions, based on the delivery of ecosystem
services [43, 60]. In terms of flood risk management, for example, “re-naturing”
urban areas reestablish some natural hydrological processes (e.g. water infiltration
and purification), providing clear departing from the traditional resistance-based
approach focused on flood-safe solutions (e.g. dams) [17].

Depending on their type, function, design, and configuration, NBS may contrib-
ute to urban resilience by integrating properties such as diversity, efficiency, flexi-
bility, modularity, multifunctionality, and redundancy into urban planning and
design [58]. Protecting, restoring, and enhancing green and blue infrastructures
across spatial and temporal scales in urban areas enhance resilience of urban systems
to disturbances. For example, vegetation buffers in riparian zones provide flood
protection and reduce the occurrence of extreme urban heat events, identified as two
key socio-natural disasters requiring preparation, recovery, and resilience [62]. Wet-
lands are known for their provisioning of ecosystem services, and thus constructed
wetlands have great potential for use as NBS to address a variety of environmental,
social, and economic challenges. Common multi-beneficial ecosystem services
derived from wetlands include water quality protection [63], groundwater level
and soil moisture regulation [64, 65], flood regulation and sediment retention [66],
and biodiversity support [76]. As the frequency of natural extreme events increases,
it is becoming increasingly important to deploy NBS such as wetlands, both locally
and at larger scales, in flood risk mitigation measures that strengthen the resilience of
the urban landscape [2]. Wetlands are often described as natural sponges, due to their
long hydraulic residence time combined with their vegetative features, which play an
important role in reducing downstream peak flows, erosion rates, and nutrient
retention [67, 68]. However, despite their importance, there has been a rapid and
sustained decline in wetland areas globally. The absolute scope of global wetland
losses is uncertain, and the rate of loss has slowed substantially in some regions of
the world, such as the USA and Europe, in recent decades [69]. Nevertheless, many
regions worldwide are still experiencing rapid wetland loss [70, 71].

According to the domino effect concept, based on a chain reaction causing
changes in a territory, some urban areas may be affected by floods even if they are
not located directly in the risk area. Indeed, in the interconnected space of urban
areas, risks have impacts beyond spatial municipality boundaries [57]. Since most
urban catchments begin prior to and continue beyond municipal boundaries, differ-
ent approaches to impervious cover regulation and water management strategies may
marginalize the benefits of a municipality’s effort to implement NBS. Because of the
spatial and institutional mismatch, NBS strategies requires collaborative or polycen-
tric governance approaches. As a result, a growing emphasis on NBS as a significant
contributor to urban resilience necessitates a more thorough understanding of the
institutional fit between the social infrastructure for governance [62].

The links between NBS and urban resilience, however, should also consider the
resilience (or vulnerability) of ecosystems themselves. For example, climate change
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impacts ecosystems and may affect their capacity to function and provide services.
The extent to which urban ecosystems, as isolated green spaces within the urban
areas, can themselves be resilient may be limited, but could be supported with active
management, by selection of temperature-adapted species, creation of connected
networks, and control of habitat disturbance and destruction processes [72].

5 Challenges and Barriers to Implement NBS
in Urban Areas

5.1 The Role of Urban Planning in NBS Implementation

Urban planning can play a substantial role to support the implementation of NBS, in
response to the challenges of attainting urban resilience and environmental sustain-
ability [73]. Urban resilience from NBS applications, however, must consider the
interconnectivity of the urban green spaces at local, regional, or even national scales,
to better assess the mitigation of floods. Connectivity refers to the physical connec-
tion between green elements (structural connectivity), but also the connection
between natural and ecological processes, such as water and geochemical cycles
(functional connectivity) [74]. Thus, although one small NBS may (partially) lose
functionality during a rainfall event, a larger connected network of NBS can have the
potential to function as a decentralized stormwater management infrastructure and
thus ameliorate flood risks [2]. As a decentralized approach to stormwater manage-
ment, NBS are usually inherently more resilient than large, centralized grey infra-
structures [60]. According to WWAP/UN Water [2], climate change adaptation will
not be possible without a range of NBS that deal with increasing water variability
and extremes induced by changing climate. Furthermore, open spaces provided by
NBS have a potential for disaster management, since they can be utilized for
emergency evacuation and as shelters [58].

The planning and implementation of NBS can be supported by policy
approaches. For example, regulation of impervious cover within a city and mandates
that new buildings or developments must include green spaces [62]. Some urban
areas, in turn, are incentivizing NBS through subsidies for rainwater harvesting or
relied on grant programs for the adoption of green roofs [60]. Cities such as
New York and the already mentioned Singapore have adopted an NBS approach
based on urban green infrastructure to combat climate change and associated
problems such as urban floods and to achieve overall socio-economic resilience by
delivering ecosystem services [73].

Successful implementation of sustainable NBS to cope with a range of current
and future challenges requires the involvement of all relevant sources of expertise
and interests in the planning and decision-making process, due to the multi-
dimensionality and complexity of NBS [75, 76]. The involvement of a wide range
of stakeholders and actors in turn requires deployment of different communication
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tools and methods. Successful implementation of NBS in urban planning relies on a
proactive approach where implementation early in the planning process is key
[77, 78].

5.2 Effectiveness of NBS

In order to compare the effectiveness of NBS with that of technology-based grey
solutions in urban areas, further research and onsite monitoring are needed to capture
the diverse co-benefits that NBS can provide [79, 80]. Multiple social, environmen-
tal, and economic co-benefits can be associated with NBS, in addition to their direct
benefits, and the challenge is to link and capture these co-benefits in evaluations
[77]. The current evidence on NBS performance is largely imbalanced and mainly
focuses on a few ecosystem services. Most previous studies addressing the ecosys-
tem services provided by NBS have focused on local climate regulation (40%) and
recreation (20%), while only 8% have focused on water regulation [81]. There is thus
a major knowledge gap in the evidence based on NBS performance. Consequently,
there is an urgent need to investigate a wider range of aspects and to develop
assessment models that can be applied at different locations, thus helping to reduce
the geographical bias in the literature [81].

To evaluate the economic effectiveness of NBS, Potschin et al. [82] suggest
validation methods such as “avoided costs” from, e.g. damage or problems that
would arise if NBS were not implemented. Cost–benefit analysis can also be used to
help decision-makers choose between different NBS [83]. It should be stressed that
additional methods may be required to assess the full economic effectiveness of
NBS. For instance, Raymond et al. [84] argue that cost–benefit analysis can be
insufficient for evaluating the economic effectiveness of NBS, since it cannot
account for the long-term cumulative benefits provided by NBS, and suggest
combining it with methods such as participatory assessments, group modelling,
and integrated sustainability assessment.

Data availability is currently one of the main factors preventing full-scale imple-
mentation of NBS [79]. This lack of data can be overcome by widespread onsite
monitoring [77]. Future monitoring efforts need to cover both the process of
implementing NBS and the outcomes, including the final benefits of a particular
NBS, how it is perceived and how it responds to the challenge for which it was
implemented [84]. In order to enable effective monitoring of these aspects, indicators
of NBS performance covering a range of social, economic, and technical aspects
must be developed [77, 83]. Raymond et al. [83] suggest working with measurable
indicators to assess, monitor, and communicate the effectiveness of different NBS.
However, it remains unclear the effectiveness of NBS over a longer temporal scale,
which NBS would be most effective in the long run and which would produce
effective results immediately after implementation. Therefore, when assessing the
effectiveness of a given NBS, it is important to consider the possible time lapse
between its initial effect and the point when it reaches full effectiveness.
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5.3 Advantages and Disadvantages of NBS

There are four main advantages of NBS: (1) sustainable systematic and integrative
approach, (2) resource efficiency, (3) long-term cost-efficiency, and (4) co-benefits.
The systematic and integrative approach is a strong advantage of NBS [75]. NBS
applied in a suitable manner can, in an innovative way, use natural elements to
achieve environmental and societal goals [10]. More specifically, NBS can provide
energy- and resource-efficient measures that combat climate change and, at the same
time, support and protect natural capital [85]. For example, green roofs and walls
provide thermal insulation of buildings [86], and pervious pavements can reduce
surface temperatures up to 4�C, due to lower reflection and evaporation [87].

In many cases NBS have been proven to be more cost-effective and
multifunctional over the long term than grey solutions [88]. This is a consequence
of their often-low maintenance costs and flexibility of application [89]. In addition,
NBS provide a variety of multiple benefits, often including socio-cultural values
such as recreation, increased biodiversity, and cultural heritage [90]. Pollution
control and opportunities for enhancement of human well-being are other
co-benefits provided by NBS [89, 91]. Green roofs and walls, for example, provide
air pollution reduction and carbon sequestration [92], and habitat for different
species [36].

There are four main disadvantages of NBS: (1) longer time frame compared with
grey solutions, (2) space-consuming, (3) ecosystem disservices, and (4) segregation
and environmental injustice. A particular disadvantage of NBS is the generally
longer time frame before reaching full potential and effects compared with grey
solutions [77]. Solutions based on ecosystem services require a significant time
frame to create or restore a habitat, which can be an obstacle in fast-growing urban
areas and a reason for choosing conventional grey solutions [10]. In addition, local
conditions have to be well understood in transdisciplinary ways, in order to choose
the most beneficial NBS to exploit the full potential at a specific site. This requires
expertise and experience in relevant areas, which may be costly [75]. Finally, NBS in
urban planning and policy development processes can be time-consuming, unless
clear strategies are established. The multidisciplinary process related to NBS
involves different stakeholders with multiple different interests and assets
[75, 84]. Many NBS projects in an urban context, e.g. open stormwater management,
require more space than grey solutions such as underground systems. Therefore, a
potential conflict between NBS and the global goal of increased urban compactness
can be regarded as a drawback [90]. Apart from the multiple benefits provided by
NBS, they can also supply “ecosystem disservices” (EDS) [93]. For instance, NBS
involving open water surfaces, such as wetlands and stormwater handling systems,
in combination with increased temperatures, could enhance the risk of infection by
vector-borne infectious diseases, including malaria and dengue fever [94]. Therefore,
it is important to use modelling tools to evaluate multiple benefits of SUDS
[95, 96]. Implementation of NBS in urban areas may also not be beneficial for all
citizens. It can even lead to segregation, through displacement of population groups
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that cannot afford the higher rents and land prices resulting from the higher reputa-
tion and living standards brought about by NBS [77].

6 Final Considerations

Most people in the world live in urban areas; therefore, it is important to develop
resilient cities and ensure adequate proportion of green and blue urban spaces for
human well-being. NBS provide sustainable water management, since it relays on
natural processes to manage stormwater quantity and quality. Based on vegetated
surfaces, NBS provide opportunities for water interception, evapotranspiration,
infiltration, and filtration, and thus, reduced surface runoff and water pollution.
Besides the relevant contribution for flood risk mitigation and to support water
quality within urban areas, NBS comprise multifunctional spaces able to deliver a
wide array of ecosystem services beyond water management, such as climate
regulation, improving air quality, provision of habitat and support to biodiversity,
and contribution to human satisfaction. However, development of a stronger evi-
dence based on NBS is a key aspect for successful NBS implementation, particularly
empirical evidence demonstrating the effectiveness of NBS [77]. Since NBS for
water management depend on many factors, improving the knowledge in different
hydrological, environmental, socio-economic, and management conditions, and
providing well-established historic evidence of their positive impacts, will be rele-
vant to support increasing NBS applications.

Several NBS have been implemented at different scales within the urban areas,
such as urban forests, gardens, wetlands, infiltration trenches, and green roofs. The
effectiveness of NBS for water management varies with their design, size, and local
conditions. Nevertheless, it is rather a network of connected NBS than small isolated
elements that can effectively mitigate urban floods and thus contribute to enhance
urban resilience, namely through adaptation to climate changes. Nevertheless, rela-
tively limited knowledge is available to compare the effectiveness of NBS with
conventional alternatives. Filling this information gap is key to better assess the
advantages of combining NBS and grey infrastructures in water management plans
and to enhance the urban resilience. This will be useful to promote private sector
investment in NBS and to advocate for policy changes supporting NBS and pro-
moting NBS to political leaders [2].

Implementing NBS in urban areas, however, is inherently complex, due to
increasing environmental, social, and economic challenges and the limited space
to fulfil a wide range of needs. Urban planning can play a substantial role to support
the implementation of NBS and to manage tradeoffs and conflicts while assuring
social equity. Governance systems must improve and legitimize the delivery of
ecosystem services by reinforcing the means to prioritize and implement NBS and
thus enhance sustainable development and urban resilience.
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Abstract Urban areas are the largest source of pollutants that directly or indirectly will
end up in the air, soil, andwater. It is paramount tofind solutions to reduce the impact of
pollution on climate change, ecosystem services, biodiversity loss, and human health.
Nature-based solutions (NBS) can mitigate the effects of anthropogenic activities
significantly and act as a buffer to immobilize filtrate and uptake pollutants. There is
awide range of advantages of implementingNBS to reduce air, water, and soil pollution
since they increase ecosystem services supply. This is key to make cities more liveable
and sustainable, especially in areaswhere there are the largest agglomerations of people.
This chapter will review the impacts of the air, soil, and water pollution on ecosystems,
biodiversity, human health, and the NBS that can be used to minimize this.
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1 Introduction

Urban areas are associated with high pollution levels related to air, soil, and water
degradation [1, 2]. We are living in an urbanized world. According to the World
Bank1 more than 50% of the population lives in cities, and it is expected that by
2045, the number of inhabitants in urban areas will double. Approximately 7 of
10 persons will live in cities. The increasing pressure in these areas due to population
growth is the cause of deregulated urban development, also known as urban sprawl
[3]. Urban sprawl is a global phenomenon but is especially evident in developing
countries where planning is inexistent or inefficient, as reported in several works [4–
6]. The urban areas’ growth is imposing tremendous land consumption and bringing
problems such as pollution and greenhouse gases (GHG) emission [7, 8]. Apart from
the negative impacts on the ecosystems and the services provided [9], pollution also
affects human health [10]. Air, soil, and water quality in urban areas are key to a
healthy environment. Due to the environmental degradation in urban areas, several
efforts have been carried out to reduce the impacts of cities on air, soil, and water.
Measures such as compact cities [7], limiting or forbidden vehicle circulation in
urban centres, removal of pollutant industries from the cities, increasing the network
of bicycle and walking pathways, increasing the parking prices, removing parking
lots from city centres, cheap and clean (e.g., electric) public transport, diesel taxes
[11], air-filtration infrastructures [12], improving sewage and water treatment facil-
ities [13], and greening the city [14] have been established to reduce environmental
degradation. The green cities concept is a reaction to the problems provoked by
sprawled urban areas and to support cities to be more liveable and sustainable and
less dispersed [15]. Water is also understood as an essential factor for urban
population wellbeing; therefore, the blue infrastructure is also a relevant aspect in
urban areas sustainability [16, 17]. Both green and blue infrastructures (GBI)
provide a wide range of ecosystem services (e.g., climate and water regulation, air
purification), mitigating the impacts of grey infrastructure [18, 19]. GBI term is
based on using natural solutions or processes [20] to increase wellbeing in urban
areas. Nature-Based Solution (NBS) are “actions to protect, sustainably manage and
restore natural or modified ecosystems that address societal challenges effectively
and adaptively, simultaneously providing human wellbeing and biodiversity bene-
fits”.2 These actions can be carried out using GBI or a mix between green-blue-grey
infrastructure, also known as hybrid approaches [21]. In this work, NBS is

1https://www.worldbank.org/en/topic/urbandevelopment/overview (Accessed 30-08-2020).
2https://www.iucn.org/theme/ecosystem-management/our-work/iucn-global-standard-nature-
based-solutions (Accessed 30-08-2020).

80 P. Pereira et al.

https://www.worldbank.org/en/topic/urbandevelopment/overview
https://www.iucn.org/theme/ecosystem-management/our-work/iucn-global-standard-nature-based-solutions
https://www.iucn.org/theme/ecosystem-management/our-work/iucn-global-standard-nature-based-solutions


understood as a natural (GBI) or hybrid (green-blue-grey) approach. NBS can
contribute importantly to increase the environmental quality in urban areas and
remove pollutants from air [22], soil [23], and water [24]. This chapter provides an
overview of the urban areas’ impacts on environmental chemistry and how NBS can
mitigate the effects of anthropogenic activities.

2 Urban Impacts on Environmental Chemistry

Anthropogenic activities have a multitude of negative impacts on the environment.
Factories, vehicle circulation, wastewater, and agricultural waste management
occupy an important part of urban and peri-urban areas [25]. Also, human practices,
e.g., bonfires [26] and litter [27], contribute to the accumulation of pollutants in the
environment (Fig. 1). Pollution is a global problem that has a very pervasive impact
on society. Since the impacts of pollution are transversal to all aspects of our daily
life, it is extremely connected to all Sustainable Development Goals (SDGs).3 The
chemical emitted to the atmosphere, deposited on soil, and transported to the water
will significantly impact the quantity and quality of the ecosystem services provided,
biodiversity, human health, and economy (Fig. 1) [28].

Fig. 1 Impacts of anthropogenic activities on biodiversity and ecosystem services

3https://www.unenvironment.org/beatpollution/global-response-pollution (Accessed 30-08-2020).
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2.1 Air

Air quality is a major concern in urban areas, and there is an increasing number of days
with a high concentration of pollutants in world metropoles. Practically, air pollution
affects all countries and is considered one of the critical aspects to achieve United
Nations (UN) SDGs, especially in Goal 3 (GoodHealth andWellbeing), 7 (Affordable
and Clean Energy), and 11 (Sustainable Cities and Communities) [29]. In 2019,
particulate matter (PM2.5) concentrations were a grave concern in southeastern Asia,
especially in Bangladesh, Pakistan, Mongolia, Afghanistan, India, Mongolia. In
Europe, Bosnia and Herzegovina are the countries where particulate matter (PM2.5)
levels were the highest. Also, 30 out of 31 of the most polluted (PM2.5) urban areas are
located inAsia [30]. Concerning PM10, the urban areaswith the highest concentrations
are located in Africa (Cairo) and southeast Asia (Delhi, Dhaka,Mumbai, and Kolkata)
[29]. In Europe (2017), the highest concentration of this pollutant is observed in Po
Valley (Italy), the Balkans region, and Poland (Fig. 2a).

Urban areas are responsible for the emission of a large amount of GHG [31]. For
instance, cities release more than 70% of carbon dioxide (CO2) [32]. The increase of
CO2 is strongly linked to urban and economic development, energy consumption,
population dynamics, and energy utilization [8]. CO2 emissions have been increasing
in many regions of China, the USA [32], and European cities such as Rome [33] and
London [34].Nevertheless, theCO2 concentration is increasing at the global level since
the second half of the twentieth century [35]. Traffic is also an important contributor to
CO2 emissions. In Europe, automobile circulation and the consequent CO2 release into
the atmosphere showed a positive trend between 1990 and 2015 in Austria, Denmark,
France, Greece, Ireland, The Netherlands, Portugal, and Spain [36]. However, if we
considered the CO2 emissions from all the sources, it is observed a decrease in all the
27 countries of the European Union (1990–2017) [37]. Carbon monoxide (CO) is also
emitted into the atmosphere due to the combustion of low-quality fossil fuels, trans-
portation, and industry [38]. This tasteless, odourless, and colourless gas is one of the
pollutants responsible for smog. In 2017, the highest CO concentrationswere identified
in India and China [39]. From 2000 to 2014, the global concentration of CO is
decreasing4, and this was also identified in the USA (1980–2019)5 and in other
major urban areas such as Beijing and Moscow (1998 and 2017) [40].

Nitrogen oxide (NOx) is a gas strongly influenced by traffic circulation. In 2016,
the countries that emitted the highest quantities were China, Russia, India, Brazil,
and the USA. Except for the USA, between 1990 and 2016, it was observed in the
remaining countries an increasing trend of NOx. In other areas of the globe such as
Europe, the opposite trend was identified, mainly in the United Kingdom, Germany,
France, Scandinavian countries,6 and the Czech Republic [41]. This was also
observed in other European Union countries [37].

4https://climate.nasa.gov/news/2291/fourteen-years-of-carbon-monoxide-from-mopitt/ (Consulted
in 15/10/2020).
5https://www.epa.gov/air-trends/carbon-monoxide-trends (Consulted in 15/10/2020).
6https://cait.wri.org/ (Consulted in 15/10/2020).
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Fig. 2 (a) PM10 annual average values in 2017 at Urban and Suburban Background stations and (b)
Ozone 93.2 percentile of maximum daily 8-h running mean values in 2017 at Urban and Suburban
Background stations. Data source: https://www.eea.europa.eu/data-and-maps/data/interpolated-air-
quality-data-2. Data were interpolated using Ordinary Kriging method (349 stations)
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Methane (CH4) is produced from agricultural and livestock practices, but also as a
consequence of practices related to urban environments such as the organic waste
decay in landfills, production of oil, coal, natural gas, and coal.7 It has increased due
to human activities [42]. After CO2, CH4 is the most significant contributor to the
GHG effect. At a global level, this GHG concentration is increasing [35], especially
in East Asia as a consequence of industrialization [43]. In Europe, there is a
decreasing trend due to the restrictive policies regarding GHG emissions imposed
in the EU [44]. In cities, an increasing trend has been observed (e.g., Beijing, [45]),
whereas in others, no trend was identified (e.g., Los Angeles, [46]). CH4 has a higher
global warming potential than CO2. Therefore, this reduction is relevant to decrease
greenhouse gas emissions on climate change [47].

Tropospheric ozone (O3) is an important greenhouse gas that has been increasing
globally due to land-use change, industrialization, and traffic [48]. O3 is formed due to
the interaction between CO, NOx, CH4, volatile organic compounds (VOC), and
sunlight. O3 concentrations have been decreasing at a global level, especially after
2000 [49]. However, in several urban areas located in China [50, 51], South Korea
[52], Malaysia [53], Taiwan [54], Portugal [55], and Spain [56] there is an increasing
trend as a consequence of the increasing temperatures and vehicle traffic. On the other
hand, a decrease due to themeasures imposed in traffic circulation is identified in some
cities located in the USA [57], Canada [58], Czech Republic [59], France [60], Greece
[61], United Kingdom [62], and Iran [63]. O3 concentration increases with tempera-
ture increasing [64], therefore the amounts of this pollutant in the atmosphere are high
in low latitudes. In 2017, O3 concentrations were especially high in the Iberian
Peninsula, Greece, Balkans, and Italy. The highest concentrations were observed in
Po Valley (Italy), which is related to this area’s high industrialization (Fig. 2b).

Sulphur oxides (SOx) are composed especially of sulphur dioxide (SO2) and
sulphur trioxide (SO3), and they are produced by the combustion of sulphur-rich
fuels such as petroleum, coal, or crude [65]. SO2 is a gas with an unpleasant odour
and colourless.8 The global trends in the emissions of this gas are heterogeneous. In
Europe and North America, there is a marked decrease between 1990 and 2015 as a
consequence of the industrialization reduction. On the other hand, in east Asia, there
was an increase between 1990 and 2005, followed by a reduction [66]. In several
urban areas located in South Korea [67], China [68], Malaysia [69], Iran [70], United
Kingdom [71], and Portugal [72] there is a decreasing trend in the emission of SO2.
On the contrary, in other areas there is observed an increasing trend such as in cities
located in Saudi Arabia [73], India [74], and Brazil [75].

Anthropogenic activities in urban areas are also responsible for the emission to
the atmosphere of several other pollutants such as metals and metalloids (e.g., Iron
(Fe), Aluminium (Al), Lead (Pb), Arsenic (AS), Cadmium (Cd), Mercury (Hg)) and
polycyclic aromatic hydrocarbons (PAHs, e.g., anthracene, fluoranthene, benzo[j]
fluoranthene, benzo[a]anthracene, benzo[a]pyrene). Metals and metalloids are

7https://www.epa.gov/ghgemissions/overview-greenhouse-gases (Consulted in 15/10/2020).
8https://www.eea.europa.eu/help/glossary/eper-chemicals-glossary/sulphur-oxides-sox (Consulted
on 17/10/2020).
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associated with the presence of heavy industry and traffic. In Europe, the emission of
these elements in urban areas has been decreasing from 2000 to 2017 due to the
reduction of industrial activities and the imposition of limits to these elements’
emission [76]. However, in other areas such as China [77], an increasing trend in
these pollutants’ emissions has been identified.

Microplastics (< 5 mm particles) are an emerging pollutant, which primary
sources are fibber fragments in clothes, erosion of rubber tires, house furniture,
building materials, industrial emissions, landfills, waste incineration, plastics used in
agriculture, particle resuspension from traffic, cosmetics, plastic litter, and debris.
They are rich in chemical elements such as polyethylene terephthalate (PET),
polystyrene (PS), polypropylene (PP), polyvinyl chloride (PVC), polyurethane
(PUR), epoxy resin (EP), alkyd resin (ALK), rayon (RY), and polyethylene
(PE) [78–81]. As a consequence of wind transport, several works identified their
presence in suspension [82, 83], contributing to air quality reduction.

Urban air pollution is increasing in some areas of the globe, while it is decreasing
in others. The emission of pollutants into the atmosphere has detrimental impacts on
human health [35]. In 2013, air pollution was the fourth world cause of death
[84]. The exposition to high levels of pollutants increases several diseases, especially
in children and the elderly population.9 For example, PM2.5 and PM10 are respon-
sible for lung cancer, cardiovascular disease, respiratory disease, myocardial infarc-
tions, increasing the risk of premature deaths and years of life lost [37, 85]. People’s
exposition to urban pollutants is decreasing in the USA [86] and Europe [87] as a
consequence of more strict air quality legislation [88]. On the other hand, they are
increasing in other parts of the world, such as China [89]. It is estimated that 4.2
million deaths are attributed to air pollution [90]. Globally, the deaths attributed to
PM2.5 between 1990 and 2015 increased [91]. In 2016, the European Union coun-
tries where the premature deaths related to PM2.5 were the highest were Germany,
Italy, and Poland (Fig. 3). Carugno et al. [92] observed that in Lombardy (Italy), the
estimated annual deaths between 2003–2006, 2007–2010, 2011–2014 due to PM10

were 343, 254, and 208, respectively. This affects older people, especially [93]. In
China, a study carried out by Maji et al. [94] found that in the years of 2014 and
2015, the annual premature death is estimated at 722.370 persons. Also, several
works highlighted the positive relationship between mortality and PM2.5 and PM10

in several cities such as Seoul [95], Wuhan [96], Guangzhou [97], and Paris
[98]. The PM10 impacts on mortality are also related to specific events. For instance,
in the Netherlands, between 1995 and 2012, the increase of PM10 after the New
Year’s fireworks increased the mortality in the following days [99]. On the other
hand, areas with a high concentration of PM10 and PM2.5 are vulnerable to dissem-
inating diseases such as COVID-19 [100]. The lockdown imposed by COVID-19
reduced these pollutants drastically in urban areas [100–103].

High levels of CO, NOx, O3, SOx, metals, and metalloids in the atmosphere have
dramatic impacts on human health [104–108]. They increase cancer risks,

9https://www.who.int/news/item/15-11-2019-what-are-health-consequences-of-air-pollution-on-
populations (Consulted in 17/10/2020).
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respiratory problems, circulatory diseases, heart failure, mental illness, and anaemia
[109–112]. As PM10 and PM2.5, these gases are responsible for an important number
of deaths and a decrease in life years in urban areas. For instance, between 1995 and
2015, 2,102 persons died due to CO poisoning [113]. The increase of NOx emissions
(2008–2015) due to Volkswagen Group “defeat devices” was responsible for 13,000
life years lost [114]. In Chinese urban areas during 2014, 89,391 deaths were
attributed to ambient O3 [115], and in Beijing (2016), an exposition to an SO2 up
to 122.08 μg/m3 resulted in 27,854 hospital patients and 884 deaths [116]. Like
PM10 and PM2.5, specific events related to COVID-19 (e.g., lockdown) decreased
the concentration of CO, NOx, O3, and SOx in urban areas [117, 118] substantially.

Microplastics’ presence in the air is likely inhaled and accumulated in the human
body, negatively affecting health [119]. The studies of microplastics’ impact on
human health are not so developed as the elements mentioned above. On average, it
is estimated that humans inhale approximately 26–130 airborne microplastics per
day. This inhalation depends on the microplastic particle and size and can be
deposited in the lungs and subsequently migrate to the lymphatic system. In high
concentrations, microplastics likely increase lesions in the respiratory system. It can
be a source of other kinds of diseases such as asthma, bronchitis, or pneumonia
[80, 120].

Fig. 3 Premature deaths caused by PM2.5 in Europe in 2016. Classes according to Natural Breaks
(Jenks) method. Data source [37]
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The health impacts of air pollution are massive. Table 1 synthesizes the studies
focused on the economic costs associated with urban air pollution. For instance, the
majority of the works focused on PM2.5 and PM10 and in China. The great majority
of the published works studied the economic impacts of one year or a short term. It is
clear that a single event [121, 122] can result in very high healthcare system
expenses.

Air pollution also has negative impacts on agriculture and the environment. High
concentrations of PM2.5 [123], O3 [124], SO2, and NO2 [125] can contribute to crop
productivity decrease. In urban areas, the development of agriculture is also a matter
of concern due to the high exposition to air pollutants [126]. The results of the impact
of urbanization on urban agriculture are inconclusive. Some highlight that there is no
threat to urban agriculture carried out in urban areas [127–129], while others show
that the accumulation of pollutants in soils and plant leaves might have a negative
impact in human health [130, 131]. In any case, it is vital to minimize the impact of
air pollution accumulation in soils and plants and, therefore, reduce the risk of
entering the food chain [126].

2.2 Soil

Soils in urban areas are affected negatively in multiple ways (e.g., sealing, pollutants
accumulation). Urban soils are considered, for example, the ones constructed for
gardens, sealed by asphalt or concrete, garbage heaps, and mine spoil. Commonly,
they are classified as Technosols [148]. Soil pollution is a significant problem in
urban areas and is linked with all SDGs directly or indirectly. However, in the urban
context, it is more related with goals 2 (Zero Hunger), 3 (Good Health and
Wellbeing), 6 (Clean Water and Sanitation), 11 (Sustainable Cities and Communi-
ties), 14 (Life BelowWater), and 15 (Life on Land). Soil pollution in urban areas is a
consequence of the deposition of pollutants from anthropogenic activities (e.g.,
industry, traffic). The deposition of pollutants can be due to point source and diffuse
soil pollution. Point source pollution is caused by the release of pollutants in the soil,
for example, in landfills, industrialized areas, waste and wastewater disposal, high
use of agrochemicals, mining, and oil leakage. Diffuse soil pollution is a conse-
quence of the spread of pollutants in the soil without knowing the source. These
pollutants were usually released in other places and subsequently transformed or
diluted and deposited on soils [149]. Pollutant accumulation is one of the most
severe threats affecting soils since it increases their toxicity and substantially reduces
soil functions and the capacity to provide ecosystem services in quality and quantity
[150]. For instance, urban soils have a significantly reduced capacity to provide food
but can play an important role in supporting human infrastructures [148]. In the
European Union, approximately 4.5 million sites are estimated to be contaminated
[151]. In Fig. 4 it can be observed that the areas with the highest contamination of
Lead (Pb) and Mercury (Hg) are located in the industrialized/urban areas of Ruhr
(Germany) and Manchester/Liverpool/London (United Kingdom). Also, previous
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Table 1 Urban pollution and implications for economic health costs/The search was carried out in
Google scholar (2000–2020)

Pollutants
Studied
period Country Urban area

Economical
costs Reference

PM2.5 2012–
2016

China Hong Kong US$1.5–1.8
billion

Nam et al.
[132]

PM10 2000–
2004

Beijing US$1670 and
$3,655 million
annually

Zhang et al.
[133]

PM2.5 January
2013

~ US$180 mil-
lion Yuan

Du and Li
[134]

US$253.8
million

Gao et al.
[121]

PM10 2012 583.02 million
Yuan

Zhao et al.
[122]

PM2.5 and PM10 2001 Shanghai US$625.40
million

Kan and Chen
[135]

SO2 2000–
2007

Taiyuan 0.8–1.7 billion
Yuan

Zhang et al.
[136]

PM10, NO2, O3, and
SO2

2010–
2013

Pearl River
Delta region

Between US
$14,768 and US
$25,305 million

Lu et al. [137]

PM10 2006 113 Chinese
cities

341.403 billion
Yuan

Renjie et al.
[138]

PM2.5 – South
Korea

Seoul US$10029
million

Lee et al.
[139]

PM2.5 2013 India Nagpur US$2.2 billion Etchie et al.
[140]

PM2.5 2017 Iran Tehran US$3 billion Bayat et al.
[141]

PM10 and O3 2010 Greece Thessaloniki 531.225 million
euros

Vlachokostas
et al. [142]

PM10, SOx, NOx,
VOC, CH4, CO,
CO2, N2O and NH3

1994–
1998

Spain Madrid 620.8 million
euros

Monzon and
Guerrero
[143]

PM2.5 2012 North
Macedonia

Skopje Between
570 and 1,470
million euros

Sanchez-
Martinez
et al. [144]

PM2.5, PM10, CO,
SO2, NO2, and O3

2008–
2017

Brazil Sao Paulo US$111 million Curvelo
Santana et al.
[145]

PM10 and CO 1991–
1994

US$ 3,222,676
million

Miraglia et al.
[146]

PM2.5 2000 USA 83 urban
areas

US$31 billion Levy et al.
[147]

As criteria, only peer-reviewed works were considered. Keywords: Air AND Urban AND pollution
AND health AND economic AND costs
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works observed high concentrations of metals and metalloids [152], PAHs [153],
radionuclides [154] in urban parks, schools, and residential areas.

Soil pollutants accumulation alters soil functions, and this has implications on
natural biogeochemical cycles. These changes can be driven by acidity, nutrient
status, the bioavailability of toxic elements, disruption of soil biodiversity, plant
removal, and litter deposition. The soil vulnerability to pollutants depends essen-
tially on the type of soil, base saturation, cation exchange capacity, base cations
supply by weathering process, organic matter content, and water table position
[148, 155]. For example, the presence of high amounts of metals and metalloids in
soil reduces microbiological abundance, diversity [156], and community structure
[157], disrupts the regulation of biological activity, C transformations, nutrient
cycling [158], and increases CH4 emissions [159]. The high presence of PAHs
[160], radionuclides [161], hydrocarbons [162], pharmaceuticals and personal care
products [163], microglasses, microplastics [164], herbicides [165], and pesticides
[166] in soils also affects negatively microbiological processes. Several studies
highlighted the intensive usage of pesticides and herbicides in urban gardens for
weed management [167].

A soil with high toxicity imposes very high stress on plant development [168]. The
plants’ metals and metalloid uptake affect their growth, development, water plant
relation, ionic imbalance, alteration in elemental composition, degradation of photo-
synthetic pigments and chloroplast, and reduced photosynthetic rate. The interaction
between the ions is complex since the high concentration of one element can affect the
uptake and transport of other elements. When plants are exposed to high amounts of
metals or metalloids, they try to prevent their uptake by roots and be transported to the
plant’s aerial parts [169]. For example, Zn0s high contents inhibit plant growth
[170]. Cd toxicity affects mineral nutrient uptake and translocation, plant growth,
development, and metabolism [171]. In high concentrations, Nickel (Ni) can induce
competition with essential nutrients, oxidative stress, retardation of germination,
changes in enzymatic activities, disruption of cell structure and dehydration, shoot
and root production, leaf spots, and foliar necrosis, biomass production, abnormal
flower shape, and branching system andmitotic root tip disturbance [172]. Also, plant
Pb uptake decreases plant shoot growth, photosynthesis alteration, and lipid compo-
sition change [173]. Even in small concentrations, As can cause significant biochem-
ical, physiological, and morphological changes in plants [174].

PAHs also are uptaked by plants [175]. However, this is different according to the
different species, leaf morphology, and the presence of metals and metalloids
[176, 177]. The accumulation of PAHs in plants affects plant morphology, wax
content, and adsorption [177], increases root deformations [178], affects root sym-
biosis, plant growth, and C allocation [179]. Also, several works highlighted that
plants have the capacity to uptake pharmaceutical products [180, 181]. As in PAHs
case, the pharmaceuticals soil uptake depends on plant species [182]. Some works
observed that pharmaceuticals and care products do not affect plant growth, while
others observed a decrease [183]. High concentrations of pharmaceuticals in soil
reduce the number of leaf photosynthetic elements and increase the burn edges and
white spots. Produce changes in several plant hormones (jasmonates, auxins,
abscisic acid, cytokinins) [184] increase toxicity [185] and oxidative stress
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Fig. 4 (a) Soil Lead (Pb) and Mercury (Hg) in Northwest of Europe. Source: https://esdac.jrc.ec.
europa.eu/resource-type/soil-threats-data
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[186]. In the same line, plants can uptake pesticides and herbicides affect plant
development, morphology, cellular alterations, chloroplast, leaf thickness [187],
size, form [188], root nutrient composition [189], and growth [190].

Soils in urban areas have high concentrations of pollutants, which have a negative
implication on human health. Humans are exposed to soil pollutants in different
ways, such as ingestion, skin adsorption, penetration, and respiration [126]. A recent
revision carried out by Brevik et al. [126] showed that the majority of the works were
focused on metals and metalloids. A high and long-term exposition of these elements
affects blood, lungs, kidneys, liver, brain and induces neurological disorders (e.g.,
Alzheimer and Parkinson) and cancer [126, 191, 192]. The high concentration of
polychlorinated biphenyls and persistent organic pollutants in soil impacts child-
birth, child weight, and foetal growth. Pesticides and herbicides are responsible for
short-term health problems such as headaches, skin eye irritation, nausea, dizziness,
or more severe problems such as asthma, cancer, diabetes, fertility, and immune
system problems [126, 193, 194]. Other elements present in urban soils, such as
radionuclides, impact human health [195]. Radionuclides are natural elements;
however, they can be deposited on soil via nuclear or medical waste. The high
concentrations of these elements can increase leukaemia or cancer [126, 196]. The
presence of pollutants in urban soils is extremely concerning, especially when urban
agriculture practices are increasing [197]. These elements can be easily uptake by
plants and, if in high concentrations, can be a concern regarding human health
[198, 199]. Urban agriculture provides a wide range of ecosystem services (e.g., C
sequestration, flood regulation, food provision, recreation). However, the consump-
tion of the food produced in these areas may have some risk regarding food
contamination and the associated effects on human health [200].

2.3 Water

The urbanization process is a cause of water degradation [201]. As in the case of air
and soil, water pollution is linked directly or indirectly with all SDGs. In the urban
environment, it is especially connected with goal 3 (Good Health and Wellbeing),
6 (Clean Water and Sanitation), 9 (Industry Innovation and Infrastructure), 11 (Sus-
tainable Cities and Communities), 13 (Climate Action), 14 (Life Below Water), and
15 (Life on Land). The high levels of pollutants emission in urban areas and the
consequent deposition onto soil surface are responsible for water pollution (leaching
or surface runoff transport). Also, urban areas have other water pollution sources
such as inefficient water treatment systems, waste disposal, industrial activities, and
construction. Freshwater pollution is increasing in many parts of the globe, espe-
cially in developing countries [202]. For instance, approximately every day 2 million
tons of human waste is released into water bodies. In developing countries, 90% of
the sewage sludge is released into water bodies without treatment. Industrial
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activities release into water bodies approximately 300–400 megatons of waste per
year.10 In Europe, 60% of the water bodies are highly polluted. The areas where the
situation is critical are located in Central Europe and the Baltic region. After
hydromorphological pressures (e.g., land reclamation, dams, weirs), diffuse pollu-
tion sources are the highest pressure in surface water bodies. Both diffuse and point
source pollution are responsible for 38% and 18% of surface water contamination,
respectively. For instance, urban wastewater, industrial discharges, and storm runoff
are the major causes of point source pollution. Hg is responsible for the majority of
surface water bodies do not achieve a good quality status. The increase of this
element is attributed to urban sewage water and atmospheric deposition. The waste-
waters discharged in the rivers are also rich in other hazardous elements such as
PAHs, Hg, Cd, Pb, and Ni [203]. Surface water and sediment transported in runoff
are responsible for water pollution in urban areas. In Box 1, we identified the areas
where polluted surface waters can be accumulated in Vilnius (Lithuania).

Box 1 Potential Surface Water and Sediment Pollution Accumulation
Index in Vilnius (Lithuania)
After intense rainfall and snowmelt periods, waterlogging is a recurrent
phenomenon in urban areas [204]. The water and sediments that are
transported and accumulated on roads have a high level of pollutants [205],
representing a critical threat to environmental degradation (e.g., soil pollution,
water bodies pollution) and human health [206]. Here we developed a simple
model to analyse Vilnius’s (Lithuania) potential surface water and sediment
pollution accumulation index. This will be helpful to understand the areas
where pollutants can be accumulated in the city. The framework applied is
described below. To construct this model, we used imperviousness (20 m
resolution) data from 201811 to identify the sealed areas. A topographic
wetness index (20 m resolution) was used to assess high water accumulation
areas. This index was calculated from the digital elevation model using Saga
QGIS (3.14). Areas with an index higher than 10 correspond to high water
accumulation areas [207]. The point sources of pollution (gas stations, power
plants, and factories) were vectorized from Google maps. Subsequently, a
kernel density was applied using ArcMap 10.2. Water lines and road density
were calculated with the ArcMap 10.2-line density tool. Water lines were used
to identify the areas where the water and sediments were transported and
roads/railways as a source of pollutants (e.g., traffic). These data were obtained
from Lithuanian Cadastre.12

(continued)

10https://en.unesco.org/waterquality-iiwq/wq-challenge (Consulted in 25/10/2020).
11https://land.copernicus.eu/pan-european/high-resolution-layers/imperviousness/status-maps/
imperviousness-density-2018.
12https://www.registrucentras.lt/.
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Box 1 (continued)

Previous to modelling the index, a multicollinearity analysis was applied to
assess the correlation between the variables. In this case, none of the variables had
a correlation higher than 0.70, or the variance inflation factor higher than 10.
Therefore, all the variables were used in the model. Data were reclassified to be
assessed at a similar scale range. After data reclassification, data were overlaid
using ArcMap 10.2 raster calculator tool to assess the potential surface water and

(continued)
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Box 1 (continued)

(continued)
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Box 1 (continued)

sediment pollution accumulation index in Vilnius. The model validation was not
so accurate (R2¼ 0.1436; r¼ 0.37, p< 0.001), and this is likely attributed to the
large differences between data resolution (20 and 1,000 m). Nevertheless, it was
not possible to find data at a better resolution. Despite this limitation, it is possible
to identify some relationship between soil Pb and the potential surface water and
sediment pollution accumulation index. The results are shown below, and the
areas located in the centre of the city are the ones where there is the highest
probability of polluted water accumulation. However, some small scattered cen-
tres are observed as well, and this is attributed to urban sprawl that increases the
impervious area and the expansion of pollution sources (e.g., gas stations, roads).

Urban surface water pollution is a global problem. It is especially evident in
developing countries, where an increasing trend is observed due to population
growth, urban expansion with control, consumption increase, and the lack of sewage
systems [208]. On the other hand, in developed countries, the trend is inverse. For
instance, European Union member states made a substantial effort to reduce surface
water contamination. From 1992 to 2016, there was a substantial decrease in
orthophosphate in European rivers [203]. Although there are good reasons to have
a positive perspective regarding urban surface water pollution, several problems are
related to emerging pollutants. Metals and metalloids [209, 210] and PAHs [211],
pH, EC, turbidity, dissolved solids, suspended solids, biological oxygen demand,
chemical oxygen demand, total organic carbon, dissolved organic carbon, nitrate,
ammonia [209, 212–214] have been traditionally studied in urban catchments as a
consequence of the impact of urban activities (e.g., traffic, industry, wastewater).
Recently, other types of pollutants have been identified in high contents such as
microplastics, pesticides, herbicides [215], pharmaceutical and care products [216],
and drugs such as heroin, cocaine, methadone in urban lakes, wetlands, rivers,
coastal lagoons, and estuaries [217, 218]. These pollutants are also found in drinking
water, i.e. microplastics [219], pesticides [220], herbicides [221], pharmaceutical
and care products [222].

The increase of N and phosphorus (P) is a cause for urban and peri-urban water
bodies’ eutrophication and water quality degradation [223]. Eutrophication is
responsible for biodiversity loss [224], hypoxic “dead zones” that decrease shellfish
and fish production, light, the increase of harmful algal blooms that threaten drinking
water safety and GHG emission [225, 226]. The change in precipitation patterns due
to climate change is expected to increase eutrophication [227]. Metals and metalloids
increase water toxicity and decrease water bodies’ biodiversity [228]. The high
content of these elements in water affects flora and fauna dramatically. For instance,
it is widely known that fish [229] and shellfish [230] accumulate high amounts of
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metals and metalloids. A similar situation is observed in other pollutants such as
microplastics [231], pesticides [232], herbicides [233], and pharmaceutical and care
products [234]. Overall, the accumulation of these pollutants in water bodies results
in ecosystem services, biodiversity, and human health degradation since fish and
shellfish are consumed, and these pollutants enter the food chain [235, 236]. The
impacts on fauna are dramatic and affect all the trophic levels. High contents of
metals and metalloids affect fish behaviour [237], organs (e.g., kid-
ney, liver, gills, muscle) [238], nervous system [239], metabolism
[240]. Microplastic ingestion causes freshwater fauna intestinal lesions [241], larval
growth [242], consumption, reproduction, and survival [243]. Also, high concentra-
tions of PAHs in water harm aquatic fauna development, membrane damage,
embryo development, oedema, changes in cardiac rhythm, swimming capacity
[244]. Pesticides damage fish tissues [245], brain, muscles [246], organs (e.g.,
liver and kidney), and nervous system [247, 248]. Finally, pharmaceutical and
care products affect aquatic organisms’ reproductive systems, hormones [249], and
behaviour [250]. Overall, these elements in aquatic ecosystems are of great envi-
ronmental concern [251].

Groundwater is the world largest freshwater reserve, therefore is a key resource.13

In urban areas, the contaminated surface water accumulates in different areas of the
city (Box 1), infiltrates and increases the transport of pollutants to groundwater
reserves. It is well known that the urbanization process (e.g., residential, industrial,
commercial) and peri-urban agriculture aggravate groundwater pollution [252, 253]
(Fig. 5). Urban sprawl and the expansion of human activities are increasing the
potential sources (e.g., traffic, residential areas) of groundwater pollution
[254, 255]. Recently, Burri et al. [256] revised the impacts of urban activities on
groundwater pollution. It is a complex process, and since groundwater moves
sluggishly, there is a lag process between the beginning of the pollution process
and groundwater pollution. Contamination is an irreversible process or difficult to
restore13. Shallow unconfined aquifers are the most vulnerable to pollution because
the proximity to the surface is reduced, and the soil’s capacity to filtrate the
pollutants is low. In deeper aquifers, the vulnerability to pollution is reduced
[253]. Several works observed that a large number of pollutants (e.g., metals and
metalloids, nitrites, nitrates, pharmaceuticals, and care products) are present in
groundwater reserves located close to urbanized and industrial areas located in
America – USA [257], Brazil [258], Asia – China [259], India [260], Bangladesh
[261], Jordan [262], Europe – Spain [263], France [264], Italy [265], Germany [266],
Africa – Cameroon [267], South Africa, Mozambique [268], Nigeria [269] and
Oceania – Australia [270], and New Zealand [271]. Overall, urban groundwater
pollution is a global problem that hampers the availability and quality of the largest
freshwater resource. Climate change is expected to negatively impact groundwater

13https://www.un.org/waterforlifedecade/waterforlifevoices/groundwater.shtml (Assessed in
21-11-2020).
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quality since precipitation will be low and more irregular, leading to aquifer salini-
zation and accumulation of pollutants [272, 273].

3 Nature-Based Solutions and Urban Environmental
Chemistry

The previous sections clearly demonstrated that urban and industrial pollution is an
important threat to natural resources and human health. Therefore, it is key to
minimize the effects of anthropogenic activities. NBS is a sustainable and valuable
option to increase biodiversity, ecosystem services, life quality, generate green jobs,
and create new urban areas. It can also contribute importantly to climate change
adaptation and mitigation (e.g., microclimate regulation, carbon sequestration, and
flood retention) [274]. Raymond et al. [275] proposed a framework to implement
NBS in urban areas and evaluate their co-benefits: “1) identify problem or oppor-
tunity; 2) select and assess NBS and related actions; 3) design NBS implementation
processes; 4) implement NBS; 5) frequently engage stakeholders and communicate

Fig. 5 Causes of groundwater pollution
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co-benefits; 6) transfer and upscale NBS, and 7) monitor and evaluate co-benefits
across all stages”. Reduce the amount of pollutants in urban areas is critical to
improving the ecosystems and human wellbeing. In the following sections, we will
be focused on the NBS used to reduce air, soil, and water contamination in urban
environments.

3.1 Air

Air pollutants removal is critical to decreasing environmental degradation and health
problems. Urban forests are crucial to reduce the concentration of air pollutants. The
studies focused on PM dry deposition are divided into (1) stand scale (relation
between scale and environmental variables), (2) vertical direction (pollutant removal
by dry deposition in branch, stem, or leaf surfaces), and lateral direction (the impacts
of building design, distance to pollutant sources and vegetation type) [276]. The
capacity of trees to capture pollutants can be understood as an NBS to reduce air
pollution. The NBS effectiveness to reduce air pollution depends on plant type
[277]. Usually, coniferous trees have a higher PM capture capacity than broadleaf
species [278]. The articular needle shape, finer and more complex structure increases
coniferous leaves’ efficiency to capture PM. However, the leaves capacity to retain
PM depend on several factors such as tree canopy morphology (e.g., canopy type,
branch, and leaf density and leaf micromorphology: wax, trichomes, and roughness),
deposition velocity (amount of particulates deposited), magnetic deposition velocity
(amount of particulates deposited in clean leaves or trees), particle number, deposi-
tion amount, particle cover, the concentration of other pollutants, and meteorological
conditions such as wind and precipitation [279, 280]. Leaves can capture PM by
absorbing pollutants via leaf stomata or intercept particles in the leaf surface
[276]. Also, the capacity of the leaves to retain PM depends on the development
stage. Leaves that are fully developed have a high capacity to retain pollutants.
Forest land use retains a higher number of particulates than grasslands. Nevertheless,
grass cover contributes significantly to reduce wind erosion [281, 282]. Recently a
review carried out by Han et al. [276] summarized the capacity of urban forests to
remove PM. The studies available show that urban trees have a high capacity to
decrease air pollutants. In the USA, Nowak et al. [283] estimated that urban trees
could remove 711,000 metric tons (US$3.8 billion value) of O3, PM10, NO2, SO2,
CO. Nyelele et al. [284] observed that trees in Bronx (New York, USA) in 2010
removed approximately 5.1 tons of PM2.5. Tallis et al. [285] found that urban canopy
in the Greater London Authority (UK) could capture annually between 852 and
2,121 tons of PM10. Jim and Chen [286] observed in Guangzhou (China) that the
annual removal of PM SO2, NO2 was 312.03 Mg. The effectiveness of pollutants
captures increased with increasing tree density. Wu et al. [287] reported that in 2015
(Shenzhen City, China), urban vegetation removed a total of 1,000.1 tons of PM2.5.
In the central area of Beijing (China), Yang et al. [288] found that 2.4 million trees
captured 1,261.4 tons of pollutants (PM10, O3, SO2, and NO2) from the air in 2002.
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In Canada, Nowak et al. [289] observed that in 2010 urban trees removed 16,500
tons of air pollution (CO, NO2, O3, PM2.5, and SO2) that had a human health benefit
of 227.2 million Canadian dollars. Forests located near urban areas can mitigate the
effects of extreme events. For instance, they can reduce PM transport during dust
storms, as observed in Israel [290].

Urban forests (part of GI) can store and sequestrate a large amount of C. This is
especially relevant in urban areas where anthropogenic activities release significant
quantities of CO2. The capacity to sequestrate C varies according to the species and
is influenced by temperature, precipitation, groundwater level, and surface water
level (in riparian forests). For instance, forests in tropical climates absorb C faster
than in temperate areas. Also, mature trees, forests with a high diversity have a high
capacity to sequestrate C [290–294]. Nevertheless, this capability is strongly related
to local conditions. The urban heat island effect decreases the tree’s capacity to
sequester C [295]. Urban forests can sequester high amounts of C, as shown in
Table 2, and the capacity to uptake CH4 and N2O [296]. In this context, urban forests
play an essential role in climate change mitigation in urban areas, mainly because
cities are responsible for 40–70% of worldwide GHG emissions [297]. For instance,
De la Sota et al. [298] found that the GI management implemented in Lugo (Spain)
contributed to a carbon uptake of 0.26 tons ha�1. Doukalianou et al. [299] observed
that in peri-urban forests of Xanthi (Greece), the coniferous forests thinned with high
intensity have a high capacity to mitigate climate change.

Green roofs provide many ecosystem services in urban areas (e.g., food supply,
microclimate regulation, flood regulation, water purification, and recreation) and can
reduce atmosphere pollutants and climate change [300]. Their economic value is
considerable. In Lisbon, the green roof’s net value is €320 million [301]. The
benefits of green roofs to mitigate climate change can be direct (green roof layers)
or indirect (building energy consumptions) [302]. For instance, green roofs indi-
rectly decrease air pollution by decreasing the urban heat island and building energy
demand [302]. They can be classified as intensive or extensive depending on their
purposes, and their efficiency varies according to the building materials [303]. Green
roofs’ capacity to capture pollutants is higher than conventional roofs [304]. In
Chicago (USA), Yang et al. [305] observed that a green roof area of 19.8 ha removed
a total of 1,675 kg of air pollutants (O3, NO2, PM10, and SO2). Gourdji [306] found
that in Montreal (Canada), the green roof vegetation type affected air pollutant
removal capacity. Pinus species were more efficient in removing PM, O3, and
NO2 than other species. The capacity of green roofs to sequestrate C was observed
in various urban areas such as Chiba (Japan) [307], Phitsanulok (Thailand) [308],
Haifa (Israel) [309], Tartu (Estonia) [310], Thessaloniki (Greece) [311], Palma de
Mallorca (Spain) [312], and Mexico City [313].

Other types of GI such as green walls [314], gardens [315], cemeteries [316],
street trees [317], lawns [318] are known to have a positive impact on air quality and
C sequestration. Despite the positive impact of GI in air pollutant removal and C
sequestration, there are some trade-offs. Vegetation releases into the atmosphere by
volatile biogenic compounds that can increase the amount of O3 in the atmosphere
and amplify the impact of O3 pollutant events [319].
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Soils can be a sink or a source of GHGs, depending on the management carried
out. Urban soils usually are subjected to a high level of degradation [339]. Therefore,
they can be a source of GHGs. For instance, the soil’s capacity to sequester C
decreases with the increasing sealing, age of the urbanization, compaction, reduced
organic matter, and microbiological activity [340–343]. Lebed-Sharlevich et al.
[344] found that urbic technosoils located in Moscow (Russia) released 2 times
more CO2 than natural soils. Similar results were identified in another Russian city
(Kursk) by Sarzhanov et al. [345]. Liu et al. [342] observed that 70% of Beijing’s
soils (China) have a limited C sequestration capacity. Lu et al. [346] found that in
Lahti (Finland), sealed soils emitted 15 times more C than park soils. In the USA,
Milner and Ramaswami [347] observed that in the cities where urban sprawl is fast,
the C sequestration is low. Riches et al. [348] reported that Melbourne’s turf
herbicide treatment (Australia) was associated with increased N2O emissions.
Also, Townsend-Small and Czimczik [349] found that irrigation practices and
frequent fertilization in a turfgrass located in Irvine (USA) could not reduce the
GHG emission.

Despite the reduced capacity of urban soils to GHG’s sequestration, hotspots
inside the urban areas (e.g., urban forests, gardens, green roofs) contribute to climate
change mitigation [350]. Urban forests are key to increase soil C sequestration. Lv
et al. [351] identified that the forest area in the city of Harbin (China) was key to
retain soil C. The forest type and age have implications on soil GHG’s sequestration.
Setälä et al. [352] found that in urban parks in Helsinki and Lahti (Finland) the oldest
parks with evergreen species can sequestrate more C and N. Urban agriculture
carried out in rooftops and households contributes directly to increase C sequestra-
tion and reduce GHG emission by composting (e.g., solid waste, biochar) and
indirectly by reducing the supply chain [315]. Llorach-Massana et al. [353] observed
in a rooftop greenhouse located in Barcelona (Spain) that soilless crops reduced by
half the GHG (C and N2O) compared to conventional farming. In London (Sutton
region), Kulak et al. [354] observed that if the unused areas in the urban fringe were
used for food production, a reduction of 34 t CO2e ha� 1 a� 1 would be estimated.
In Ouagadougou (Burkina Faso) and Tamale (Ghana), Häring et al. [355] found that
the addition of rice husk biochar in an urban vegetable farm doubled soil C and
increased N. Chen et al. [356] observed that the addition of biochar in a green roof
soil located in Najing (China) increased the soil capacity to sequester C.

Wetlands can act as NBS to sequester C. However, this important benefit has a
significant trade-off. N2O and CH4 emission, two very powerful GHG [357, 358]. In
urban areas, several wetlands are constructed, and they provide several ecosystem
services such as microclimate and flood regulation, C sequestration and recreation.
Some are built to use a natural process in wastewater treatment. There are several
types of constructed wetlands: (1) horizontal subsurface flow, (2) vertical subsurface
flow, (3) free water surface, (4) surface flow, and (5) or a combination of several
systems (hybrid). The emissions of CH4 are high in free water surface and low in
vertical subsurface flow. Concerning N2O, the emissions are high in horizontal
subsurface flow and low in vertical subsurface flow. Finally, the CO2 emissions
are high in subsurface flow and low free water surface. The best options to reduce
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GHG emissions are hybrid systems [359]. The problem of constructed wetlands
establishment is greenhouse gas emissions, especially CH4 and N2O
[360, 361]. Constructed wetlands can act as a source or sink of GHG depending
on the plant species used to vegetate (e.g., phenology and density of vegetation),
wastewater flow and composition (chemical oxygen demand (COD)/nitrogen ratio),
environmental conditions (e.g., temperature and solar radiation) and management
[362]. Also, stormwater basins that are constructed to retain floods are a source of
GHG. The problem is similar to the described in the constructed wetlands. For
example, Gorsky et al. [363] found that stormwater ponds in southeastern Virginia
(USA) were an important source of CH4. Similar results were observed by
McPhillips and Walter [364] in Ithaca (New York, USA). However, there are
differences in the GHG emitted by constructed wetlands and stormwater retention
basins. Badiou et al. [365] found that stormwater retention basins emitted more GHG
than constructed wetlands. Some studies highlighted that these infrastructures are
important contributors to GHG emission in urban areas [366, 367]. Although GHG
emissions’ negative aspects are a matter of concern, constructed wetlands and
stormwater retention basins can sequester important amounts of C due to the
sedimentation in their bottom. For instance, Stumpner et al. [368] observed a C
burial in a constructed wetland located in Sacramento-San Joaquin Delta (California,
USA) of 0.63 kg C m�2 year�1. Merriman et al. [369] found that stormwater
retention basins sequestered significant amounts of C in some areas located in the
USA (78.4 g C m�2 year�1), Singapore (135 g C m�2 year�1), and Sweden
(75.8 g C m�2 year�1). There are important trade-offs in the construction of wetlands
and stormwater retention areas that need to be minimized. The best approach to
increase C sequestration and mitigate GHG remains an enigma [370].

3.2 Soil

As highlighted in previous sections, soils are an important sink of pollutants.
However, the accumulation of toxic elements can represent a problem for human
health. Therefore, it is vital to find NBS to reduce the number of pollutants in the
soil. For example, several well-known techniques to remediate soil metals and
metalloid pollution include electrokinetic extraction, capping, encapsulation, soil
flushing, soil washing, stabilization, solidification, and landfilling vitrification,
phytoremediation, and bioremediation [370]. These methods are divided into con-
tainment, extraction/removal, and solidification/stabilization (Fig. 6).

In this chapter, we are focused on NBS techniques. Therefore, the attention will
be directed to extraction/removal techniques. Phytoremediation techniques were
analysed in another chapter published in this book (chapter “The Role of Plants in
Water Regulation and Pollution Control”). Therefore, here we will revise the other
bioremediation approaches. Soil bioremediation can be divided into ex situ (biopile,
bioreactor, land farming, and windrow) and in situ (biosparging, bioventing,
bioslurping, biostimulation, bioaugmentation, composting, biochar, and
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phytoremediation). Ex-situ techniques consist of excavating and removing the soil to
be treated in another place, while in-situ, the remediation is carried out in the
polluted site. The application of the different techniques has to consider the parent
material of the site, location, cost of the treatment, and the type, degree, and depth of
the polluted layer [372]. A detailed review of the different soil remediation methods
was carried out by Ossai et al. [373]. Since this chapter focuses on NBS, we will be
mainly focused on in-situ techniques. Nevertheless, although ex-situ methods are
very destructive to soils, they showed high efficiency in removing hydrocarbons
[374, 375], metals and metalloids [376], PAHs [377], emergent pollutants and
emergent pollutants, i.e. pharmaceuticals [378] and pesticides [379].

In-situ biological techniques to remove pollutants induce a minimum disturbance
in soil structure and are less costly than ex-situ measures. However, these techniques
need a long time to effectively reduce soil contamination to acceptable levels (e.g.,
below recommendation levels). They are also not effective in all soil types, such as
saline soils [380]. If soils have a high-level of contamination, the microbiological
activity is reduced, decreasing biologic methods’ effectiveness [373]. These limita-
tions can be tackled by combining different methodologies (physical, chemical, and
biological). This can increase the remediation efficiency. Thus, several works
applied in soil remediation have different approaches [381–383]. Many works
reviewed the effectiveness of the different bioremediation techniques in soil pollut-
ant removal [372, 373, 380].

Fig. 6 Methodologies (NBS and non-NBS) applied for soil remediation. Based on: Liu et al. [371]
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Biosparging stimulates microbial activities by injecting oxygen (and nutrients if
needed) into soil subsurface. The oxygen is applied in the saturated zone, promoting
the upward movement of pollutants to the unsaturated zone to be biodegraded. This
method is applied to remove the pollutants adsorbed to the soil particulates located
above the water table. It is widely applied in the removal of groundwater pollutants
as well. This technique’s success depends on two aspects: (1) pollutant biodegrad-
ability and (2) soil permeability [372, 384, 385]. According to EPA [386] and Gaur
et al. [387], this method can offer some advantages such as (1) cheap technique;
(2) under favourable conditions (e.g., reduced soil pollutants) the treatment can last
from 6 months to 2 years; (3) soil disturbance is reduced; (4) easy to install;
(5) promotes biodegradation at a high airflow rate, and 6) treats a large number of
hydrocarbons. However, there are some shortcomings in the application of this
method, such as (1) is only totally reliable in environments where air sparging is
possible; (2) the relations between physical, chemical, and biological spheres are not
totally understood, and (3) is difficult to predict the airflow direction. Biosparging is
extensively applied in removing hydrocarbons [387].

Bioventing is a method similar to biosparging and was one of the first methods to
be applied at a larger scale. Consists of delivering oxygen, moisture, and nutrients
(e.g., N) through direct injection into the vadose zone and stimulating microbiolog-
ical activity [372, 388, 389]. As biosparging, bioventing is very popular to remove
petroleum products (e.g., kerosene, diesel fuel, gasoline). However, their effective-
ness depends on the soil type and environmental conditions [390]. This technique
has also been applied in soil contaminated by metals and metalloids [384] and
pesticides [391]. Bioventing offers several advantages such as (1) easy to establish;
(2) cheap technique; (3) easy to combine with other techniques; (4) reduced soil
disturbance; (5) low air injection enhances biological degradation, and (6) can be
applied under anaerobic conditions. The disadvantages of applying bioventing are
(1) reduced efficiency in removing pollutants to an acceptable level (meet legislative
requirements); (2) not suitable in certain soil conditions (e.g., high clay content and
low permeability), and (3) requires substantial time to be effective [386, 387].

Bioslurping combines different approaches, such as bioventing, soil vapour
extraction, and vacuum enhanced pumping. As in biosparging and bioventing,
oxygen is provided to stimulate the microbes to degrade the pollutants. It is a method
mainly applied to remediate soils polluted with light non-aqueous phase liquids (e.g.,
benzene, ethyl benzene, styrene) in unsaturated and saturated zones (mainly from the
capillary fringe). However, it can also be applied in soils polluted with VOC
[372]. The main advantage of applying this method is because it is cheap. However,
there are several disadvantages, such as (1) it is very dependent on soil water content
since reduced soil moisture decreases bioremediation effectiveness; (2) high soil
moisture limits oxygen penetration; (3) not efficient in impermeable soils; (4) at
reduced temperatures, the remediation is slow, and (5) can extract a large amount of
water that may need post-treatment [392].14 Despite the shortcomings, Kim et al.

14https://frtr.gov/matrix2/section4/4-35.html (Consulted in 10-12-2020).
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[393] found that bioslurping successfully reduced soil contaminates (e.g., petroleum
hydrocarbons) in a period of 2 years.

Biostimulation technique is based on the release of several materials (e.g.,
nutrients, amendments, biopolymers, bio-surfactants, slow-release fertilizers, oxy-
gen) and water to increase microbiological biodegradation. It increases soil limiting
elements (e.g., N, P, C, Potassium (K)) in reduced concentrations in contaminated
soils. It is considered one of the most successful methods for removing hydrocar-
bons. Nevertheless, it needs the presence of the correct microorganisms to deliver the
precise dose of nutrients (C:N:P-30:5:1) and be efficient [373, 394]. The lack of
adequate nutrients to stimulate microbiological activity can delay biostimulation’s
capacity to degrade soil pollutants [395]. There are several advantages of applying
this technique: (1) it is carried out by native microorganisms, (2) it is cheap and can
be applied in all polluted areas, and (3) it does not have negative implications on the
environment. However, it has several shortcomings: (1) it depends very much on the
environmental factors (e.g., soil pH, temperature, moisture); (2) if the pollutants are
highly attached to soil particles and the pollutants are not biodegradable, this
technique cannot be applied, and (3) the results depend very much on the site
where it is applied and it requires a high investment in monitoring [394]. Despite
the limitations, biostimulation has been successful in the removal of metals and
metalloids [396], petroleum products [397], herbicides [395], PAHs, and
pharmaceuticals [398].

Bioaugmentation involves the addition of different microbiological communities
(genetically modified, allochthonous, or autochthonous), bacteria, or fungi with the
capacity to degrade pollutants [373, 387, 399]. The increasing of soil microbes
increases the degradation of pollutants in the area where it is applied. These
methods’ success depends on the microbes’ capacity to adapt to the polluted site
and soil physical and chemical properties (e.g., type, aeration, pH, temperature,
organic matter, nutrients content) and compete with the native biota. The selection of
the microbial consortia is key to the efficiency of this technique. Usually, they have
to be adaptable to a medium with high pollutants, easy cultivating, and fast-growing.
For instance, one way to increase the remediation’s success is to isolate several
bacteria from the polluted soil, culturing them in a laboratory environment to
increase their pre-adaptation and return these bacteria to the polluted soil. This
process is known as soil reinoculation with native bacteria. Bioaugmentation is an
advantageous method. However, it has some limitations in soils with reduced
moisture [394]. This method was applied in different environments, and it was
effective in the removal of petroleum products [400], PAHs [401], pharmaceuticals
[402], and pesticides [399] .

Composting can be considered an NBS to remove soil pollutants. This method
involves the addition of nutrients, tilling, watering, and microbes in organic waste.
The composting process requires temperatures between 50 and 65�C to compost
soils with petroleum products. The remediation of polluted soils using this approach
is achieved with frequent aeration, tillage, and watering [373]. For the process to be
efficient, the initial pH, C/N ratio, aeration rate, moisture content, temperature, soil/
compost ratio, and soil type need to be monitored [403]. The three most important
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designs of composting are (1) aerobic static pile; (2) produces the compost in a
bioreactor, and (3) windrow compost. From all the methods, windrow compost is the
most cost-effective. In this technique, different organic wastes and agricultural
materials are added (e.g., straw, manure).15 Soil composting increases organic
matter, improves soil properties, and enhances microbiological activity. The high
organic matter content can also increase the pollutants’ adsorption and reduce their
solubility [404]. The composting process converts, binds, and degrades pollutants
and transforms them into unhazardous components [373]. However, the method has
several shortcomings such as (1) imposes a high soil disturbance (e.g., excavation);
(2) high demand for compost space and labour; (3) in windrow compost, there is a
risk of dust emissions; (4) in the presence of volatile or semi-volatile organic
compounds air emissions need to be monitored; (5) residual that is not degraded
needs careful disposal; (6) during the degradation process odours, greenhouse gases,
and toxins can be emitted, and (7) some types of compost may have metals and
metalloids or dioxins [405]15. Composting has been used in the removal of several
soil pollutants such as petroleum hydrocarbons [403], PAHs [405], metals and
metalloids [406], and pharmaceuticals [407].

Biochar application in soils is recognized to have several environmental benefits
such as mitigating GHG emissions, sequestering C, soil amendment, and pollutants
immobilization [408, 409]. Biochar is created at temperatures between 400 and
700�C with reduced oxygen. In these combustion conditions, solid residue or
biochar, gases, and liquids are produced. Biochar is rich in C, volatile matter,
mineral matter, moisture, and very recalcitrant. Biochar’s physical structure is rich
in pores with different dimensions that favour microbiological colonization. It has a
reduced bulk density, high pH, and base nutrients (e.g., Ca, Mg, N). The application
of biochar in soils increases aeration, water content, and increases nutrients [410–
412]. Overall, the application of biochar on soils has several advantages, such as soil
fertility and soil water content improvement, reduced GHG emissions, and waste
recycling. Nevertheless, there are several shortcomings: (1) increase of soil alkalin-
ity, harmful to some plants; (2) inhibition of plant germination; (3) the increase of
soil nutrients depends on the soil where biochar is applied. Normally the effective-
ness of biochar is reduced in soils with high clay content; (4) the high capacity of
biochar to retain nutrients decreases the amount of these elements to plants (e.g., N);
(5) some types of biochars can be rich in PAHs, VOCs, or dissolved organic C;
(6) aged biochar in the soil has negative impacts on earthworms, fungi and reduces
root biomass; (7) may not be suitable to all soils; (8) pollutants adsorption is
selective, and (9) biochar is composed by fine ash that can impose problems related
to health (e.g., respiratory problems) [413–416]. Despite the mentioned drawbacks,
biochar has been applied as a solution to soil remediation, and a large number of
works confirmed its efficiency to remove/immobilize metals and metalloids [417–
419]. This capacity to remove/immobilize was also observed in PAHs [420], petro-
leum products [421], pesticides [422], herbicides [423], and pharmaceuticals [424].

15http://www.cpeo.org/techtree/ttdescript/compost.htm (Accessed in 10-12-2020).
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Microplastics became a global problem, and there is a need to develop NBS that
tackles these problems. Some methodologies have been developed using microbes,
enzymes [425, 426], and fungi [427]. Nevertheless, most of these works were carried
out in the laboratory, and field experiments are needed to see these methods’
effectiveness.

The revision of soil remediation methods was not intensive. Previous works did it
in a detailed manner [372, 373, 387]. However, the techniques described applied
individually or combined can be a very good NBS to reduce soil pollutants in urban
areas and reduce the probability of water bodies contamination.

3.3 Water

Water bodies in urban environments provide a vast number of ecosystem services.
One of the crucial regulating ecosystem services provided by wetlands is water
chemicals regulation. Urban runoff usually has a high concentration of various toxic
pollutants that normally end in water bodies, contributing to biodiversity loss and
water quality [428, 429]. Therefore, there is a need to decrease the impact of urban
runoff on water quality. Natural or constructed wetlands (Fig. 7) are important to
pollutant retention and recycling, decreasing water treatment costs [430]. They
prevent pollutants’ transport to other water bodies such as lakes or rivers
[431, 432]. However, despite the importance of constructed wetlands to provide an
important number of ecosystem services, if the number of pollutants transported is
very high, they can become toxic and threaten the fauna and flora. This is especially
serious in industrial constructed wetlands [433].

Constructed wetlands are very beneficial to stormwater treatment and can provide
many ecosystem services such as the breakdown of organic compounds, nutrients
sequestration, sediment retention, water storage, and peak-flow reduction
[434]. These infrastructures present several advantages such as (1) are easy to
maintain; (2) have a long lifetime; (3) have reduced operational costs, and (4) can
treat a wide range of pollutants. However, they have some disadvantages: (1) have,

Fig. 7 Constructed wetlands located in Vilnius (Lithuania)
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to some extent, a stochastic behaviour and (2) are land-intensive infrastructures
[435]. The different types of constructed wetlands and their importance for C
sequestration were described in Air sub-section. These infrastructures have been
widely used with success to treat wastewater and are considered a sustainable option
[436]. Constructed wetlands are intricate systems where there is a complex interac-
tion between a substrate, water, plants, microorganisms, and water. The different
processes (physical, chemical, and biological) such as microbial degradation,
photodegradation, plant uptake, sedimentation, sorption, and volatilization can coin-
cide. Their effectiveness depends on the climate where they are installed.
Constructed wetlands established in warmer zones have higher efficiency in remov-
ing pollutants than in the cold ones. The reduced temperature harms their efficiency.
Also, pollutant removal performance depends on the age, macrophytes presence and
type, microorganisms, subtract that support the macrophytes, pH, dissolved oxygen,
design, artificial aeration, effluent recirculation, operational mode. Overall, the
constructed wetland design depends on the pollutants’ characteristics that need to
be removed [437–441]. Previous works did a deep revision about the importance of
the constructed wetlands for urban stormwater runoff [434], environmental pollution
control [442], metals and metalloids accumulation in plant tissues [443], oxygen
supply [444], greywater recycle and reuse [445], microbial nitrogen removal [446],
landfill leachate treatment [447] and the fate and removal of (1) organic matter and
nitrogen [448]; (2) P [449]; (3) petroleum products [450]; (4) boron [451]; (5) Fe and
sulphur cycling [452]; (6) pharmaceuticals [453–455] and (7) pesticides
[456]. Therefore, much information is available about the impacts of constructed
wetlands in pollutants removal.

Constructed wetlands have high efficiency in retaining suspended solids, biolog-
ical oxygen demand (BOD), and COD. For example, Vyzmal [457] found that a
gravel-based horizontal flow constructed wetlands are efficient to remove suspended
solids. If maintained and loaded correctly, these infrastructures can maintain good
performance for at least 20 years. Also, Koskiaho and Puustinen [440] observed that
older constructed wetlands have a high capacity of retaining solids than younger
ones due to the more abundant vegetation. In Brazil, Benvenuti et al. [458] reported
that a constructed floating wetland removed with efficiency 78, 56, and 55% of
suspended solids, BOD and COD, respectively. For instance, the type of material has
an important impact on the constructed wetland’s capacity to remove pollutants.
Khalifa et al. [459] found that the use of polystyrene foam in constructed wetlands
increased the removal efficiency of suspended solids (from 83 to 88.5%), BOD
(72 to 88%), and COD (71% to 88%) when compared with the materials used
(rubber, plastic, and gravel) without polystyrene foam. Hybrid constructed wetlands
(subsurface, vertical flow, and horizontal flow beds) have a high capacity to remove
pollutants. In Poland, Gizińska-Górna et al. [460] observed that within 3 years, a
hybrid, constructed wetland could remove a high number of organic compounds. On
average, 92.7, 96.6, and 95% of suspended solids, BOD, and COD, respectively.
Also, in China, Zheng et al. [461] reported that a constructed wetland reduced the
amount of COD (74.5%) and BOD (94.4%) that reach an urban river.
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Constructed wetlands retain high amounts of N, P, and K, decreasing the impact
of urban runoff and wastewater in water bodies eutrophication. Bai et al. [462]
reported that a floating-bed constructed wetland reduced from April to October 2016
substantial amounts of ammonia (80.90%), total N (71.12%), and total P (78.44%) to
reach an urban river. Plants in constructed wetlands have a high capacity to uptake
chemical elements. Schwammberger et al. [463] found that in a constructed floating
wetland built for stormwater, plants uptake large amounts of nutrients from the
water. In the 16-month study, plants removed 20.20 � 2.88 and 15.00 � 2.07 kg of
total N and 12.59 � 1.64 and 7.20 � 1.56 of total K. In Australia, a constructed
wetland decreased 2 to 4 times the amount of N and P reaching downward streams
[464]. Zheng et al. [465] reported that a hybrid constructed wetland (e.g., constructed
with local sand, gravel and slag) built in China could remove on average 69.2% of
total P, 56.3% of ammonia, and 57.5% of total N, decreasing the number of nutrients
that reached an urban river. The capacity of removal was high in the autumn and low
in the winter. Sedimentation processes play an important role in nutrient retention in
constructed wetlands. For instance, Griffiths and Mitsch [466] observed in a
constructed wetland for urban stormwater treatment in Naples, Florida, that P’s
sedimentation rates were 7.8 g m�2 year�1 and N were 81.7 g m�2 year�1. In this
context, constructed wetlands must be designed to minimize sediment resuspension.
In Uganda (Africa), Kabenge et al. [467] observed in a constructed wetland built for
stormwater runoff and colonized by cattail (Typha latifolia) and bulrush (Scirpus
lacustris) thats important amounts of total N (72.8%) and total P (62.8%) were
removed 8 days after the hydraulic retention.

As mentioned previously, stormwater runoff contains many metals and metal-
loids, and constructed wetlands act as a sink, preventing them from reaching water
bodies. Metals and metalloids immobilization is specially made by adsorption onto
sediments and plant uptake [468]. Walaszek et al. [469] observed that in a
stormwater-constructed wetland located in Strasbourg, eastern France, during
3-year monitoring (2015–2017) there was a reduction above 97% of Cr, Co, Cu,
Pb, and Zn. Also, the capacity of the constructed wetland to retain metals and
metalloids depends on the storm dimension. Maniquiz-Redillas and Kim [470]
reported that the capacity of constructed wetlands (Cheonan, Korea) to retain metals
and metalloids is higher in larger storms than in the small storms. However, the
highest number of pollutants was transported during small storms. Cr, Ni, Cu, and
Cd were difficult to retain because they were mainly dissolved. Pb, Fe, and Zn were
easier to immobilize because they have a high capacity to bind onto sediments.
Plants also have a high capacity to retain metals and metalloids. In Egypt, Typha
latifolia and Cyperus papyrus substrate with zeolite planted in a constructed wetland
could remove 72 and 84% of Cu and Zn, respectively [471]. Also, Vymazal and
Březinová [456] found that Phragmites australis can sequester many metals and
metalloids.

Petroleum products (e.g., diesel, oil, gasoline) are present in soils and roads due to
traffic and are easily transported in the runoff. Constructed wetlands can remove
these organic compounds at a low cost [435] up to 80–90% [450]. For instance,
Tromp et al. [472] found that a constructed wetland that drained a motorway near
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Amsterdam (The Netherlands) monitored during 18 months retained a very high
amount of PAHs (90–95%). Schmitt et al. [473] reported that all the PAHs in urban
runoff were retained in a sedimentation pond located in Strasbourg (France). In
Greece, two subsurface flow and two free water surface constructed wetlands that
drained a highway’s runoff retained 59% of PAHs in a two-year experiment
[474]. Constructed wetlands vegetation has a very good capacity to degrade
PAHs. Qin et al. [475] observed that submerged macrophytes have an important
role in PAH’s degradation.

Constructed wetlands have a high potential to remove pharmaceuticals. This
capacity depends on the season, hydraulic mode, pH, temperature, oxygen, and
redox potential and design [476]. A comprehensive review of the mechanisms
involved in pharmaceutical removal was carried out recently by Vo et al.
[477]. Zhang et al. [478] found that constructed wetlands (Jinan, China) could
remove up to 80–90% of pharmaceuticals. Subsurface flow constructed wetland
type had the highest capacity to remove naproxen, gemfibrozil, and ibuprofen, while
surface flow removed high amounts of diclofenac and ketoprofen. In Ukraine,
Vystavna et al. [479] reported a decrease in paracetamol (5%), diclofenac (97%),
caffeine (80%), and triclosan (88%) reaching an urban river during an experiment
carried out between 2012 and 2015. Also, Park et al. [480] found that soil organic
matter has a high capacity to retain several pharmaceuticals such as atenolol,
ibuprofen, and carbamazepine. As in previous pollutants, vegetation proved a high
capacity to immobilize pollutants. Hijosa-Valsero et al. [481] reported that Typha
angustifolia and Phragmites australis can retain a high amount of pharmaceutical and
personal care products in their root system. Finally, as in the previous pollutants,
several works highlighted the high effectiveness of constructed wetlands to remove
pesticides [482] and herbicides [483].

4 Conclusions

Urban activities have important impacts on air, soil, and water quality. These effects
are extremely detrimental to human health and biodiversity, increasing the degrada-
tion of urban areas. GHG emission and the pollution imposed by the release of PM,
CO, O3, SO2 and NOx, metals and metalloids and microplastics to the atmosphere
are associated with increased health economic losses, respiratory diseases, mortality,
and crop losses. The pollutants released from industrial and traffic activities are
deposited in soil, increasing their toxicity. High levels of pollutants reduce the soil
capacity to provide ecosystem services in quality and quantity and impose high
stress on plants development and affect directly (e.g., skin contact) or indirectly (e.g.,
food consumption) health. Since soils in urban areas are sealed or highly compacted,
all the pollutants are easily transported in the runoff, degrading surface and ground-
water reserves’ quality.

It is urgent to find solutions to reduce our footprint, and NBS is key to reducing
the impact of anthropogenic activities. Also, the establishment of these measures
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will increase the ecosystem services quality and quantity. Despite the stress imposed
by pollutants in plant development, they have a high capacity to remove pollutants
from the atmosphere, especially urban forests and green roofs that store and seques-
ter a large amount of C. Soils also have a high capacity to sequester C. However,
depending on the management, they can be a source as well. In urban forests, the
potential for urban soils sequesters C is high compared to other urban soils. Wetlands
can positively affect C sequestration; however, they are important sources of potent
GHG, such as CH4 and N2O. Bioremediation techniques (including biosparging,
bioventing, bioslurping, biostimulation, bioaugmentation, composting, biochar, and
phytoremediation) can serve as NBS to reduce soil contamination. There are a vast
number of methods used in industrial and urban areas. Most of them are based on
microbiological processes. When different methods are combined (physical, chem-
ical, and biological), the effectiveness of removing soil pollution is high. Urban areas
produce a large amount of waste and stormwater. Constructed wetlands are one of
the most widespread NBS used to retain pollutants and treat water. In many cases,
they is a very efficient strategy to reduce the number of pollutants that reach rivers
and other water bodies.

Pollution negatively affects plants, soils, and water by decreasing their functions.
However, they are very efficient in reducing human activities’ impact by capturing,
transforming, and consuming the wide range of pollutants produced. It is a paradox
that we are degrading nature with urban growth and can still minimize our effects
through nature. Future studies should be focused on how the GBI used as NBS is
negatively affected by acting as a pollutant buffer.
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Abstract Floods precipitate many infectious disease epidemics in humans and
animals. These incidences are more prevalent in developing countries where
about 80% of illnesses and deaths in humans are water related. This chapter
identifies three categories of flood-borne infections based on how floods influence
their occurrence patterns. The first category includes acute infections such as cholera
and leptospirosis, caused by bacteria that are carried mechanically by water and are
often ingested with water or food. These infections thrive in areas with high human
population densities with poor sanitation. In these settings, floods enhance transmis-
sion of infectious agents between hosts. The second category is vector-borne
infections such as malaria, Rift Valley fever, and schistosomiasis. They are trans-
mitted by vectors that breed in inundated areas. Their epidemics often follow flood
events by weeks or months depending on the duration of their development cycles.
The last category is skin and eye infections that occur following direct contact with
contaminated water. All these diseases can be controlled more effectively if the
standard surveillance and control measures are integrated with nature-based solu-
tions (NBS) for flood management. Examples the NBS that can be used include
re-forestation, tree planting especially along streams, and development of green
infrastructure in cities to enhance water retention, infiltration, and replenishment of
groundwater.

Keywords Deforestation, Environment, Flood management, Flood-borne agents,
Global warming, Hotspots, Re-forestation, Urbanization

1 Introduction

Flooding is defined as a temporary overflow or submerging of land, which would
otherwise have been dry [1]. It is a common disaster caused by multiple environ-
mental and socioeconomic factors, including above normal and persistent precipita-
tion especially in low and flat terrains with soils comprising poor draining properties
[2]. It also derives from an un-anticipated incursion of water such as when a dam
breaks or during a tidal surge. Landscapes with wide vegetation cover are more
likely to reduce surface runoff and promote infiltration or groundwater recharge
especially in sloping terrain [3]. The frequency and severity of floods are expected to
rise with global warming, which, among other things, would increase the frequency
of above normal precipitation events [4].

Floods have devastating effects on human health and wellbeing. These effects
may be short- or long-term depending on flood characteristics and the vulnerability
of affected populations. Floods may trigger epidemics of many infectious diseases in
humans and animals. In humans, up to 80% of illnesses and deaths in the developing
countries are water related, and half of the world’s hospital beds are occupied by
people with water-related diseases [5]. The World Health Organization identifies
several infectious diseases promoted by flooding such as leptospirosis, mosquito-
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borne infections, and water-borne gastrointestinal parasites [6]. Floods also disrupt
infrastructure, therefore limiting the delivery or access to health services especially
in remote locations with limited transportation networks [7]. In animals, floods cause
physical injury and deaths, limit access to feed, and hasten the transmission of
diseases such as botulism, foot rot, erysipelas, pneumonia, and mastitis among
others [8].

This chapter illustrates how floods trigger emergence and spread of infectious
diseases in humans and animals, using selected infectious diseases such as cholera,
leptospirosis, Rift Valley fever (RVF), and malaria as case studies. It starts by
describing common multiscale drivers of flooding and infectious disease outbreaks,
followed by a description of the processes through which flooding trigger epidemics.
Nature-based interventions that can be used to manage infectious diseases caused by
floods are presented together with other measures for floods and associated diseases
at the end of the chapter.

2 Multiscale Drivers for Floods and Associated Infectious
Diseases

Floods are a major risk factor for water-borne diseases such as cholera, typhoid, and
leptospirosis [9]. Many water-borne diseases are transmitted between humans and
animals, and the five most important zoonotic pathogens in this regard are Crypto-
sporidium parvum, Giardia duodenalis, Escherichia coli O157:H7, Salmonella sp.,
and Campylobacter sp. [10]. Floods and infectious diseases are likely to have
common antecedent multiscale drivers including climate change, land use change
(e.g., urbanization and agricultural intensification), and changes in human popula-
tion. A clearer understanding on these relationships could provide better knowledge
of underlying processes on how flooding is associated with pathogen transmission,
as well as potential ways of controlling the transmission.

2.1 Climate Change

The mean global temperature has been on a steady increase since the 1880s, at a rate
of 0.07�C per decade, due to the rising levels of greenhouse gases (GHGs) in the
atmosphere [11]. The five most important GHGs that are thought to have substantial
effect on global warming are carbon dioxide, methane, nitrous oxide, sulfur oxide,
and chlorofluorocarbons. These gases are largely generated from anthropogenic
activities such as the use of fossil fuel for transport and heating, manufacturing
and construction, deforestation, use of fertilizers, and other food production activi-
ties [12]. The rising human population is expected to hasten the production of GHGs
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due to expansion of agricultural and other socioeconomic activities that are needed
to boost food and energy requirements [13].

2.1.1 Climate Change and Flooding

Climate change is expected to increase the frequency and intensity of floods. Climate
simulation models, for example, demonstrate that if historical trends continue in the
future, the most intense precipitation events observed nowadays are likely to almost
double in occurrence for each additional degree of global warming [4]. Both fre-
quency and intensity of precipitation events are expected to increase [4], dictating
the need to enhance the resilience of societies to these changes. In addition, climate
change would increase the frequency of extreme El Niňo events [14], which trigger
intense precipitation and associated flooding and cyclones, among other natural
hazards, with severe socioeconomic consequences. El Niňo events recorded in
1982/83 and 1997/98 have been cited as the most intense globally, as they were
associated with a rise in sea surface temperatures above 28�C in the equatorial
eastern Pacific [15]. Following these events, extensive floods ensued in various
parts of the world including south America and eastern Africa.

2.1.2 Climate Change as a Predictor of Infectious Diseases

Climate change has direct and indirect effects on pathogen transmission in humans
[16] and animals [17]. A rise in temperature within a specific physiological range of
biological vectors such as mosquitoes and ticks hasten the transmission dynamics of
vector-borne pathogens. This is because temperatures amplify the development rates
of both the pathogens and vectors that are involved in their transmission [18]. Some
of the vector-borne diseases, such as malaria (transmitted by mosquitoes) and
schistosomiasis (transmitted by freshwater snails) are particularly important in this
regard because their occurrence and distribution are not only influenced by flooding
but also by global warming [18].

2.2 Vegetation Cover Changes

2.2.1 Effects of Land Use Changes on Flooding

The conversion of natural environments to cropland or urban settlements leads to the
removal of vegetation that often increases infiltration rates and reduces the speed at
which surface runoff flows [19]. Trees and shrubs improve the porosity of the soils
which allows rainwater to percolate into the subsurface [20]. A similar mechanism
operates when debris from shrubs and trees pile up and get buried in soils to increase
soil porosity. Natural landscapes have high water storage capacity provided, for
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example, by trees and depressions on the surface. All these terrain features provide a
natural flood regulation ecosystem service, which is minimal or absent in cultivated
areas [21].

2.2.2 Effect of Land Use Changes on Infectious Diseases

Apart from increasing the risk of flooding, land use changes can directly influence
the transmission of infectious diseases. Using deforestation as an example, a 10%
increase in deforestation has been associated with a 3.3% increase in malaria
incidence in the Amazon [22]. This is because deforestation disrupts the ecology
of mosquito vectors, prompting their dispersal to human settlements where they can
transmit the disease. Fragmentation of habitats and deforestation have been reported
to favor Ebola transmission [23].

2.2.3 Urbanization

Urbanization is rapidly expanding, particularly in developing countries, as people
move from rural to urban centers to pursue improved livelihood options. It is
predicted that the proportion of people living in urban centers will reach 60% by
2030, with most of this growth occurring in developing countries [24]. Unplanned
urban settlements, however, present additional challenges, not only in the delivery of
services to the population, but also with the maintenance, for example, of the
drainage systems. Poor sanitation and drainage systems are associated with a number
of public health risks such as water-related vector-borne diseases and fecal–oral
bacterial infections [25].

2.2.4 Urbanization and Flooding

Urban settlements experience higher risk of flooding than rural areas, partly because
permeable surface soils are often compacted or sealed during the construction of
buildings, pavements, and other structures. Large soil surfaces are covered by
concrete, asphalt, or other impermeable materials that seal the surface, therefore
reducing water absorption and increasing runoff and flood hazard [26]. When
drainage systems are appropriately designed, surface flow is efficiently managed,
but in poor urban settlements, drainage systems are often not well designed and
frequently get clogged with sediments and solid waste, therefore increasing chances
of flooding [27]. In addition, buildings are often constructed in floodplains and in
every open space to provide room for increasing population who are seeking for
accommodation. In addition, human settlements also develop in wetlands that are
prone to inundation especially during the wet seasons.

The Role of Floods on Pathogen Dispersion 143



2.2.5 Urbanization and Infectious Diseases

Informal settlements have been recognized as hotspots for some infectious diseases
such as cholera [28] and antimicrobial resistant bacteria [29]. The dense population
in these settings enhance effective host contact which enables faster pathogen
transmission than in remote or sparsely populated areas. Sewage and other solid
waste disposal services are not always efficient, and flooding provides opportunities
for infectious pathogens from uncollected wastewater and solid waste to multiply
and contaminate the environment, potentially leading to human infections
[30]. Uncollected wastewater also can serve as breeding points for a wide range of
vectors such as mosquitoes.

3 Processes Through Which Flooding Enhances Infectious
Diseases Occurrence

Floods trigger epidemics of several infectious diseases in humans and animals by
amplifying pathogen transmission processes. In human settlements and urban set-
tings, flood waters are usually contaminated by bacteria, viruses, protozoa, and
helminths carried from sewers, dumpsites, and other contaminated surfaces
[31]. Exposure to these pathogens through water or food can cause various forms
of infections, ranging from a mild disease to severe gastroenteritis [32]. Floods not
only carry these pathogens from one area to another, but may also promote their
multiplication (especially in the tropics and subtropics with favorable ambient
temperatures) amplifying vector populations, causing catastrophic [31] outbreaks
[33], and/or displacement and concentration of people and animals, therefore pro-
moting infectious disease spread and mental health problems [34].

Flood-borne infectious diseases can be classified into three categories according
to the role of floods in their transmission processes. The first group includes acute
infections caused by pathogens that are carried mechanically by water and are often
ingested with contaminated water or food. They usually cause widespread epidemics
with far-reaching human health burden. Examples of these diseases include cholera,
leptospirosis, typhoid, amoebiasis, polio, cryptosporidiosis, and hepatitis A. The
second category is the sub-acute, vector-borne diseases, whose epidemics occur
when their vectors multiply to large population densities in standing water masses.
Examples of these diseases include malaria, dengue fever, Chikungunya, Rift Valley
fever, and schistosomiasis. The third category is skin and eye infections that occur
following direct contact with contaminated water. These include fungal and bacterial
skin infections caused by a variety of pathogens such as Streptococcus pyogenes,
Staphylococcus aureus, Vibrio spp., insect bite reactions [35], and eye infections
[36]. However, this classification of diseases based on severity (i.e., acute or
sub-acute) is simplistic and used here only for illustration purposes.
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Floods increase disease burden through other indirect ways such as physical
injuries, crowding, and reduced access to public and animal health services due to
destruction of infrastructures [37]. Not much data, though, have been published to
show the relative contribution of the indirect effects of flooding on the overall health
burden. A morbidity study performed after a flood in Missouri in 1993, which
submerged over two million acres of land, reported that among people presenting
at hospital emergency departments, most had injuries (48%) and illnesses
(46%) [38].

3.1 Water- and Food-Borne Diseases

Cholera, leptospirosis, and cryptosporidiosis are caused by water-borne infectious
agents. After flooding, affected areas remain infectious since pathogens can persist
in the soils for variable periods of time, depending on temperature, sunlight, soil pH,
and other conditions such as soil organic matter [32].

3.1.1 Cholera

Cholera is a water-borne infection triggered by floods, especially in densely popu-
lated areas. It is caused by a gram-negative bacterium called Vibrio cholerae. Two
strains – 01 and 0139 – are recognized as being the main causes of cholera epidemics
[39]. Bacteria in the feces of infected people, which contaminate water and food are
the main sources of infection. The disease causes acute diarrhea and vomiting due to
the production of a cholera toxin by the agent [40]. The toxin prevents digestion and
absorption of water in the intestines, leading to acute dehydration. The disease
affects people of all ages although most of the cases are reported in children with
less than 5 years, which are also the most vulnerable to dehydration [41]. The World
Health Organization estimates that about 1.4–4 million cholera cases occur globally
every year, and about 21,000 to 143,000 cases result in death [42]. The number of
cases, however, is expected to be higher given the low levels of reporting.

The agent (Vibrio cholerae) is a free-living organism which inhabits in surface
waters, ponds, lakes, and rivers. Floods displace such contaminated waters and in
areas with high human population densities, increase rates of contact and transmis-
sion leading to devastating epidemics. Up to 7 cholera pandemics have been
observed since the disease was first identified in Bengal, India, in the early 1800s
[43]. Each pandemic runs a long course that may exceed 3–4 years, with millions of
cases. In addition, many smaller epidemics affected thousands of people.
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3.1.2 Leptospirosis

Leptospirosis is another important zoonotic disease associated with flooding. It
affects animals and man and is caused by pathogenic spirochetes of the genus
Leptospira spp. [44]. Leptospires have been found in more than 180 species of
animals, including domestic and wild animals such as cattle, pigs, horses, dogs, rats,
and other rodents [45]. Animals that survive acute infection may continue shedding
the bacterium for many months to years. Once excreted via urine, pathogenic
leptospires can survive in moist environments for about a month [46]. Humans get
exposed through (i) direct contact with urine, blood, or tissues of infected animals, or
urine-contaminated environments such as surface water, soil, and plants; or
(ii) ingestion of the organism through contaminated food or water [47]. The World
Health Organization’s Leptospirosis Burden Reference Group (LERG) indicates that
leptospirosis is common in urban slum areas with poor sewage disposal and poor
water supply. They also indicate that outbreaks are often triggered by floods. Table 1
provides an outline of leptospirosis outbreaks that have been associated with
flooding [48].

Environmental conditions that favor the survival of the pathogen are pH, ranging
between 6.2–8.0, and temperature between 28–38�C [49]. A survey conducted in
Argentina from 1999 to 2005 revealed that 76% of leptospirosis cases occurred in

Table 1 Examples of leptospirosis outbreaks associated with heavy rainfall and flooding (modified
from Lau, Smythe and Weinstein, 2010)

Region/
country Year Flooding event

New
Caledonia

2008 High rainfall and flooding associated with La Niña in early 2008. Epidemic
of leptospirosis in 135 people. Incidence of 500/100000 population in
Bourail region

Guyana 2008 Epidemic followed severe flooding with 30% of Guyana inhabitants
displaced from their homes

Laos 2006 Flooding in home property associated with seropositivity for leptospirosis
(odds ratio 2.12)

Mumbai,
India

2005 944 mm of rain in 24 h resulted in an eight-fold rise in the number of cases
of leptospirosis compared with the previous 4 years

Kerala,
India

2002 Peaks in leptospirosis incidence recorded 7–10 days after heavy rainfall
peaks

Indonesia 2002 Outbreak followed massive flooding in Jakarta, in January

Italy 2002 Devastating flooding in suburban area resulted in 6.8% seroconversion rate
for leptospirosis

Orissa,
India

1999 19.2% of studied subjects in flooded villages after a cyclone were found to
have serological evidence of symptomatic leptospiral infection

Puerto Rico 1996 Leptospirosis diagnosed in 6% of non-dengue febrile illnesses
pre-hurricane versus 24% of non-dengue febrile illnesses post-hurricane

Nicaragua 1995 Epidemic of leptospirosis followed severe rainfall and flooding in 1995.
Over 5,000 mm of annual rainfall compared with annual average of
1,300 mm
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warmer and wetter months [50]. Survival in water is inhibited by high acidity, high
salinity and sewage [51]. Risk factors that are associated with Leptospira spp.
infection include wet surfaces, streams near contaminated environments such as
industrial areas, contact with animals, and rat infestations [52].

Floods also bring to surface any leptospires that could have been lodged in
drainage systems. If the floods join rivers or fill other reservoirs used by humans
as sources of water for domestic use, cross contamination and subsequent infection
ensues. In addition, floods, and also flood irrigated fields, increase the time people
are in contact with water (mainly wading) and since the pathogen can penetrate skin,
this increases the infection rate [53].

There is insufficient information on the burden of leptospirosis given its poor
reporting levels. Globally, it is estimated that seven to ten million people are infected
by the disease, leading to about 1.03 million clinical cases and 58,900 deaths
annually. This translates to approximately 2.90 million Disability Adjusted Life
Years, a metric used to quantify disease burden in humans [54]. A large proportion
of cases (48%) and deaths (42%) occur in adult males within age of 20–49 years old
[55]. In Africa, Leptospira incidence has been estimated to be 95.5 cases per 100,000
and prevalence ranges from 2.3% to 19.8% [56].

3.2 Vector-Borne Diseases

Floods enhance population densities of many vectors such as mosquitoes, snails, and
biting flies which transmit many pathogens. There are over 3,500 species of mos-
quitoes, but a few are recognized as critical vectors of important pathogens in
humans and animals [53]. They all have a common life cycle where eggs laid on
water or moist surfaces hatch into larvae, which develop into pupae before emerging
as adults. There is a lot of variation on breeding requirements across species, but in
general, the immature stages (i.e., egg, larvae, and pupae) require water [57].

Schistosoma japonicum is the causative agent for schistosomiasis that occurs in at
least 76 countries throughout the world, with a disability adjusted life years of about
1.53 million [58]. The distribution of the disease is affected by environmental factors
such as vegetation coverage, temperature, soil type, and water level [59]. A study
conducted in China showed that flooding or inundation lasting from 2 to 7 months
was needed for the development of the snails [60]. This would be more relevant for
floods that take longer time to propagate, such as in marshy areas.

Surface runoff can destroy established breeding grounds for these vectors, and
thus in some cases, a reduced number of mosquitoes may be observed [61].

3.2.1 Malaria

Malaria is one of the mosquito-borne parasitic diseases that are prevalent in the
tropics. TheWorld Malaria Report (2019) by theWorld Health Organization showed
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that a total of 228 million cases of malaria and 405,000 deaths were reported
worldwide in 2018 [62]. Africa contributes to 90% of malaria cases [63]. The disease
is transmitted by Anopheles arabiensis and Anopheles gambiae. Typically, these
vectors breed in shallow waters, puddles, ponds, burrow-pits, tire tracks, or hoof
prints [64]. Apart from the presence of water, other critical meteorological param-
eters such as temperature, clear (non-turbid) water, pH, and oxygen concentration
levels are required for optimal development of malaria vectors [65].

Malaria epidemics associated with flooding have been reported in many countries
such as Sudan [66], Uganda [67], and Pakistan. Studies conducted in Uganda by
Boyce et al. [67] revealed that malaria incidence was observed during the post-
flooding periods, mainly along flood-affected rivers. In that study, a 3-month lag
period between flooding and malaria incidence was reported. Shorter lag periods
have been reported in other endemic areas. These discrepancies could be attributed
to environmental differences that permit flushing or re-colonization of mosquito
breeding sites.

3.2.2 Rift Valley Fever

RVF is another example of a mosquito-borne zoonoses which occurs periodically in
Africa [68] and the Middle East [69], following periods of above-normal precipita-
tion and flooding. The disease affects sheep, goats, cattle, and camels causing
abortion in pregnant animals and heavy mortalities in the young animals
[70]. Humans may get infected while handling body fluids or tissues from infected
animals, for example, when relieving dystocia, disposing aborted fetuses, or
slaughtering an infected animal [71]. Humans may also get infected if they get bitten
by an infectious mosquito. RVF cases in humans have variable manifestations; in the
majority of cases (>80%) it presents as mild influenza-like symptoms, but a few
presents hemorrhagic febrile illnesses with high mortality rates [72]. Estimates of the
health burden of the disease were recently generated in Kenya following the 2006/
2007 outbreaks. A total of 3,974 unweighted disability adjusted life years were
determined [73]. This could be underestimated given that many other cases occur
during inter-epidemic periods which are unreported.

The processes involved in the transmission of RVF are poorly understood, but
there are two recognized hypotheses about it. The first suggests that flood water
mosquitoes in the subgenera Neomelaniconion – e.g., Aedes mcintoshi and
Aedimorphus vexans – maintain the virus over the inter-epidemic periods via
transovarial transmission [74]. Infectious female mosquitoes lay infected eggs
which remain viable in the soils for many years. Eggs are usually laid at the edges
of flooded depressions just above the water surface. These eggs hatch when they get
inundated for at least 10–14 days, and adult mosquitoes that emerge are infectious
and can transmit the virus to susceptible animals. However, for an RVF outbreak to
occur, floods must persist for 4–6 weeks to allow the development of other mosqui-
toes such as Culex sp., Mansonia sp., and Anopheles sp. to amplify the transmission
processes. Domestic animals including sheep, goats, and cattle must be present in the
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area since when these animals are infected, their viremia levels rise to such high
levels that would enable many mosquitoes to be infected while feeding [75].

The second hypothesis assumes that low grade RVF virus transmissions occur
usually in riverine and forested habitats, and heavy rainfall and flooding cause an
exponential rise in the mosquito populations which leads to the amplification of the
transmission processes and epidemics. This has been supported by findings of
seroconversions during inter-epidemic periods [76]. RVF outbreaks are common
in southern, eastern, and western Africa. Figure 1 shows countries that have reported
epidemics, those where the virus has been isolated from, and with serological
evidence of exposure but no epidemics. A common feature in all the epidemics
identified is the above normal and persistent rainfall, which creates floods where
mosquito vectors develop. A few of the incidences, e.g. the 1987 RVF outbreak in
the Senegal River basin, have occurred following the construction of a dam and
subsequent flooding along the banks of the Senegal river in Mauritania-Senegal
border [77].

Fig. 1 A map of Africa and the Middle East showing countries that have reported epidemics, the
year when outbreaks were reported as well as countries where evidence of exposure has been
determined based on serological findings
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4 Solutions for the Control of Floods and Associated
Diseases

4.1 Prevention Through Nature-Based Solutions

The traditional methods for controlling flood-associated diseases can be substan-
tially strengthened if they are integrated with Nature-based solutions (NBS) for
controlling floods. NBS are “actions that are inspired by, supported by, or copied
from nature, and are designed to address a range of environmental challenges in an
efficient and adaptable manner, while at the same time providing economic, social
and environmental benefits” [78]. On flood management, NBS provide additional
benefits to those conferred by grey infrastructures, such as water retention, infiltra-
tion, and replenishment of groundwater. However, when used together, grey and
NBS-based (green) infrastructures are more effective in managing floods than when
each of them is used independently [79].

The tradition measures that are often used to control flood-associated diseases
include maintaining environmental cleanliness, reinforcing drainage systems, and
ensuring efficient disposal of debris that may act as breeding grounds for insects,
mosquitoes, cockroaches, and rodents [80]. In addition, neglected tins, water con-
tainers, or old vehicle tires that may be used by mosquitoes for breeding are usually
removed. Solid waste and other debris that may encourage rodent infestation and
proliferation, therefore increasing the risk of Leptospira spp., are also disposed [81].

However, sanitation measures highlighted above are not usually enough if
implemented alone, without longer term solutions for managing floods. These
integrated solutions ought to be implemented through multisectoral and
multidisciplinary partnerships to bring all the required expertise under the One
Health framework. Examples of NBS measures that could be used to prevent floods
include re-forestation and development of green cities, while the standard disease
prevention measures include pest management, surveillance, vaccination, and other
medical interventions. Community sensitization and training to recognize linkages
between NBS, flood control, and infectious diseases are also needed to encourage
stakeholder participation.

Other NBS measures that can promote better landscape management include tree
planting alongside streams. They prevent contamination of water by infectious
pathogens by filtering Cryptosporidium oocysts shed from livestock, and reducing
transmission to water sources [82]. Likewise, re-forestation prevents floods and
serves as water catchment “sponge.”

4.2 Surveillance and Emergency Preparedness

Surveillance can act as an early warning system and should encompass hydrology
(flood forecasting) and epidemiology (incidence of flood-associated diseases in
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animals and people). There should be a sharing of information across the relevant
authorities. Technology can improve surveillance and reduce costs, for example,
through gauges, drones, GIS data, and modeling used for flood forecasting [83]. Epi-
demiological innovations in surveillance include drone mapping for improving
response to cholera, development of risk maps to identify areas prone to flooding
and relevant diseases, and greater involvement of the community in reporting
diseases [84]. Predictive models have also been developed for some diseases such
as cholera [85] and RVF [86], using temperature, and precipitation and some
geographical factors such as soil types and land cover to predict disease dynamics.

Contingency plans and emergency response planning are important to support
early and effective actions. These should be written, tested, and refined through
simulation exercises. They should ensure that required equipment, material, and
supplies are available; that emergency centers are identified and equipped; that a
system is in place to communicate with those at risk, and that personnel are trained
and capable. Emergency response is often graded, with different levels of risk
identified and communicated to the public.

4.3 Response to Flood-Borne Diseases

The World Health Organization recommends that a rapid disease assessment should
be carried out at the beginning of a flood disaster [87]. It should focus on water,
sanitation, nutrition, shelter, exposure to disease, and access to health services. To
mitigate death and injuries, and to minimize disease outbreaks, affected communities
must be translocated to safer and higher areas, and be supplied with food, clean, and
treated water, clothing and medicine. In developed countries, increasing emergency
centers allow pets, while livestock may be allowed to stay outdoors, with potential
secondary effects on disease spread. Livestock may also need to be moved, rescued,
or carcasses safely disposed.

Unfortunately, relocating people into relief camps or emergency shelters also
involves health risks. Crowding, insufficient resources, and other stressors have led
to outbreaks of disease and violence. The World Health Organization [88] recog-
nizes that the standard control measures such as rehydration, antibiotic treatments,
and improved sanitation measures work well in selected settings, but sustaining
these measures throughout the vulnerable regions of the world would be costly
[89]. Moreover, drug resistance is threatening to reduce the effectiveness of antibi-
otic treatments that are available for use during epidemics. Vector control measures
such as mosquito nets and insecticide sprays are also used, especially in the tropics,
to prevent upsurge in vector-borne diseases. In addition, some zoonotic diseases
such as RVF would require livestock vaccination to minimize further spread of the
disease in both livestock and human populations.
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5 Conclusions

Floods are associated with many infectious diseases. Some of these are acute
infections that are caused by flood-borne agents that contaminated food and water,
while others are sub-acute infections transmitted by vectors that develop in inun-
dated areas. As the frequency of flooding is expected to increase with climate, land
use changes, and demographic changes, the incidence and impacts of flood-borne
infectious diseases are also expected to increase. In this case, nature-based solutions
that are known to be effective in controlling floods (e.g., re-forestation, tree planting
along streams, and the development of green infrastructure) should be integrated
with standard measures for managing infectious disease epidemics (i.e., disease
surveillance, sanitation measures, and case management), under the One Health
framework, to prevent these diseases. These actions can only be implemented if
effective partnerships between professionals, development actors, and local com-
munities are established.
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Abstract Development of the human society has a conspicuous negative influence
on water resources and causes serious environmental contamination that is nowa-
days reaching a critical level. The quality of water is one of the vital components of
the overall environment. Thus, water pollution can lead to human health issues,
poisoned wildlife, and to long-term ecosystem damages. Plants are the first organ-
isms that react to negative environmental changes and they are often used as
bioindicators of water and air pollution. In addition, a significant number of plant
species have the ability to accumulate harmful pollutants from soils and water.
Recently, special attention has been paid to investigating the potential of plants to
absorb toxic substances and reduce their negative impact on water resources.
Besides, proper management of water resources depends upon understanding how
plants regulate the use and retention of water. Environmental pollutants such as
heavy metals can cause disturbance in root structure and function, thus having a
negative effect on the water uptake. This chapter will review and discuss the role of
the plants in water regulation and the control of water pollution in urban and mining
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areas. Information presented in this chapter will provide better insights into the plant-
based technologies aimed at contributing to the purification and remediation of
polluted water resources.

Keywords Macrophytes, Mining industry, Phytoremediation, Pollution, Urban
areas, Water resources, Wetlands, Woody plants

1 Introduction

Water represents a renewable source and is an essential element for life [1]. About
35% of the Earth’s available and renewable freshwater is used for industrial,
domestic, and agricultural purposes [2]. Water pollution is a serious global problem
that negatively affects the environment settings, human and animal health, agricul-
ture and food production, and the overall quality of life [1, 3, 4]. Water pollution can
originate from natural sources, since toxic chemicals can occur naturally
(e.g. arsenic, fluorine) and contaminate groundwater and surface waters [3, 5]. How-
ever, water pollution is mainly caused by human activities [6]. The main sources of
water pollution include urbanization, industrialization, mining and smelting, agri-
culture, paper mills, petrochemical manufacturing, and textile, leather, and tanning
industries [1–7]. Among them, urban activities and mining industry are two sources
of particular interest for water pollution and assessment of the role that plants play in
water purification. The main pollutants released from urban sources are pathogenic
microorganisms, heavy metals, dioxins, suspended solids, oils, grease, and phenols.
In comparison, pollutants originating from industrial sources include benzene,
ammonium, acids, sulfides, chlorides, fertilizers, herbicides, and insecticides [1, 3–
5, 7]. Over the last years, particular concerns have been raised about emerging water
contaminants that are globally persistent and released from urban areas and mining
industry, such as drugs, biocides, fragrances, pesticides, hormones, plasticizers,
detergents, metabolites, antioxidants, combustion indicators, and flame retardants
[1, 7].

The Stockholm Convention listed 12 substances as persistent organic pollutants,
characterized by long-term toxicity and accumulation in fatty tissue of living organ-
isms, which can cause nervous system damage, immune system diseases, reproduc-
tive or developmental disorders, and cancer, even if present in the organisms in small
quantities [7]. The United Nations 2030 Agenda for Sustainable Development calls
for availability and access to safe and clean drinking water and sanitation through the
Sustainable Development Goal (SDG) 6: Clean Water and Sanitation. Wastewater
treatment systems are fundamental in terms of mitigating pollution and preventing
the spread of diseases and thus preserving the health and well-being of millions. In
addition, the Sustainable Development Goal 9 (SDG 9) targets resilient infrastruc-
ture, sustainable industrialization, and introduction and promotion of new technol-
ogies enabling the efficient use of resources. Striving toward these aims, a new
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concept known as nature-based solution (NBS) has drawn a lot of attention in recent
decades. Nature-base solutions refer to actions that are “inspired by, supported by, or
copied from nature” [8, 9]. A few examples include phytoremediation and natural
and constructed wetlands, which offer a notable potential for application in the
control of water quality and mitigation of water pollution [10, 11], with multiple
environmental, social, and economic benefits [12]. Dendroremediation, which is the
use of trees to clean up polluted soil and water, represents one of the
phytoremediation techniques with great potential [13]. Fast-growing tree species
can be considered as ideal low-cost candidates for phytoremediation applications
[14]. Trees act as water filters and improve water quality by conducting the uptake of
heavy metals through their extensive root system [15]. Besides, the
phytoremediation technique has been extensively used in constructed wetlands,
given the cost-effective and environmental-friendly approach and economic benefits
associated with the maintenance of natural wastewater treatment systems
[10, 16]. Constructed wetlands are suitable for water retention and degradation of
contaminants both in urban and mining areas [17], while phytoremediation can
support urban water management [12]. Aquatic plant species (also designated as
macrophytes or hydrophytes) are highly recommended options for the
phytoremediation of heavy metals and other water contaminants [10, 11]. The use
of aquatic macrophytes to mitigate water pollution is one of the most researched
issues all over the world. Aquatic macrophytes occur naturally and they are well
adapted to their surroundings. The management of water quality with aquatic
macrophytes is based on their capability to remove excessive nutrient loads, sus-
ceptible of causing eutrophication of surface waters. Aquatic macrophytes are able to
retain metals by acting as traps of suspended particles [18]. This chapter aims to
review the importance of phytoremediation and wetland systems as NBS for water
regulation and pollution control, especially in the urban areas and mining industry.

2 Phytoremediation as a Nature-Based Solution to Control
Pollution

The NBS has relevant potential with regard to effective environmental management,
namely of water resources, including to reduce and mitigate surface water and
groundwater pollution, and also contamination of the soil, sediments, sludges, and
even air [19, 20]. Plant organisms have been proposed to mitigate the dangerous
effects of pollutants in the environment, having a major role in nature-based
phytotechnologies usually named phytoremediation [20–22]. Phytotechnologies
have been used worldwide to remediate and restore damaged ecosystems, especially
those caused by industrial byproducts affecting rivers and other waterways [23]. The
term phytoremediation is derived from the Greek prefix “phyto” meaning plant and
the Latin suffix “remedium” meaning to clean or restore [19, 24, 25]. The use of the
term phytoremediation was introduced by the United States Environmental
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Protection Agency (EPA) in 1991, and it was first used in literature in 1993 by
Cunningham and Berti [26].

Phytoremediation is a plant-based technology that uses naturally occurring or
genetically engineered plants (trees, shrubs, and grasses) and/or their associated
rhizosphere microorganisms, performing as soil amendments and being applied in
agronomic techniques for degradation and sequestration of inorganic and organic
pollutants, thus cleaning contaminated environments [27–33]. Phytoremediation
represents an environmentally friendly and sustainable solution, since it is a solar-
driven and a cost-effective alternative approach to the rehabilitation of hazardous
waste sites in the industrial, agricultural, and urban territories [20, 22, 34–39].

Phytoremediation as the green phytotechnology consists of several different
plant-based technologies, each one having a different mechanism for remediation
of polluted soil, sediment, and water [19, 24, 37, 39, 40]:

• Phytoextraction is the use of the plants in waste sites to absorb metals from the
soil and translocate and accumulate them into the aboveground plant organs;

• Phytostabilization uses plants tolerant to the target element to reduce its environ-
mental mobility, thus stabilizing rather than cleaning contaminated soils, sedi-
ments, and groundwater, through the absorption and accumulation in the roots,
adsorption onto the roots, or precipitation or immobilization within the root zone
or in the substrate;

• Phytovolatilization (also called phytodegradation or phytotransformation) is the
process of uptaking contaminants from soils, sediments, and water through the
plant roots, subsequent transformation by the plant, and releasing of the contam-
inant or a modified form of the contaminant to the atmosphere, through the plant
shoots or leaves by transpiration. It occurs as growing trees and other plants take
up water and organic contaminants;

• Rhizofiltration (also called phytofiltration) involves the use of aquatic plants to
clean various types of water environment; it is the process in which roots or the
whole plants absorb, concentrate, and/or precipitate hazardous compounds from
aqueous solutions and are later harvested to remove the pollutants;

• Rhizodegradation, also called enhanced rhizosphere biodegradation,
phytostimulation, or plant-assisted bioremediation or degradation, is the break-
down of soil contaminants through the activity of rhizosphere microorganisms.

The selection of the phytoremediation approach depends on several factors,
including the natural capability of plants to tolerate, accumulate, and translocate a
high content of the pollutant; the high production of biomass; the climatic condi-
tions; the additional technologies available for the recovery of pollutants from the
harvested plant biomass; and the amendments applied. Phytoextraction and
phytostabilization are the most widespread methods used for soil phytoremediation,
while rhizofiltration is a phytoremediation technology more suitable for the removal
of pollutants from contaminated waters [11, 37, 41].

In comparison with the conventional technologies for water and wastewater
treatment (e.g. flotation, adsorption, and electrochemical oxidation) [42, 43],
phytoremediation has its own advantages and limitations. Among the evident
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advantages of phytoremediation are the economic efficiency, ecological safety,
esthetic attractiveness, and public recognitions [12, 37]. It can be applied both in
situ and ex situ, in remote locations, for one or multiple contaminants, and comple-
mentary to other remediation methods. The use of plant species for the cleanup of
contaminated water and soil, with both inorganic and organic substances, also
contributes to the control of soil erosion and surface runoff and climate change
mitigation through greenhouse gases sequestration (e.g. carbon dioxide) and
increases the esthetic function of restored habitats [20, 26]. An important advantage
of the phytoremediation is the application of different amendments (for example,
phyllosilicates, zeolites, peat, ash, lignin, compost). It promotes the stabilization of
heavy metals in soils and the availability of metals for plants [37]. Conversely, there
are some disadvantages of phytoremediation, such as the concentration of contam-
inants, toxicity, and bioavailability. The plant choice and stress tolerance are conse-
quential disadvantages in terms of the accumulation of pollutant in fruit and other
edible plant parts, low biomass production that requires several planting and
harvesting decontamination, and the handling and disposal of contaminated plants
[44]. The efficiency of phytoremediation is limited by the depth of the root systems
and the solubility and availability of the pollutants; it requires a long time to clean the
water and is highly affected by climatic and seasonal conditions. Furthermore, the
introduction of nonlocal plant species in the environment can affect the biodiversity.
Operation and maintenance costs, involving moving, replanting, pruning,
harvesting, fertilization, and monitoring the status of vegetation and performance
of the system, should be considered in the design of phytoremediation solutions [45].

The plant species widely used in phytoremediation can be grouped into three
categories. The first category consists of excluders, which include plant species that
prevent the absorption of pollutants by roots and their translocation to the above-
ground organs. Excluders are used for the stabilization of soils and the prevention of
spreading toxic metals due to erosion. The second category consists of accumulators,
i.e. plants that concentrate pollutants in the aboveground parts without signs of
toxicity, and can be used for the cleanup of contaminated environments. Among
them, the hyperaccumulators are the plants capable of absorbing 50–500 times
greater amounts of pollutants than usual. They are mainly included into the
Asteraceae, Brassicaceae, Caryophyllaceae, Euphorbiaceae, Fabaceae,
Flacourtiaceae, Lamiaceae, Poaceae, and Violaceae families. Brassicaceae contains
the highest number of hyperaccumulator plant species. The third category consists of
indicators, plants used in phytomonitoring and phytoindication. Plants naturally
growing in polluted environments have the best potential for phytoremediation in
aquatic or terrestrial environments [37, 44].
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3 The Role of Trees and Aquatic Plants in Water
Regulation and Pollution Control

Dendroremediation represents the use of trees to clean up polluted environments
[13]. Trees have been suggested as the appropriate plants for the phytoremediation of
contaminated land and water, because they provide a number of beneficial attributes.
The most important phytoremediation traits of trees include their large biomass and
genetic variability and comprise established agronomic and management practices
with economic value, with a high degree of public acceptability [46, 47]. Their
natural growth in conditions of highly variable biotic and abiotic stresses, their deep
root system, intense transpiration, and high productivity of biomass have been
proposed as the traits for the effective phytoextraction. A combination of trees and
grasses promotes effective phytostabilization [13, 37].

The most phytoremediation-promising woody plants are the fast-growing species
of the Salicaceae family (Salix spp., Populus spp.) [48–63]. The extensive root
system allows willows (Fig. 1) and poplars to tolerate and uptake high concentra-
tions of pollutants and to play an important role in the phytostabilization technique
[52–58]. Those plant species have the ability to uptake different heavy metals and
organic pollutants from contaminated substrates (Table 1), accumulate pollutants in
the root tissues, and translocate them to the aboveground organs [52, 56–62].

Fig. 1 Traits of woody Salix sp. important for phytoremediation purpose (Zorana Hrkić Ilić 2020)
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Poplars and willows, as flood tolerant species [70, 71], might be a good solution
for the remediation of contaminated waters [37, 48–51]. The root systems of willows
and poplars uptake large amounts of water and thus may contribute to flood
mitigation [65] while decreasing the metal contents available for leaching from the
soil to water [46, 47].

Willows and poplars with a rapid and high production of biomass might be a
proper solution for different sources of pollution [65, 72–74]. For example, energy
willow (Salix viminalis L. clone “Inger,” Fig. 2a, b) has valuable phytoremediation
properties. Due to high transpiration rates (15–20 l/m2/day), it is suitable to drain
soils where surface water is retained or groundwater levels are high. The “Inger”
clone grows successfully on polluted and eroded surfaces, enriching them with

Table 1 Review of heavy metal (HM) concentrations accumulated in the vegetative organs of
Salix L. and Populus L. genotypes, used in phytoremediation of contaminated urban and industrial
sites

Genotype
Plant
organ HM

Concentration of HM (mg/kg
dry weight) Ref.

10 Populus clones Roots Cd 1.8–7.4 [63]

10 Populus clones Leaves Cd 0.03–0.71 [63]

Populus nigra L. clone “Poli” Root Cd 9.7 [64]

Populus nigra clone “Poli” Leaves Cd 9.7 [64]

Populus � canadensis Moench
clone “I-214”

Root Zn 3.6 [65]

Salix alba L. clone “SS5” Root Cd 4.1 [64]

Salix alba L. clone “SS5” Leaves Cd 376.0 [64]

Salix � rubra Huds. Roots Ni 14.6 [66]

Salix � fragilis L. Leaves Cd 168 [67]

Salix � smithiana Willd. Roots Cd 3.05 [68]

12 Salix clones Roots Cu 2,065.3–2,876.2 [69]

12 Salix clones Leaves Cu 391.1–660.8 [69]

Salix alba clone “68/53/1” Roots Ni 2970.6 [52]

Salix nigra Marshall clone “0408” Roots Ni 4,161.9 [52]

Fig. 2 (a) Short rotation plantations of Salix viminalis L. clone “Inger” (in Romania, near Ghilad),
willow genotype significant for use in the phytoremediation; (b) width of clone “Inger” plantation
belts (Photo by Ratko Ristić 2020)
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organic contents and binding pollutants. It can be planted in the belts for the
protection of soils against wind erosion and pollution in canals and settlements.
Sludge and wastewater from treatment facilities can be deposited and very quickly
decomposed under “Inger” plantations, which contribute to the enhancement of soil
structure and improve its quality (https://poljoprivreda.info/tekst/energetska-vrba-
revolucija-u-proizvodnji-zelene-energije; https://balkangreenenergynews.com/
energy-willow-salix-viminalis-biomass-where-you-want-it/).

Aquatic plants are also important in phytoremediation since they play a crucial
role in the active and passive biogeogenic cycling of trace elements [23]. The
properties of intensive and nonselective uptake and hyperaccumulation of various
chemical elements and substances determine the importance of aquatic plants as
bioindicators [75, 76]. The chemical composition of aquatic plants can significantly
reflect the quality of water and sediments within river basins. Therefore, it is possible
to monitor the pollution of aquatic ecosystems based on the degree of accumulation
of nutrients and heavy metals in their tissues. For the purpose of bioindication, data
on the concentrations of certain chemical elements in different parts of plant tissue
can be used as indicators for the chemical load of natural resources [77–79].

Changes in the distribution and structure of macrophytic communities are con-
sidered very reliable biological indicators of water quality, and their role in aquatic
ecosystems is manifested through the processes of chemical bioconcentration,
i.e. phytoextraction [80]. Aquatic plants act as the bioaccumulators given their
properties of nonselective absorption, degradation, and mineralization of nutrients,
heavy metals, and organic pollutants within the aquatic environments, including
sediments [81]. These species are known as hyperaccumulators, since they maintain
normal metabolism even in the presence of larger amounts of some pollutants
[82, 83]. The ability of hyperaccumulation is particularly important for removing
heavy metals from the environment and successful purification of natural waters
[76]. Especially, rooted aquatic plants accumulate heavy metals in their roots, thus
playing a significant role in the immobilization and hyperaccumulation of pollutants
and acting as bioremediation agents [73, 77]. The increased concentration of nutri-
ents and heavy metals in tissues of the aquatic plants may be due to their high
concentration in the aquatic environment [80]. However, metal concentration in
aquatic plants is usually significantly larger than in the surrounding water [82] and
varies depending on the plant species, age, organs, and other environmental factors
such as temperature, salinity, and pH [83].

For example, a case study was conducted in the swamp-marsh ecosystem com-
plex Bardača located in the far North-East of the Lijevče field, Republic of Srpska,
Bosnia and Herzegovina (45 060 0600 North latitude and 17 260 2600 East longitude),
covering 2.810 ha. On 2 March 2007, Bardača was declared a Ramsar area (number
1858) and an “Important Bird Area” (Fig. 3a, b). As it is, this sensitive ecosystem is
under strong anthropogenic influence today, and it needs constant monitoring of
water quality, in particular heavy metal contents in aquatic macrophytes. The
measurements of heavy metals (Fe, Mn, Cu, Zn, and Pb) accumulated in the aquatic
Utricularia vulgaris L. and Salvinia natans (L.). All plants, sampled in Bardača area,
revealed that those species accumulated high concentrations of Fe, Mn, and Zn and
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could be used in the phytoremediation of water-polluted ecosystems [77]. Several
studies of heavy metal and macronutrients accumulation in macrophytes that grow in
urban rivers reveal their potential use as indicators of aquatic ecosystems and their
remediation potential. These species include Ceratophyllum demersum L., Phrag-
mites australis, Hydrocharis morsus-ranae L., Potamogeton natans L., Stuckenia
pectinata (L.) Börner, Potamogeton crispus L., Myriophyllum spicatum L., Trapa
longicarpa Janković, Typha latifolia L., Elodea canadensis Michx., Callitriche
palustris L., Persicaria amphibia (L.) Delarbre, Vallisneria natans (Lour.)
H. Hara, Hydrilla verticillata (L. f.) Royle, Myriophyllum aquaticum (Vell.)
Verdc., and Mentha aquatica L. [80, 84, 85].

4 NBS Strategies for Water Regulation and Pollution
Control in Urban Areas

The contamination of water in urban areas is receiving an increasing attention
worldwide. Urban water is particularly exposed to contamination due to overpopu-
lation and urban expansion in recent decades [86, 87]. The rapid growth of urban
areas results in an increasing demand for freshwater resources and asserts the
importance of reliable, resilient, and sustainable water management [88–
90]. Water resources like rivers and streams are a natural connection between
watersheds and seas and also a medium for the transport of pollutants from anthro-
pogenic sources. Unfortunately, the research of the ecology of urban streams is
mainly related to large cities and developed countries [91], even though serious
threat has also been identified in urban areas of developing countries as well
[92]. The effects of urbanization on water resources are defined as the urban stream
syndrome [93], characterized by the altered channel morphology and stability,
higher concentrations of pollutants, nutrients, and toxicants, and reduced species
richness [94].

Fig. 3 (a) Nature wetland in Bardača Ramsar site, (b) Bardača aquatic plant community (Photo by
Zorana Hrkić Ilić 2020)
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The status of water quality is difficult to assess in urban areas because of the
complexity of pollution sources and type of pollutants [95–97], but most of them are
a result of human activity. The identification of pollution sources and pollutants is a
continuous process. Vehicular transportation sector and the atmospheric deposition
have been previously identified as the major sources of water pollution within urban
areas [95, 96]. The early studies addressed conventional pollutants such as total
suspended solids, chemical or biochemical oxygen demand, trace metals, and
various nitrogen and phosphorus elements. Nowadays, polluted urban stormwater
and snowmelt contributed significantly to the deterioration of water quality in many
urban areas. Recently, the sources of stormwater pollution in the urban areas are
grouped into four main categories: atmospheric deposition, drainage surfaces,
anthropogenic activities, and urban drainage systems. Industry is among the most
important anthropogenic sources of pollution that endanger long term sustainability
of nature and ecosystem services provided by streams and water [96].

Water pollutants can be divided into three main groups: (1) physical contami-
nants, which primarily impact the physical appearance or other physical properties of
water, including sediments or organic material suspended in the water and originat-
ing from soil erosion; (2) chemical contaminants are elements or compounds,
including organic compounds, nutrients, pesticides, metals, toxins, and human or
animal drugs; and (3) biological contaminants are microbial organisms in water,
including bacteria, viruses, protozoan, and parasites [96–99].

The growing population in urban areas has serious negative impacts on urban
water resources due to inappropriate infrastructure to convey sewage or drinking
water [100]. Contaminated drinking water and inadequate sanitation infrastructure
exacerbate health risks in urban centers, as the major source of the diseases caused
by bacterial and viral pathogens [5, 101]. Organic pollutants can also directly
contaminate urban water and soils, through deposition after initial emission into
the atmosphere followed by transport [102]. Inputs of metals and organic contam-
inants to the urban wastewater system occur from three sources: domestic, commer-
cial, and urban runoff. The main persistent organic pollutants of global concern are
polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and
polychlorinated dibenzo-p-dioxins and polychlorinated dibenzo-p-furan (PCDD/
Fs), originating from atmospheric deposition onto paved surfaces and runoff
[103, 104].

Increased concentration and loads of several chemical pollutants in stream water
appear universal in urban streams, often occurring even at low levels of catchment
urbanization [105]. Plants are useful sensors to identify environmental contamina-
tion and potential exposures to pollutants [106]. Green infrastructure in urban areas
is exposed to the negative influences of pollution and deterioration of physical
properties of urban soils, sealing, and traffic loads [107]. Sustainable management
and stewardship of green urban infrastructure should be a part of urban planning
systems and urban development [108], where a local administration should consider
needs and prioritize green infrastructure in environmental maintenance, in alignment
with urban development. In that sense, it is quite important to identify those plants
that can be used to assess the status and trends related to human health [109], suitable
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for the improvement of environment in urban areas and featuring a high
phytoremediation potential. Water management in urban areas can be achieved
through nature-based and sustainable technologies for water remediation, such as
phytoremediation and constructed wetlands [12, 110, 111]. By improving water
quality, both types of technologies reveal potentials in water sanitation, treatment
and reuse of the wastewater and rainwater [18, 36, 112, 113]. They comprise
different types of NBS to address water pollution, but provide similar social,
economic, and environmental benefits when applied. Phytoremediation can help
address urban challenges in water management, while constructed wetlands in
urban areas allow degradation of the contaminants and retention of the water
[12]. The difference between the terrestrial and wetlands phytoremediation is
reflected in the fact that wetland phytoremediation is still new and not a fully
developed approach and is generally restricted by the shallow distribution of aquatic
plant roots [114]. In addition, wetlands differ from traditional phytoremediation in
that manipulation of the partially decomposed litter layer and sediments in wetlands
has primary significance in the remediation processes, whereas uptake of pollutants
by plants has a secondary role [115].

Urban vegetation, particularly woody plants (trees and shrubs), is a base source
for the nature-inspired approach that provides various ecosystem services crucial for
the people living in urban zones. Urban greening (Fig. 4a–e) has become a particular
interest to many cities and municipalities, in terms of sustainable water management
through the improvement of water quality, reduced stormwater, and the enhance-
ment of water storage and interception of rainfall at the source. It is also involved in
the reduction of pollution, by enhancing sediment retention and cleaning soil and
water from pollutants accumulated in urban areas [116–118]. Numerous studies
revealed that tree species commonly planted in urban green areas have a strong
phytoremediation potential, such as Betula pendula Roth, Robinia pseudoacacia L.,
Tilia cordata Mill [14], Aesculus hippocastanum L. [119], Celtis occidentalis L.,
Quercus robur L., Tilia argentea L., and Platanus x acerifolia (Aiton) Willd [120].

Aquatic plant species in constructed wetlands have proved to be successful in
retaining and transforming various pollutants in urban wastewater, stormwater, and
sediments [121, 122], including nutrients, heavy metals, volatile organic com-
pounds, pesticides, explosives, and petroleum hydrocarbons and additives [123–
130]. However, assessing the phytoremediation potential of wetland plants is com-
plex due to variable conditions of hydrology, plant species diversity, and water
chemistry. Biological and physico-chemical properties of wetlands are important for
the remediation of contaminants in water bodies, particularly the expansive rhizo-
sphere of wetland plant species, the seasonality of wetland ecosystem, and the
productivity and succession of the wetlands plant communities [121].

Compared to centralized sewer systems in cities, constructed wetlands are
decentralized systems with an important role in the mitigation of flooding in urban
areas, caused by excessive rain and stormwater [131]. Physico-chemical and bio-
logical features of constructed wetlands enable the removal of numerous pollutants
from urban waters, including viruses and bacteria [132, 133], nutrients, heavy
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metals, organic matter, herbicides, and polycyclic aromatic hydrocarbons [134],
pharmaceuticals and personal care products [135].

The selection of suitable macrophyte species to be used in constructed wetland
systems depends on the species tolerance to pollution, type of wetland design and
mode of operation, and the composition of the urban waters [126, 128]. In most
cases, constructed wetlands are planted with competitive, resistant, and proliferative
species, such as Phragmites australis (Cav.) Trin. ex Steud. or Typha spp.
[125, 127]. Recent studies, however, have shown that using native, common, and
abundant plant species growing near water pollution sources can maximize the
removal rate of pollutants in constructed wetlands [128, 130]. Species with high
biomass production and ability to add oxygen in the root zone provide positive
conditions for microbe development and bioremediation [124, 129, 136]. Plants that
can adapt to wetland conditions are useful for phytofiltration [136].

Constructed wetlands, another type of NBS, can provide a number of environ-
mental, social, and economic benefits [12]. Several case studies pointed out the use

Fig. 4 Green infrastructure in different cities of Republic of Srpska, in Bosnia and Herzegovina:
(a) Public park in the city of Trebinje; (b) Urban recreation zone in the city of Trebinje; (c, d)
Different woody species important for phytoremediation in the cities of Doboj and Prijedor; (e)
Bushes as important elements of the green infrastructure in the town of Prnjavor (Photo by Marijana
Kapović Solomun and Zorana Hrkić Ilić 2019)
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of constructed wetlands for both contaminant degradation and water retention in
cities worldwide. A few examples include:

• China, where an experiment with ornamental hydrophytes for potential
phytoremediation of urban wastewater was conducted in the arboretum of Zhe-
jiang Normal University in the city of Jinhua, the Zhejiang Province. The results
showed that Iris pseudacorus and Acorus gramineus species are outstanding
either in adapting or cleaning the urban sewage, and that wetlands with ornamen-
tal hydrophytes were an appropriate choice for treatment of polluted urban
wastewater [10].

• Collateral Channel, a 485 meter long slip channel constructed in Chicago,
Illinois, USA, in the late nineteenth century. Over the years, it has received
large quantities of organic and inorganic contaminants from municipal and
industrial discharges. The main pollutants identified in sediment samples col-
lected within the channel include lead (Pb), in concentrations up to 483 mg/kg,
and PAHs with the total of 16 compounds attaining 1,500 mg/kg. A method based
on active capping with an emergent wetland was applied in this channel to
provide nutrient removal and habitat conservation. The wetland decreased the
amount of contaminants and removed the nutrient content of the water flowing
through it, based on plant uptake and microbial processes developed within the
sediment layer. The wetland cap is also intended to provide a public recreational
space [137].

• Brisbane, Australia, where two constructed wetlands provide harvesting of
rainwater, used for irrigation purposes, a habitat for various macroinvertebrate
species, and recreational and educational opportunities [138].

However, it is important to perform adequate maintenance of the wetland system
to avoid any potential bioavailability, bioconcentration, and biomagnification of
contaminants through aquatic animals [121, 139].

5 NBS Strategies for Water Regulation and Pollution
Control in Mining Industry

Metal mining is another very important source of environmental pollution and poses
a risk to human health [140, 141]. Abandoned mine sites and unsecured mine tailings
are an important source of many toxic elements [140, 141], which attain concentra-
tions usually significantly higher than in the Earth’s crust [141, 142]. The significant
increases of toxic metals in the air, soil, water, and sediments in areas near mine sites
are typically driven by factors such as high precipitation, floods, mine raw sewage
spills, mismanagement in the wastewater treatment, and outdated and obsolete
equipment [141, 143].

The lack of wastewater control in abandoned hard rock mines that become
flooded over time is a major environmental pollution issue, directly associated
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with an acid mine drainage (AMD) [144, 145]. The AMD represents water draining
from mine sites, often highly acidic and contaminated with toxic metals (usually Cd,
Pb, Zn, Fe, Mn) and sulfates. The AMD is produced when sulfide-bearing material is
exposed to oxygen and water [146, 147]. Metal concentrations in AMD are often
several hundred times greater than water quality standards. Thus, the AMD has
prominent negative and toxic effects on soil, water, plants, animals, and humans in
the affected region [148–150].

The soluble fraction of metals can spread to adjacent water resources such as
streams, rivers, or groundwater [151, 152]. Soil surrounding mines can be highly
contaminated with heavy metals due to irrigation with water from rivers receiving
mine wastewater discharge. If mine sites are affected by flooding, the surrounding
agricultural lands, crops, fields, and gardens can record high heavy metal concen-
trations. Heavy metals can enter the food chain, posing a serious threat to human
health and the environment [141, 153]. Effective and affordable measures of flood
management and remediation of land contaminated with toxic heavy metals are
necessary for the reduction of environmental pollution [141, 142]. The remediation
of mine soil and wastewater with appropriate plant species and communities, that
have hyperaccumulating and tolerant traits to toxic levels of heavy metals and trace
elements, can contribute to the control of the soil and water pollution caused by toxic
elements [142, 149, 154–158]. Considering the characteristics of mine areas and
their level of contamination, phytostabilization is the most preferable
phytoremediation technique, while phytoextraction could be applied when contam-
ination of mine soil is limited. In addition, the introduction of native plant species,
which are tolerant to local conditions, is preferable in comparison to the introduction
of invasive species in order to reduce possible impacts on the ecosystem [156–
159]. Many case studies conducted worldwide emphasized the significance of
phytoremediation in mine restoration and stabilization of contaminated soil and
water. Phytomining, a phytoremediation technique that uses heavy metal-tolerant
plants for extraction of inorganic substances from mine ore has been successfully
used in mine areas [155, 160, 161]. Woody species like Acacia auriculiformis
Benth., Acacia confuse Merr., Jatropha curcas L., and Melaleuca armillaris (Sol.
ex Gaertn.) Sm. are a viable option for remediation of acid mine waters [1]. There are
many examples of successful herbaceous and woody plants application in the
cleaning of soils and water in contaminated mine sites. Some of these examples
are summarized below.

• São Domingos mine (south-east Portugal), an abandoned copper mine located in
the Iberian Pyrite Belt, with massive sulfides exploitation from 1868 until 1966, is
a focus of great environmental concern. Deposits of waste materials have high
acid generating potential and can release enormous quantities of Al, Fe, SO4

2�,
Pb, and Cu, which contaminate the river bank soils and stream system. Also,
AMD water occurs several kilometers downstream the mine and causes acidifi-
cation and contamination of the sediments and soils along several kilometers of
the water course. Several studies have shown that phytostabilization should be
considered as one of the best solutions for recovering the soil of the São
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Domingos mining area to stabilize metal contaminants in the soil and reduce the
risks to human health and the environment. This goal is currently being achieved
with two spontaneously grown and tolerant plant species, Erica australis L. and
Erica mackaiana subsp. andevalensis (Cabezudo & Rivera) D.C. McClint. &
E.C. Nelson. Notably, Erica mackaiana subsp. andevalensis had the ability to
grow in very hostile conditions, such as soils with pH values between 3 and 4 and
high contents of Al, Pb, Fe, As, and Sb. Although in the São Domingos mine site
the concentration of most trace elements in Erica mackaiana subsp. andevalensis
and E. australis plant samples were within the normal levels, some plant samples
displayed excessive or toxic levels of Mn, Pb, and As. The concentrations of these
heavy metals in the analyzed plants tissues were 1129.7 mg/kg Mn (toxic limits
400–1,000 mg/kg Mn), 262.81 mg/kg Pb (toxic limits 30–300 mg/kg Pb), and
42.99 mg/kg As (toxic limits 5–20 mg/kg As), respectively. Both Erica species
are known as Al-tolerant and Mn-accumulators and may be of great importance
for the recovery of sulfide mining areas [162].

• Papua (New Guinea) is well-known for its rainforest with rich biodiversity but
also for the large number of operating mine sites. The risk of environmental
pollution is very high and phytoremediation using selected plant species is one of
the proven NBS solutions proven suitable for the rehabilitation of the closed mine
sites. In the closed Namie mine, in Wau district of Morobe province, Papua, a
study investigated the efficiency of local plant species in the remediation of soil
and surface water polluted by several heavy metals (Cd, Cu, Fe, Hg, Pb, Zn), after
70 years of mining operations, was investigated. Local contamination is linked
with the poisoning of water by riverine tailings disposal. Samples of water, soil,
and garden food were collected randomly from areas close to the Namie mine
after 19 years of closure and revealed that the soil has high concentrations of
heavy metals (9.5143 μg/g Cd, 39.2857 μg/g Cu, 38,742.86 μg/g Fe,
33.14290 μg/g Hg, 56 μg/g Pb, and 249.5714 μg/g Zn, respectively). Other
samples from creeks, ponds, and garden foods have shown lower heavy metal
contents. The local plant species Piper aduncum L., Brachiaria reptans (L.)
C.A. Gardner & C.E.Hubb. and Phragmites karka (Retz.) Trin. ex Steud. can
easily adapt into the harsh conditions of the infertile mine soils, and they turned
out to be suitable for phytoextraction [163].

• The region of Bor (Serbia) represents one of the largest active copper mine basins
in Europe that caused severe environmental degradation. It is characterized by
large open pits, flotation tailings, waste dumps, coarse texture soil, and high
concentrations of As (44.5–271 mg/kg) and Cu (311–2,820 mg/kg) that 10 times
exceed the legal Serbian limit values. Endangered and protected plant species,
such as Epilobium dodonaei Vill., spontaneously colonized the mine slopes and
mine waste sites. A study conducted on the copper mine waste sites, located
within the industrial area of the copper mining and smelting facilities, revealed
that the content of As, Cu, Pb, and Zn in roots (3.98 mg/kg As, 140 mg/kg Cu,
3.19 mg/kg Pb, and 72.8 mg/kg Zn, respectively) and shoots (4.69 mg/kg As,
57.7 mg/kg Cu, 1.17 mg/g Pb, and 59.3 mg/kg Zn, respectively) of E. dodonaei
reflected the multi-metal pollution of the investigated site. E. dodonaei largely
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retains Cu, Pb, and Zn in roots than in shoots and has the potential for the
phytoremediation of mine wastes. Considering that E. dodonaei is an endangered
species within the Carpatho-Balkan metallogenic province, such approach can
link ecological restoration with biodiversity preservation [158].

• The region of the northern Chile, with numerous copper mine tailing deposits,
also represents a risk to the human health and the environment, given the high
content of metals. Similar to the abovementioned mining areas, plants also play a
significant role in reducing the metal contamination of the region. The evaluation
of total metal concentrations of Cu, Mn, Fe, Pb, Zn, and Cd in roots and shoots of
three plant species grown in the selected mine tailing, Prosopis tamarugo Phil.,
Schinus molle L., and Atriplex nummularia Lindl., has shown that native plants
can have a phytoremediation potential. Those species were considered as
excluders of Cu, Mn, Fe, Pb, and Zn. A. nummularia was found to be an
accumulator of Mn, Pb, and Zn and the most promising species for the
phytostabilization of Cd in tailings. The S. molle plant species is included as an
accumulator of Cu, Mn, Pb, and Zn [159].

The remediation of mine sites through the use of natural or constructed wetlands
(Fig. 5a, b) can be difficult, but comprises one of the most cost-effective methods of
phytoremediation of water and soils impacted by AMD [136, 164]. Phytoextraction
and phytostabilization are two common phytoremediation techniques for remedia-
tion of AMD. A wide range of wetland plant species have an important role in the
remediation of heavy metals from the soil and water affected by acid mine drainage
[124, 130, 136, 165–167].

Constructed wetlands have been common for the treatment of various types of
contaminated waters [122, 136, 164, 168]. However, little is known about the
remediation abilities of wetlands [164] that are naturally formed on mine tailings
[136]. Natural wetlands are transitional ecosystems between aquatic and terrestrial
systems and frequent recipients of stormwater runoff [169]. Native wetland plants
with high hyperaccumulating and phytoremediation ability could have a significant

Fig. 5 (a) A dump site for residues from the Mital iron mine near Prijedor in the Republic of
Srpska, Bosnia and Herzegovina; (b) The swampy area of the Mital mine landfill encroached by
pioneer plants (photo by Marijana Kapović Solomun & Zoran Stanivuković, 2005)
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role in the effective treatment of contaminated waters generated from mines. For
example, in an old natural wetland in Wales, UK, connected with a river contami-
nated with wastewater from an abandoned copper mine, the levels of toxic dissolved
metals in the water were significantly reduced (92% reduction of Fe concentration,
83% of Zn, and 94% of Cu). The wetland also reduced the acidity of the river water.
The three most common plants found in this natural wetland were soft rush (Juncus
effusus), common reed (Phragmites australis), and common cottongrass
(Eriophorum angustifolium Honck.). The highest levels of the three mentioned
metals are found in soft rush (with the concentration of Fe reaching 88.7 mg/g in
the plant tissue), as well as in the organic sediments around the roots of the wetland
plants, confirming their vital role in capturing the metals [164].

6 Final Considerations

Plants are very important for providing many ecosystem service, but their existence
and functioning are strongly dependent on human interventions and water availabil-
ity. There are many woody and aquatic plants with phytoremediation potential,
capable to remove different contaminants from soils and water, and therefore of
great importance for the reduction of water pollution, particularly in urban and
mining areas. Water, as a resource of vital importance, is exposed to constant
degradation, particularly in urban areas, where water is managed only by blue and
gray infrastructures. The use of water resources is continuous and globally increas-
ing, while the availability of water resources is becoming limited due to environ-
mental degradation through pollution. Therefore, sustainable water management
urges the implementation of innovative and nature-based solutions that provide
clean and safe water as priority issue. The risk of environmental pollution is high
and phytoremediation is one of the promising green technologies that has proven
suitable for the rehabilitation of many contaminated sites. The introduction of woody
or aquatic plants with phytoremediation potential could be of great importance for
sustainable water management, as it provides several additional benefits such as
clean soils, biomass production, and genetic variability while also receiving a high
degree of public acceptability.
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Abstract From the mid-twentieth century, Mediterranean mountains were affected
by a rapid and generalized land abandonment process. This chapter (1) summarizes
the impacts of land abandonment on the hydrological dynamics in Mediterranean
mountain areas; (2) evaluates post-land abandonment management practices (LMPs)
for flood mitigation based on nature-based solutions (NBS); and (3) briefly discusses
some examples in the Central Pyrenees. In general, land abandonment resulted in a
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natural colonization by shrubs and forests, which, in turn, led to a decrease in river
discharges and sediment yields. NBS, as mitigation measures to control flood
occurrence, have been carried out including afforestation, shrub clearing, landscape
changes, and recovery of terraces and stonewalls. In addition, in the most
hydrogeomorphologically active areas, a combination of NBS and grey infrastruc-
tures was used to control floods. Grey infrastructures produce immediate effects but
they are short-lived and expensive solutions. LMPs based on NBS present advan-
tages and disadvantages: (1) afforestation was the most common practice, reducing
floods, hydrological connectivity, peak flows, and sediment yields, in spite of their
lower impact in extreme events; (2) shrub clearing decreases the number of forest
fires and maintains the occurrence of the most frequent floods; (3) the recovery of
mosaic landscapes produces environmental consequences, being important sources
of ecosystem services, such as the regulation of floods; and (4) the recovery of
agricultural terraces and stonewalls is highly expensive, but presents social and
cultural benefits, reducing hydrological connectivity, peak flows, and runoff. In
the near future, NBS in abandoned lands should be based on cost-effective and
long-term strategies to mitigate flood risk. NBS should be cost-effective, ensure
longer lifetime than grey infrastructures, and be adapted to different local objectives
and global scenarios.

Keywords Afforestation, Agricultural terraces, Floods, Land abandonment,
Nature-based solutions, Revegetation

1 Introduction: Land Abandonment in Mediterranean
Mountain Areas

Large areas worldwide have been affected by farmland abandonment particularly in
temperate and developed regions [1–4]. Campbell et al. [5] calculated that around
385–472 million hectares of agricultural land were abandoned worldwide between
1700 and 2000 m a.s.l., a process that has not finished yet, and that is forecasted to
continue for the next few decades [6]. Particularly, in Mediterranean mountain areas
a generalized farmland abandonment occurred during the second half of the twen-
tieth century. For instance, more than 80% of cultivated land was abandoned in the
Spanish Pyrenees [7], and around 70% in the eastern Alps [8]. Land abandonment is
a major land use change and has resulted in dramatic landscape changes, leading to a
massive invasion of shrublands and secondary succession forests [9, 10]. A high
percentage of the agricultural land was located in steeply sloping hillsides, fre-
quently exploited with no conservation measures [11]. When they were cultivated,
these areas generated high runoff coefficients and high sediment concentrations [12],
ultimately leading to thin stony soils and the activation of sheet wash erosion,
gullying and rilling processes, as confirmed by experimental studies [3]. However,
the management of these areas after land abandonment is still an unresolved “hot-
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topic” [13], with different practices proposed by public administrations, land man-
agers, and scientists. The choice of a particular practice is of crucial importance
since, most of the abandoned areas in the Mediterranean region are located in
mountain areas that are the main source of water for the demanding lowlands [14],
and also represent opportunities for the development of biodiversity and land
management programmes.

Post-land abandonment management practices (LMPs) can produce important
changes in landscape, biodiversity, soil quality, and water resources. Each manage-
ment practice is based on a particular treatment of the plant cover and, consequently,
will likely have important environmental implications, particularly in water
resources generation and overland flow. This makes water availability in the Med-
iterranean region challenging for the next decades [15]. However, most of the
abandoned lands have been considered marginal, i.e. without direct interest to
incorporate them into the global productive system, because of steep slopes, inac-
cessibility, and soil degradation. Hunting and light tourism should be the only
perspective for these marginal lands, together with extensive stockbreeding,
although this latter has been progressively displaced to a secondary interest, given
the population decline [16–18]. For this reason, there were no specific plans for
management, leading to a natural “rewilding” process or landscape naturalization
(the process of passively woody encroachment). Until the beginning of the 1970s the
most degraded landscapes, affected by gullying and sheet wash erosion, open plant
cover, and high rates of overland flow were subjected to land rehabilitation plans,
summarized in the afforestation of large areas, accompanied in the most extreme
cases with the construction of certain infrastructures. With these plans, forest
engineers tried to reduce sediment yield and floods and, occasionally, to increase
the extent of forest for wood production. Consequently, since the end of the
nineteenth century, the land rehabilitation plans consisted of two strategies inti-
mately related: (1) civil (grey) infrastructures (the traditional ones made with
cement) and (2) afforestation programmes mainly using conifers to control hydro-
logical dynamics and reduce flood risk, soil erosion and land degradation, and
decrease the rate of silting in reservoirs [19]. Thus, until the 1970s, most of the
LMPs and restoration and rehabilitation projects were focused on artificial,
man-made strategies (grey infrastructures) that are costly and that frequently are
not efficient over a long period of time [20] and on afforestation programmes. More
recently, different green infrastructures and nature-based solutions (NBS) have been
also considered as sustainable and successful strategies. This is the case, for instance,
of the active management of abandoned lands in order to promote and improve
ecosystem services [13, 21], i.e. grazing in forest areas and shrubland clearing in
order to favour extensive livestock systems, human presence in mountain areas,
enhancing biodiversity, heterogeneity, and the control of overland flow and soil
erosion. Therefore, for stakeholders, regional and national administrations, policy-
makers, and scientists there are three critical questions: (1) What can we do with
abandoned lands? (2) How should be managed land abandoned areas in Mediterra-
nean mountains to optimize ecosystem services and reduce environmental risks? and
(3) Which are the most adequate long-term strategies in order to integrate the

Impacts of Land Abandonment on Flood Mitigation in Mediterranean Mountain. . . 191



marginal mountains in the spatial organization of landscapes to emphasize holistic
land conservation policies?

Abandoned agricultural lands and post-land abandonment management practices
deserve special attention due to their influence on the water cycle, hydrological
dynamics and their role in flood mitigation risks [22]. This chapter examines NBS
compared to grey initiatives in abandoned farmland areas of Mediterranean moun-
tains, and evaluates their effects in flood dynamics. The way in which LMPs build on
NBS can manage flood mitigation in Mediterranean mountains is briefly discussed in
a context of the Central Spanish Pyrenees.

2 Nature-Based Solutions for Flood Mitigation from
an Environmental and Socioeconomic Point of View

The NBS concept is a new approach that was introduced in the late 2000s. In the last
years, several definitions have been proposed for the NBS concept from different
perspectives. Lilli et al. [23] indicate that NBS are actions that “use natural processes
in a resource efficient manner to solve societal challenges”. Other broader definitions
proposed that NBS is a holistic approach integrating both the “engineering and
ecosystem components in its implementation, being encouraged in both research and
practice and policy-decision making processes” [24]. Similarly, Turconi et al. [25]
indicate that NBS are usually defined as complementary or alternative solutions to
grey infrastructures with the main aim of conserving and regenerating the function-
ality of a natural or semi-natural ecosystem. Cohen-Shacham et al. [26] provide a
complete definition indicating that NBS are “actions to protect, sustainable manage-
ment, and restore natural or modified ecosystems, that address societal challenges
effectively and adaptively, simultaneously providing human well-being and biodi-
versity benefits” based on principles such as the maintenance of biological and
cultural diversity, the ability of ecosystems to evolve over time, and the application
at a landscape scale. The European Commission [27] indicated that NBS is a concept
that defined “the actions inspired by, supported by, or copied from nature, and uses
complex system processes of nature” or “solutions that aim to help societies address
a variety of environmental, social and economic challenges in sustainable way”
[27]. Thus, the European Union has adapted NBS as a strategy for achieving the
restoration of degraded ecosystems, climate change adaptation and mitigation, the
improvement of the risk management, and resilience to extreme events, among other
topics.

What can be considered as a nature-based solution? There are different responses
depending on the authors. For example, Debele et al. [28] include (1) conservation
and land management practices, (2) green and blue approaches mixed with hard
engineering structures, and (3) large-scale climate adaptation and mitigation
approaches as afforestation and bioengineering practices. Concerning flood risk
management, NBS should be natural or semi-natural structures that reduce the
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prevalence of flooding events. These flood events can have serious impacts from an
economic, social, and environmental point of view. Most of the literature and
examples of NBS and green infrastructure related to flood risk are focused in
urban and peri-urban contexts [29]. Conversely, few studies have been focused on
land abandoned environments [30]. Other authors prefer the use of natural flood
management (NFM) schemes (similar to NBS) to work with hydromorphological
processes through soil and water management to reduce flood risk, including
restoration [31].

During decades, grey infrastructures have been used to control flood risk and soil
erosion in abandoned Mediterranean mountains. A variety of infrastructures have
served, and still serve, to reduce peakflows, particularly reservoirs, which usually
have been constructed with other purposes than flood control (mainly hydropower
production and irrigation, in some cases water supply for large cities), although they
are also used to reduce the peakflow [32]. The efficiency of reservoirs is controlled
by their volume in relation to the total river discharge, the season of the year, and the
volume of water accumulated in the reservoir prior to the peakflow. For instance, in
Pyrenean rivers, floods that occur in autumn are almost absent, because the increase
in discharge is used to recover the reservoir after the summer exhaustion, and those
occurred in spring are also reduced to finally fulfil the reservoir immediately before
the irrigation campaign [32]. In any case, reservoirs act as large sediment traps
during the occurrence of floods, and therefore they contribute to the shortening of the
lifetime of reservoirs, particularly in areas affected by strong plant cover
disturbance [33].

In the case of small torrential ravines, the construction of a series of check dams is
a strategy to reduce the velocity of the peakflow wave, although their main finality is
the interruption of sediment transfer (particularly bedload) downstream of the dams
[34]. They have been profusely used in mountain areas where sediment transfer is a
problem, although they have collateral, undesirable consequences, such as the
incision of the channel immediately downstream of the check dam and their possible
collapse during extreme hydrological events [35–39]. Braided rivers and ravines
have also been canalized to avoid the flooding of agricultural lands and human
settlements, although the containment of stream beds between banks tends to
accelerate the velocity of the flood wave and to increase the efficiency of bedload
transfer [40]. Besides, during extreme floods the artificial banks can collapse or be
overpassed, resulting in long-term damages in the alluvial plain. For these reasons,
grey infrastructures are only recommended in exceptional cases, to save lives,
settlements, and strategic buildings.

Nevertheless, a combination of grey and green approaches has been implemented
in different Mediterranean environments. Generally, grey infrastructures produce
immediate effects, however, they are often short-lived (<30–40 years) and they can
lose their effectiveness few years after their construction. Contrary, NBS can be a
cost-effective long-term solution for hydrological risks and land degradation pro-
cesses [41], such that shifts from grey infrastructures to green infrastructures and
NBS could provide similar effects but without some negative impacts. Boix-Fayos
et al. [30] supported the idea that vegetation restoration in abandoned areas and NBS

Impacts of Land Abandonment on Flood Mitigation in Mediterranean Mountain. . . 193



are more sustainable economically with a long-term efficacy, while hydrological
control through grey infrastructures serves better for some specific problems and can
be used as a short-term solution but with higher economic costs. Likewise, NBS
offers many additional benefits than grey infrastructure as the increase in biodiver-
sity or soil carbon sequestration.

Generally, NBS focused on soil and water conservation measures for flood
mitigation should include catchment-based interventions at landscape scale and
should improve infiltration processes, which slow down runoff velocity (as water
passes slowly through the soil), and help in reducing erosion processes [42]. Below,
a range of NBS options to control floods in abandoned Mediterranean mountain
areas is briefly presented (Fig. 1). In general, these NBS, as suggested by Keesstra
et al. [43], should be based on making the landscape less connected, facilitating
rainfall to be less transformed into runoff, increasing soil moisture, and thus reducing
flood risk, soil erosion, and land degradation.

2.1 Passive Rewilding

The main visible consequence of land abandonment in Mediterranean mountain
areas is the natural expansion of shrublands and forests. Abandoned agricultural
lands are usually occupied by natural revegetation of shrubland and forest cover in a
slow-process that can lead around 100 years (rewilding) [44]. Natural revegetation
alters the water cycle, the partitioning of rainfall between evapotranspiration, runoff
and groundwater flows, increases water infiltration during rainstorm events, and
reduces overland flow and sediment yields. Most of the studies in abandoned areas
with a natural revegetation process suggested: (1) a decrease in river discharges, (2) a
reduction of runoff coefficients and peak flows, and (3) changes in flood
hydrographs characteristics, like slower time lags and longer recession limbs
[3, 45–47].

However, it is also demonstrated that vegetation recover can present negative
effects, as the decrease of runoff volumes especially during dry periods, due to the
high evapotranspiration values and water demands of the forest cover, the increase of
forest fire risks [43], and the loss of cultural landscapes [13] and biodiversity,
although there are differing opinions on the latter [48].

2.2 Afforestation

Abandoned farmlands in Mediterranean mountains have also been afforested
through large forest hydrological rehabilitation projects, carried out mainly during
the second half of the twentieth century. Check dams (considered grey infrastruc-
ture) and afforestation programmes (greening-up processes) were used in both semi-
arid and humid environments [30, 49]. The idea that abandoned fields and
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Fig. 1 Nature-based solutions and grey infrastructures to control floods in abandoned Mediterra-
nean mountain areas and grey infrastructures. + means positive effects and – negative effects of the
different NBS and grey infrastructures
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shrublands were affected by soil erosion and degradation was widespread, thus
motivating extensive afforestation programmes. In Mediterranean mountains (both
semi-arid and humid environments), afforestation with conifers was used for land
reclamation during many years, causing rapid landscape transformations. In most
instances, afforestation is considered a landscape change that reduces water supply,
whose primary effect is the increase of the threshold of the amount of rainfall needed
to initiate flow and generate floods (the number of floods is reduced and many events
produce no notable floods) [49]. Afforestation can potentially mitigate flood risk
through increasing interception and infiltration rates, and attenuating runoff vol-
umes. Thus, the effects of afforestations at catchment scale were: (1) a clear decrease
in hydrological connectivity [50, 51], (2) lower peak flows [49, 52, 53], (3) a
decrease in the number of floods [54], and (4) a reduction in sediment supply to
streams [55, 56].

However, there remains a lack of consensus to the general efficacy of afforesta-
tion programmes in mitigating flood risk [57], particularly large floods and extreme
events [31, 58–60]. Thus, afforestation may be helpful in moderating floods for
small events, but this effect would be increasingly reduced as rainfall amount
increase. For example, Didon-Lescot [61] showed that the effects of afforestation
are restricted to less intense hydrological events (floods corresponding to a return
period of approximately 5 years) and García-Ruiz et al. [62] considered that it only
has notable effects in floods of less than 10-year return period. Furthermore, some
studies and models suggest some other negative impacts, as the increase in soil
erosion and geomorphological processes during the first years after afforestation
(due to the use of heavy machinery) [63], and the increase in forest fires risk, that
could be even stronger under the context of Global Change, due to longer drought
periods and higher temperatures [64].

2.3 Shrubland Clearing

As already mentioned, scientists, as well as land managers and policy-makers, have
taken different positions on how to deal with land abandonment [13]. Some support
a passive management (rewilding) while others defend an active management
(as afforestation). Likewise, during the last decades, a managed rewilding through
shrub clearing has been proposed, leading to the promotion of extensive livestock
and the reduction of forest fires [65], but also with significant hydrological conse-
quences (Fig. 2a). This practice has been carried out during the last three decades by
some Spanish Regional administrations with financial support of the European
Union [13, 65, 66]. They argue that a managed rewilding may be a good NBS to
come to a sustainable situation from multiple environmental points of view
(i.e. water regulation, soil erosion, biodiversity). Likewise, shrub clearing leads to
an increase in biodiversity [67, 68] and can also generate socioeconomic improve-
ments, as the increase in extensive livestock [13, 66]. Alados et al. [68] and Gómez
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et al. [69] also concluded that shrubland clearing is a better strategy than controlled
burning to mitigate the effects of shrub encroachment.

Shrub clearing as a NBS can be considered a good water resource management,
because of its capacity to decrease flood risk and to generate sufficient base flow
through the year [13]. However, there are no catchment scale examples to contrast
these results [70]. Nadal-Romero et al. [12] simulated shrub clearing in small plots in
the Central Pyrenees, and compared it with natural shrub vegetation. The results
showed that runoff coefficient in grassland areas (shrub clearing) are higher than in
shrublands, because canopy interception is reduced, increasing overland flow espe-
cially during the wet period, whereas soil erosion values do not show changes.
Currently, the LIFE project MIDMACC “Mid-mountain adaptation to climate
change” funded by the European Commission implements shrub clearing practices
in two abandoned and marginal mid-mountain areas in Spain, as a landscape
management practice and NBS, and will evaluate the effects of this practice on
water resources and hydrological dynamics (https://life-midmacc.eu/es/).

Fig. 2 Examples of NBS in Mediterranean mountain areas: (a) Shrubland clearing landscape in the
Leza Valley (Iberian System, Spain) (Photo E. Nadal-Romero); (b) Example of mosaic landscape
with meadows and shrublands in a south-facing slope in San Juan de Plan (Pyrenees, Spain) (Photo
T. Lasanta); (c) Meadows in the bottom valley of the Esera River (Pyrenees, Spain) (Photo
T. Lasanta); (d) Terraced slopes in Munilla (Iberian System, Spain) (Photo D. Lasanta)

Impacts of Land Abandonment on Flood Mitigation in Mediterranean Mountain. . . 197

https://life-midmacc.eu/es/


2.4 Recovery of Mosaic Landscapes

Landscape changes moving to a managed mosaic of land uses and land covers
should be also considered as a NBS for abandoned lands. The disappearance of
mosaic landscapes, after land abandonment, represents a significant loss of socio-
cultural and ecological benefits, as the increment of forest fires or the decrease of
water [71]. Landscape solutions and the recovery of these landscapes can incorpo-
rate high production values (e.g. timber), ecological (e.g. soil quality) and cultural
values (e.g. leisure, cultural identity), the support of a large diversity of habitats, and
the regulation of hydromorphological processes such as soil conservation, water
production and quality, and flood control and mitigation (see Fig. 1).

In that sense, a slope or basin should be considered as a complex hydrological
system, in which hydrological processes considered at the plot scale do not allow to
understand the global response of the basin [72]. It is well known that runoff
dynamics is conditioned by the structure of the landscape (topography and environ-
ment). It involves its composition (land uses and covers) and its configuration or
spatial distribution of landscape elements, including paths, roads, ditches, ravines,
etc. In mosaic landscapes, including bocage landscapes (mixed woodland and
pasture areas), the spatial distribution of land uses and covers can disconnect
(in some cases) sectors of the slope from the ravine or river (water course)
(Fig. 2b, c) [73]; likewise, in other cases, the effects of topography, land use and
road networks, hedges, ditches, among others, may be combined, to create a
complex artificial drainage network, altering the topographic flow pattern
[74, 75]. The scientific literature highlights that: (1) in hydrological efficiency the
composition of the landscape is as important as the organization of the landscape
elements, and (2) the density and spatial organization of the drainage networks
determine the hydrological connectivity of a basin [76–79]. For instance, Malek
et al. [80] showed, using a modelling approach that enhancing traditional mosaic-
like landscapes improve the status of the water resources in the Mediterranean
region.

2.5 Recovery of Stonewalls and Terraces

Agricultural terraces occupied important extents in the slopes of Mediterranean
mid-mountain areas (Fig. 2d). Generally, terraces increase infiltration rates, reduce
hydrological connectivity affecting contributing areas, peak flows, and runoff vol-
umes, and consequently can control floods. Likewise, terraces alter the paths of
runoff and sediment transport and erosion processes. Several authors suggest that
terraces break up the continuity of water flows, imposing large rainfall thresholds on
catchment-scale runoff production [81–84]. However, terrace walls require regular
maintenance to continue retaining water and soil [85]. Furthermore, the development
of a terraced landscape can lead to severe erosion problems, with the triggering of
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deep gullies. The reason is that farmers tried to alter the course of natural drainages
in the hillslopes in order to concentrate the surface runoff out of the cultivated fields.
In some cases, runoff concentration evolved into deep gullies in a few decades [86].

The abandonment of agricultural activities and consequently the lack of mainte-
nance of agricultural terraces triggered a set of negative geomorphological impacts,
as soil erosion or small mass movements [87, 88]. In addition, terraced abandonment
largely alters runoff production, hydrological processes and connectivity [84]. Given
the benefits of agricultural terraces (such as the reduction of flood risk or the
enrichment of ground water potential due to the increased permeability of the
soil), their maintenance or the restoration of stonewalls should be considered as a
priority NBS practice to prevent off-site effects after land abandonment [89–91]. For
example, Bellin et al. [82] indicated that terrace maintenance slowed runoff for
events with a return period shorter than 8–10 years, and Calsamiglia et al. [92]
concluded that terraces conservation encourages the dis-connectivity between the
slopes and channels, reducing flood risk. Thus, active maintenance and rehabilitation
of stone terraces is probably the most effective approach for controlling off-site
effects and negative impacts of land abandonment (such as landslides or small mass
movements). Tarolli et al. [93] considered that the reconstruction of the stonewalls
should be also accompanied by the simultaneous reconstruction of irrigation and
drainage channels and complementary structures of the terrace systems. However,
the high costs make this NBS impracticable in most cases because of the large extent
of terraced areas. However, despite the highest costs, an example of participatory
framework approaches in Cyprus concluded that after land abandonment terraces
rehabilitation had the best overall performance followed by afforestation, due to the
high environmental benefices together with the local-socio cultural landscape con-
text [94]. During the last decade, some private and public activities (i.e. UNESCO)
have promoted the rebuilding of ruined stonewalls in those areas where the connec-
tivity is high, being of interest for hydrological and forestry NBS projects. For
example, some of these activities are supported by the LIFE programme
(European Commission) and recently two new projects have been funded:
“TERRACESCAPE” and “STONEWALLSFORLIFE”. The main objective of the
TERRACESCAPE project (http://www.lifeterracescape.aegean.gr/en/) is the resto-
ration and re-cultivation of drystone terraces (as a prominent element of the Medi-
terranean landscape) in the Andros Island (Greece) to demonstrate the economic,
cultural, and ecological benefits derived from such elements and to create and adapt
green infrastructures to the context of Global Change. The
STONEWALLSFORLIFE project (https://www.stonewalls4life.eu) aims at
repairing wall terraces and ensuring their long-term maintenance, to protect the
territory (Cinque Terre National Park, Italy) and its inhabitants against the effects
of extreme climate events (such as floods or landslides).
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3 Coping with Floods in the Central Spanish Pyrenees

The occurrence of floods is a common hydrological phenomenon in the Pyrenees,
linked to long rainfall events or to short rainstorms. Most of floods concentrate
between November and February, although the period between November and May
includes important floods related with snowmelt (usually coinciding with rainfall
events) [95]. Some floods have been particularly intense, accompanied by mass
movements in the slopes, severe erosion periods, high costs in infrastructures and
occasionally, casualties (Fig. 3). According to García-Ruiz et al. [96], the calculation
of return periods of the most extreme rainfall events confirms that their occurrence
shows an erratic spatial and temporal distribution. When precipitation between
150 and 200 mm in 24 h is considered, the relief explains the distribution of the
rainfall values recorded, but in the case of precipitation over 200 mm, not any spatial
organization explains their occurrence. The most extreme rainfall events can be
considered as outliers, with magnitudes much higher than one would expect. For this
reason, floods produced during such extreme pluviometric events cannot be con-
trolled through NBS and grey structures, unless if a large reservoir is sufficiently
empty to retain a large proportion of the flood. Nevertheless, even if reservoirs can
reduce the peakflow downstream of the dams, the most relevant control of floods
should be made in the hillslopes. There is where runoff generation and overland flow
must be reduced, i.e. before runoff reaches the fluvial channel. This is particularly
interesting for the low- and mid-mountain areas, where forests and shrublands can be
managed to enhance rainfall interception and infiltration and slow overland flow.

Until the middle of the twentieth century, most of the south-facing slopes in the
Central Spanish Pyrenees below 1,600 m a.s.l. were cultivated [11]. The abandon-
ment resulted in the natural revegetation with shrubs and forests and the use of large
afforestation programmes as well as hydrological control works that have been
performed to regulate floods and control soil erosion and land degradation. During
the last 30 years, researchers from the Instituto Pirenaico de Ecología (Spanish

Fig. 3 Some effects of the 19–21 October flood 2012 in the Central Spanish Pyrenees. (a) The
bridge over the Aragón River at Jaca, dammed by a large mass of trees carried by the floodwaters;
(b) A family house destroyed after the October flood (Aragón River) (Photos E. Nadal-Romero)
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Research Council, IPE-CSIC) have studied the effects of land abandonment and
LMPs on water resources, flood generation and flood risk, and soil erosion in the
Central Spanish Pyrenees [18]. The results from the Aisa Valley Experimental
Station (AVES) with small plots that represent different old and current land uses
(from 1991 to 2011) suggested that (1) farmland abandonment leading to dense
shrub cover yields the lowest values of runoff generation and sediment yield;
(2) cereal cultivation alternating with fallow on steep slopes produces the highest
runoff coefficient and sediment yield, particularly in the case of shifting in agricul-
tural practices; and (3) shrub clearing (grazing meadows) produces similar results
than those obtained in the abandoned area covered with shrubs [12].

Afforestations have been a common NBS in the Central Pyrenees (Fig. 4a, b).
Given the large extent of afforestation different studies were performed to detect
changes in the hydrological behaviour of taluses and channels. García Ruiz and
Ortigosa [97] reported that channels in afforested basins were those with the highest
percentage of plant cover and the lowest average of bare soil and gravels. In the case

Fig. 4 (a) Afforestation carried out in the slopes around the Mediano Reservoir (Cinca River basin)
to reduce runoff generation and the transfer of sediment to the reservoir (Photo JM. García-Ruiz);
(b) A series of check dams in the Escuer Valley, a tributary of the Upper Gállego Valley. This valley
was also almost totally afforested in the 1960s since it was affected by intense erosion processes
after centuries of cultivation and grazing on steep slopes (Photo JM. García-Ruiz); (c) Afforestation
carried out in the Ijuez River, a tributary of the Upper Aragón River. The whole basin was also
afforested to reduce sediment yield and the magnitude of floods (Photo E. Nadal-Romero); (d)
Large check dam in the lower course of the Ijuez River. It was constructed in the 1960s using the
pillars of an ancient aqueduct (Photo JM. García-Ruiz)

Impacts of Land Abandonment on Flood Mitigation in Mediterranean Mountain. . . 201



of taluses located close to the channels, those in afforested basins had a greater plant
cover, a greater proportion of no-erosion areas and a lower percentage of severe
erosion. Therefore, a reduction in the magnitude and frequency of floods was
deduced, together with a loss of energy to transport coarse sediment. Nevertheless,
it may be noted that during the first years following the afforestation works, soil
erosion and overland flow can be enhanced by the removal of soil, and that the
afforestation techniques used are a major factor to explain the hydrological behav-
iour of afforestation [63], particularly in bench terraces made with machinery.

Other studies performed in some of the main Pyrenean rivers showed that
streamflow and sediment yield have been declining in the Central Pyrenees since
the middle of the twentieth century [98]. Beguería et al. [99] indicated that discharge
clearly decreases from the last 60 years, suggesting that these changes were not
attributable to a temperature increase or to a decline in precipitation, but rather to a
generalized expansion of shrubs and forests following farmland abandonment.
López-Moreno et al. [100] also detected a remarkable decrease in the discharges
of Pyrenean rivers, with evidence that climate change alone only explains a small
proportion of the observed decrease. Instead, the increase in evapotranspiration and
rainfall interception due to the growth of vegetation in abandoned lands should be a
major factor for these hydrological changes. Likewise, López-Moreno et al. [101]
observed a decrease in the frequency and intensity of floods in most of the Pyrenean
rivers, regardless of the evolution of precipitation. The results obtained show a
negative trend in flood magnitude since the 1970s, although a change in the
precipitation events was not detected. This difference between precipitation and
runoff events has been explained as due to the expansion of plant cover in old
cultivated fields and grasslands areas, as a consequence of depopulation, farmland
abandonment, and the decline of extensive stockbreeding.

To check these general results four small headwater catchments have been
monitored since the 1990s, with different history of land uses and land covers
[102]. The Arnás, San Salvador, Araguás, and Araguás Afforestation catchments
are located in the upper Aragón River basin (Central Pyrenees) between 875 and
1,340 m a.s.l., and all the catchments are close to each other such that they have
similar climatic conditions [47]. The San Salvador catchment represents a dense
natural forest of Pinus sylvestris, with Fagus sylvatica and Quercus faginea. The
Arnás and Araguás Afforestation catchments were both cultivated and abandoned in
the late 1950s: the Arnás catchment has been subject to a natural plant colonization
process, including a complex vegetation mosaic with shrubs and forest patches, and
the Araguás Afforestation catchment was afforested in the 1960s with P. nigra and
P. sylvestris. Finally, the Araguás catchment represents a degraded environment,
with a dense network of badlands. Significant hydrological differences were
observed among the catchments [102, 103]. Focusing on land abandonment scenar-
ios (Arnás and Araguás Afforestation), the primary effect of plant cover in both
abandoned catchments is to raise the threshold for the amount of rain needed to
initiate flow: both catchments experience fewer floods compared to the degraded
area (Araguás), and many rainfalls produce no notable flow [60, 104]. However,
these studies also noted that the number of floods recorded in these areas is twice the
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number of floods registered in the natural forest catchment (San Salvador). Besides,
the abandoned areas are able to generate floods over the entire year, whereas the
natural forest generate events mainly in spring.

Comparing the afforested area with the degraded area and the natural forest for
the period 2013–2020, the number of floods is twice lower in the afforested area than
in the degraded area (163 and 316 floods, respectively), but it is fourfold higher than
in the natural forest catchment (163 and 41 floods, respectively). Most peak floods in
the afforested catchment (except for extreme events, rainfall intensity >40 mm/h)
have commonly recorded one order of magnitude lower than those on the unforested
degraded area (Fig. 5). However, flood events lasted longer on the afforested
catchment than in the degraded area (Fig. 5), due to a reduced connectivity and an
enhanced infiltration in the afforested catchment.

Figure 6 shows the hydrological response in the four catchments during short and
intense events recorded during late spring with similar rainfall amount and high
rainfall intensity. We can observe that (1) a high peak flow was recorded in the
degraded area; (2) in the natural forest a low response was observed, confirming the
relevant role of rainfall interception and infiltration into the soil; (3) the time
response is faster in the afforested area than in the natural revegetated area; and
(4) longer recession times were observed in the afforested and natural revegetated
areas, while in the degraded badland areas the rising and decreasing limbs are
steeper, with high fast responses. These examples suggested that in afforested

Fig. 5 Peak flows during concurrent floods in the afforested and badlands catchments (Araguás) in
the Central Spanish Pyrenees (period 2013–2020). Data recorded by the Pyrenean Institute of
Ecology (IPE-CSIC)
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areas, flood mitigation effects are greatest for moderate floods, but have less impact
during intense rainfall events as observed in Fig. 6.

A declining hydrological connectivity after land abandonment due to the growth
of vegetation has been reported in a number of Mediterranean mountain areas
[50]. Lana-Renault et al. [47] showed a decrease in connectivity in both abandoned
catchments (Arnás and Araguás Afforestation). The largest decrease in the connec-
tivity index was observed in the afforested catchment due to the significant changes
from sloping, somewhat terraced fields to tree cover. López-Vicente et al. [51]
showed that afforestation in the Araguás afforested catchment promoted lower and
more stable connectivity both at hillslope and catchment scales.

Similarly, a decline in connectivity between slopes and the channel was observed
in the Ijuez River basin (Central Pyrenees) that was also cultivated with sloping
fields up to mid-twentieth century (Fig. 4c, d). The Ijuez River was highly affected
by the occurrence of sudden floods with high volumes of sediment transport, mainly
bedload, carried out by tributaries and frequent debris flows, resulting in a braided,
extremely unstable fluvial channel (Fig. 4c) [56]. For this reason, in the 1950s the
basin was purchased by the State Administration and afforested with P. sylvestris
and P. nigra to reduce sediment yield and the transfer of sediments to the Yesa
reservoir. A combination of green and grey infrastructures was carried out, with the
construction of five small check dams to trap sediment production (Fig. 4d). Affor-
estation produced a rapid recovery of vegetation, and consequently a significant
decrease in the area affected by erosion, declining sediment yield, and the connec-
tivity between hillslope and channels [56]. This resulted in the narrowing and the
incision of the channel and a progressive armouring of the bed [105].

Land abandonment and different LMPs based on NBS show also significant
hydrological and geomorphological consequences during extreme events. It should
not be forgotten that Mediterranean mountain areas are affected by intense rain-
storms especially in summer and the beginning of autumn, with rainfall exceeding
200 mm in 24 h [62], and extreme floods are relative common in the area. In
addition, an intensification of intense rainfalls due to climate change is also expected
[106]. The occurrence of exceptional events can produce catastrophic floods, usually
affecting small catchments. For instance, an exceptional hydrological event occurred
during 19–21 October 2012 (250 mm in 2 days), in the Aragón River Basin (Fig. 3)
[107]. The response was recorded in the four small experimental catchments [108]
and the results indicated that: (1) the natural forested catchment showed a slow
response and did not react to the most intense rainfall peaks at the beginning of the
rainstorm, and only reacted during the final rainfall peaks, with a moderate peak
flow; (2) the abandoned farmland catchment registered two moderate peaks at the
beginning of the event, and only when the catchment was saturated a high peak flow
was recorded; (3) a similar response was observed in the afforested catchment at the
beginning of the flood, although unfortunately no data were available during the
complete event; and (4) the degraded badland area showed a high fast response,
almost immediately, with high peak discharges and high sediment yields coinciding
with each rainfall peak.
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Finally, it should be also highlighted the consequences of extraordinary events, as
the catastrophic flood recorded in the Arás river (Central Pyrenees, August 7, 1996),
destroying a campsite situated in the alluvial fan of the torrent and killing 87 people
[36]. The Arás catchment was characterized by the presence of a very steep stream
channel (up to 20%) in the last 4 km, where the ravine crosses lateral moraines that
behave as major sediment sources. As a consequence, the ravine developed a large
and active alluvial fan that menaced the road from Saragossa to tourist resorts in the
Central Pyrenees. An ambitious programme for reducing the magnitude of floods as
well as erosion and sediment transfer from the moraines was designed at the
beginning of the twentieth century. A combination of grey and green infrastructures
was carried out, including (1) an artificial channel and 40 small check dams that were
constructed between 1911 and 1950 in both the alluvial fan and the final stretch of
the ravine, respectively; and (2) the afforestation of most of the catchment with
P. sylvestris. In addition, decades later the forestry service carried out various
correction works in the channel and constructed new check dams, as some of the
old ones were already clogged (Fig. 7). The extreme rainfall (approx. 250 mm in 1 h
and 15 min were indirectly estimated) produced an extreme peak flow of at least
300 m3 s�1 that caused the collapse of a series of most of check dams in the Arás
channel, carrying out around 120,000 t of sediment mainly coming from the
collapsed check dams [109]. An event of these characteristics is always possible in
the Central Spanish Pyrenees, and land management practices built on NBS should
be considered as strategies to minimize and mitigate flood risks in these mountain
areas.

A global and highly relevant question still emerges in Mediterranean mountains
and in the Central Pyrenees: How should we manage abandoned lands? In that way,
we encourage the use of the ecosystem services approach and NBS (as proposed in
this chapter) in future public policies to manage land abandonment areas with
different objectives as flood mitigation and water resources regulation.

Fig. 7 (a) Construction of new check dams in the lower stretch of the Arás ravine (Upper Gállego
basin), following the collapse of most of check dams during the extreme flood of August 1996; (b)
New check dam in the lower course of the Arás ravine (Upper Gállego basin). It was constructed
after the collapse of most of check dams during the extreme flood of August 1996 (Photos
JM. García-Ruiz)
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4 Concluding Remarks

During the twentieth century, farmland abandonment has been the most relevant
landscape change in Mediterranean mountain areas (as in other mountain areas),
causing the expansion of shrublands and forests. The global consequences of this
process have been widely discussed in the literature and several positive and
negative effects have been identified (i.e. landscape homogenization, increasing
forest fire risk and decreasing streamflows and sediment yield). However, the
following question is still unresolved: how should we manage abandoned land to
mitigate flood risk?

The impacts of land abandonment in flood mitigation in Mediterranean mountain
areas depend greatly on how these areas are managed after abandonment (post-land
management practices), which, at present is still a controversial topic. Nature-based
solutions should consider the use of natural or semi-natural structures to reduce the
occurrence of flooding events. The most used NBS in abandoned lands of mountain
areas are natural plant recolonization, afforestation, shrub clearing, recovery of
mosaic landscapes, and the reconstruction of terrace systems and stonewalls.
These practices have been also combined with the implementation of grey infra-
structures, as the construction of small check dams and sediment traps.

In general, worldwide land abandonment and the expansion of shrublands and
forests (rewilding and afforestation) decrease hydrological and sediment connectiv-
ity, peak flows and sediment yield, and decline the frequency and magnitude of most
frequent floods in mountain areas. However, some of these practices, as afforesta-
tion, have only remarkable effects on small and moderate floods, and have less
impact in extreme and extraordinary rainfall events. In the case of extreme rainfall
and hydrological events, the role of plant cover seems to be moderate in both slopes
and channels, although it also depends on the antecedent conditions of the soil. In the
most extreme hydrological events (outliers) not any influence of vegetation to reduce
the peakflow has been detected. The construction of some infrastructures in the main
and secondary fluvial channels (check dams) reduces sediment transfer, whereas
artificial channels can provide a false sensation of safety. Obviously, the presence of
large reservoirs tends to change the behaviour and seasonality of large floods,
because floods occur when the reservoir is partially empty. In any case, NBS,
focused on the reduction of runoff and connectivity, must be applied directly on
the slopes, before runoff reaches the fluvial channels. Shrub clearing is another
alternative strategy for organizing the landscape to improve grasslands productivity
and at the same time controlling sediment yield and runoff generation. This needs a
high-resolution knowledge of the landscape heterogeneity in order to decide the
location of clearings and to reinforce the declining connectivity between slopes and
channels. Finally, the maintenance or rehabilitation of agricultural terraces reduces
flood risk because they decrease overland flow and connectivity on hillslopes. For
this reason, permanent human intervention is needed to maintain NBS as strategies
to flood mitigation in marginal Mediterranean mountains areas.
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Abstract Increases in the frequency of flood events are one of the major risk factors
induced by climate change that lead to a higher vulnerability of affected communi-
ties. Natural water retention measures such as afforestation on hillslopes and flood-
plains are increasingly discussed as cost-effective alternatives to hard engineering
structures for providing flood protection, particularly when the evaluation also
considers beneficial ecosystem services other than flood protection. The present
study provides a combined modelling approach and a cost–benefit analysis (CBA)
of the effects of afforestation on peak river flows and on selected ecosystem services
within the Glinščica River catchment in Slovenia. In order to investigate these
effects, the hydrological model HEC-HMS, the hydraulic model HEC-RAS, and
the flood damage model KRPAN, which were developed specifically for Slovenia,
are used. Three scenarios were evaluated where the main difference was the extent of
afforestation. It was found that increasing the amount of tree cover (i.e., �15–60%)
results in a flood peak reduction ranging from 9 to 13%. Flood extensions were
significantly lower for most scenarios leading to reduced economic losses. However,
a 100-year CBA only showed positive net present values (NPV) for one of the
considered scenarios, where the afforestation was considered only in floodplain
areas and the prevailing benefits were those of flood protection measures, which
were higher than, for example, biodiversity or recreational benefits. Additional
ecosystem co-benefits that are not directly linked with flood protection are consid-
ered in case of all three scenarios.

Keywords Afforestation, Cost–benefit analysis, Ecosystem services, Flood
hazards, Glinščica River, Land-use change

1 Introduction

Climate change is expected to increase the frequency and intensity of future flood
events (e.g., [1]), leading to higher costs of flood damages and increasing the public
demand for protective measures. Nature-based solutions such as natural water
retention measures (NWRM), which also include afforestation, are increasingly
used to mitigate flood risks as a complement to gray infrastructure measures. The
influence of afforestation is usually assessed with model-based or observational
studies. Evidence that floodplain afforestation leads to peak flow reduction and
thus to a lowering of the flood risk is less supported by observations, while
“modelled results were found to provide significant evidence that increasing cover
reduces flood peaks” [2].

However, NWRMs not only serve to reduce flood risk but also provide additional
ecosystem services, including increased biodiversity and recreation opportunities,
which can help to manage smaller-scale flooding problems where the high cost of
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constructing hard defenses cannot be justified, especially for smaller
communities [3].

Despite this growing interest in NWRMs, economic appraisals of the flood
protection benefit of afforestation measures are rare. Dittrich et al. [4] undertook a
detailed cost–benefit analysis of afforestation as a climate change adaptation mea-
sure and highlighted the importance of identifying and quantifying additional eco-
system co-benefits of NWRMs. As a result of the limited hydrological and economic
appraisals of NWRM, the overall aim of this study is to enhance the knowledge base
associated with flood risk and impacts. Given this aim, we applied the hydrological
model HEC-HMS, the hydraulic model HEC-RAS, and the flood damage model
KRPAN [5] in order to investigate afforestation effects on the runoff generation
throughout the calculation of the expected flood damage. In the process of the CBA,
we tried to quantify multiple ecosystem services.

2 The Glinščica River Catchment

The Glinščica River catchment area is relatively small with 16.9 km2 located in the
western part of Ljubljana, Slovenia. The catchment is located in a temperate conti-
nental climate and has torrential characteristics. The mean annual precipitation in the
area is around 1,500 mm, while snow falls regularly in winter. Moreover, floods are
most often generated by either summer thunderstorms or by spring and autumn
prolonged rainfall events. Since part of this catchment also covers the urban part of
the Ljubljana City, the population density is relatively high given the rest of
Slovenia. Moreover, the investigated area is easily accessible and its tourism well-
developed, and especially local people tend to use it for recreational activities such as
hiking, running, or cycling. The location of the catchment on the map of Slovenia
can be found in previously published studies [6, 7]. The catchment area was selected
as a case study to investigate the effects of afforestation, as the hydrological and
hydraulic models were already used in the previous study by Bezak et al. [6] and just
needed to be adjusted in order to be able to model the effects of afforestation. The
Glinščica River is part of a larger catchment area of the Gradaščica River, which
flows into the Ljubljanica River. The topography of the Glinščica River catchment
area consists of hilly areas in the east and west with elevation ranging from 210 to
590 m a.s.l. It has a diverse relief with hilly headwaters as well as flat plain areas
[6]. According to the earlier studies by Bezak et al. [6] and Šraj et al. [7], the
Glinščica River catchment area is one of the hydrological test areas in Slovenia. The
lowlands of the Gradaščica River, formerly natural floodplain areas, mainly consist
of agricultural fields and meadows (Fig. 1). They have been partially urbanized in
recent decades, increasing the vulnerability to floods. A flood in October 2014 with a
10–50-year return period, when extensive urban areas and more than 1,000 homes
were flooded, is acknowledged as the major recent flood event [6]. Moreover, a large
flood also occurred in 2010 with a return period of 50–150 years. Because the river is
heavily regulated (i.e., concrete trapezoidal channel) in the lowlands, a primary goal
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Fig. 1 Current (a) and adopted land-use scenarios (b), (c), and (d)
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of the study is to examine how new forests could help alleviate the flooding in the
City of Ljubljana.

3 Model Simulations

This study, like the one in Bezak et al. [6], presents a combined hydrological and
hydraulic model of the Glinščica River catchment. While the entire catchment was
considered in the hydrological model, the hydraulic model was used only for the
downstream part, which is also indicated in Fig. 1. By using a calibrated and
validated hydrological model, the inputs (i.e., hydrographs) for the hydraulic
model were determined. In order to best detect the possible effects of afforestation,
three different hypothetical afforestation (i.e., mixed forest) scenarios were chosen.

In the scope of this study, the following four scenarios were considered (Fig. 1):

– Scenario “Current land use” where hydrological and hydraulic models represent
the current situation.

– Scenario “Afforestation upstream” where afforestation in the hydrological model
is considered in the upper part of the catchment (afforestation area is 244 ha).

– Scenario “Afforestation downstream” where afforestation in the hydrological and
hydraulic model is considered only in the lower part of the catchment (affores-
tation area is 77 ha).

– Scenario “Afforestation everywhere” where afforestation in the hydrological and
hydraulic model is considered in all parts of the catchment (afforestation area is
321 ha).

The scenario “Afforestation upstream” represents the afforestation of 244 ha of
former meadows, agricultural fields, and greenhouses upstream of the hydraulic
model, the scenario “Afforestation everywhere” represents a complete cover of
woodland within all floodplains (321 ha), and the scenario “Afforestation down-
stream” represents the afforestation of the floodplains only within the hydraulic
modelling section (77 ha). Scenario “Afforestation upstream” was only incorporated
within the hydrological model where the effect of afforestation was conceptually
modelled, while the “Afforestation everywhere” and “Afforestation downstream”

scenarios could also be displayed by a change in the roughness values of the 2D
floodplain area within the HEC-RAS hydraulic model (Fig. 1).

The same design hyetographs (i.e., Huff curves) as of Dolšak et al. [8] and shown
in Bezak et al. [6] were used in order to compute the design hydrographs, which then
served as inputs into the hydraulic model. A detailed description of the calibration
and validation of the hydrological model is provided by Šraj et al. [9]. However,
adjustments were made regarding the assigned loss method which was changed to
Soil Conservation Service (SCS)-Curve Number (CN) as this allowed parameter
alteration for the lag time and the initial abstraction (i.e., afforestation modelling).
Increasing the tree cover is advocated as an affective measure of increasing the water
storage capacity of catchment areas, which is reflected/expressed in the model with
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the increased lag time and the initial abstraction. This leads to a decrease in discharge
and subsequently lowers the hydrographs which will be the input data of the
hydraulic model [10].

The lag time is one of the parameters used in the hydrological model and is
denoted as the time difference between the center of the unit rainfall event and the
runoff peak. In our case, the empirical formula for the lag time from the SCS was
used [10].

To determine the initial abstraction, the SCS developed an empirical relationship
between the maximum potential retention and the initial abstraction [10]. Similarly,
as done in Bezak et al. [6], we combined Huff curves that describe internal rainfall
distribution and intensity-duration-frequency (IDF) curves in order to define the
design rainfall events. As stated by Šraj et al. [9] and Bezak et al. [6], the catchment
time of concentration is around 6 h. Thus, the design rainfall duration of 6 h was
used. Similarly, as in Bezak et al. [6], IDF curves for the Ljubljana-Bežigrad rainfall
station were used in order to define the design rainfall event. Return periods of 2, 10,
and 25 years were used in this study. Results of the hydrological model were used as
inputs to the hydraulic model (i.e., hydrographs). The same hydraulic model settings
as those explained by Bezak et al. [6] were used. The section of the hydraulic
modelling is indicated in Fig. 1. A detailed description of the hydraulic model is
given by Bezak et al. [6].

In order to display floodplain afforestation in the hydraulic model, Manning’s
roughness coefficient (n) was used to represent the energy lost in the water flowing
across the floodplain. There are several methods available for calculating Manning’s
n, and separate values are required for the river channel and the floodplain. After the
import of the land-use dataset (i.e., detailed land-use map provided by the Slovenian
Ministry of Agriculture, Forestry and Food) into HEC-RAS was completed, Man-
ning’s values were chosen according to USACE [11].

Table 1 gives an overview of the different land-use classes and their
corresponding Manning’s values for the areas outside the main channel (i.e.,

Table 1 Land use with correspondent roughness values before (i.e., scenario “Current land use”)
and after implementing the afforestation scenarios (scenarios “Afforestation upstream,” “Affores-
tation downstream,” and “Afforestation everywhere”)

Land use Manning’s n Adapted manning’s n

Field 0.05 0.2

Greenhouse 0.07 0.2

Orchard 0.04 0.04

Meadow 0.035 0.2

Agricultural field (overgrown) 0.05 0.2

Trees and bushes 0.15 0.15

Agricultural field but not in use 0.04 0.2

Forest 0.2 0.2

Built and similar areas 0.045 0.045

Water 0.01 0.01
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floodplains). Implementing this computation approach enabled us to trade-off
detailed spatial information with relative simplicity and speed while preserving the
key real-world hydraulic floodplain water movement dynamics. Thus, hydrological
and hydraulic models were used to compute the floodplain water depth and the
extent for different scenarios and for 2-, 10-, and 25-year return periods.

The water depths in the floodplain areas for different return periods and scenarios
were subsequently exported from HEC-RAS to ArcGIS in order to simplify it to
fewer polygons including the attribute of the flooding depth. These polygons were
the input to the flood damage model KRPAN, which gave us the expected economic
damage for each scenario and return period [5]. The flood damage model can
calculate damage in different sectors such as infrastructure, cultural heritage, resi-
dential areas, etc. [5]. The model uses data from the census and market values and
applies functions (i.e., depth-damage curves) to estimate the damage based on the
floodplain water depth [5]. Therefore, the main input is the polygon flood map with
information about water depth [5]. The result of the model is the flood damage for
different sectors [5].

4 Cost–Benefit Analysis

The chosen time frame of the anticipated CBA was 100 years, which could be
regarded as a reasonable lifetime of such a scenario. Costs and benefits are calculated
with the most recent available prices of elements included in the CBA and explained
in the following paragraphs. The discount rate applied, which takes into consider-
ation how much someone prefers benefits now rather than in the future, was 4%
because similar values were adopted in other studies [4]. It is known from previous
studies such as Dittrich et al. [4] that ecosystem services (ES), such as biodiversity,
usually represent also a significant portion of the beneficial character of afforestation
measures. Due to temporal and financial constraints of the present study, the only
option to obtain values for different ES was to use a benefit transfer (BT). We used
and transferred the results of existing studies to generate and determine monetary
values for our case study. As stated in the extensive review by Müller et al. [12], a
basic requirement is the similarity of background conditions. However, since similar
studies with respect to scale, perspective, and dimension are rare, we tried to focus
on studies of temperate European forests. In cases where values could not be
determined without extensive data collection, we used the study of Dittrich et al.
[4], given that the scale, dimension, and perspective of this study were the most
similar we could find in comparison with our research area. They were then
transferred to Euro. In total, our study included benefits of flood protection measures,
costs of afforestation measures, as well as benefits for biodiversity, carbon, recrea-
tion, and drinking water as part of ES. A result of the CBA is the net present value
(NPV), which determines if a specific measure has a positive or a negative value.
The NPV of the different afforestation scenarios was calculated by using a discount
rate of 4% and a series of future costs (negative values) and ecosystem service
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benefits (positive values). Assuming n is the number of cash flows in the list of
values, Eq. 1 displays the formula of the NPV. Furthermore, the internal rate of
return (IRR) indicates the rate for which the NPV equals zero.

NPV ¼
Xn

i¼1

valuesi
1þ rateð Þi ð1Þ

4.1 Cost of Afforestation

To calculate the costs of afforestation, the price of the area to be afforested as well as
the opportunity costs need to be determined. Opportunity costs stem from the
potential returns from agricultural crops harvested in the fields to be afforested
[13]. Based on the current land use, the prices were identified using the online portal
[14]. Based on the database (i.e., previous sales of agricultural land in the area), an
average price of 60,000 €/ha was set related to the previous land use. Furthermore,
construction costs need to be quantified. It was assessed that 3,500 trees can on
average be planted on 1 ha. Without protection through fences, the costs would be
1 €/tree which results in total construction costs of 3,500 €/ha as implemented within
the CBA.

4.2 Benefits of Flood Protection Measures

After the hydrological and hydraulic models computed the various scenarios, the
results in terms of flood depth and flood extent were exported from HEC-RAS and
used as an input for the flood damage model to calculate the expected flood damage
and the benefits of measures subsequently. Benefits of flood protection measures
were obtained using the recently developed flood damage model KRPAN [5]. For
each of the sectors (environment, cultural heritage, economic activity), the model
uses a simple equation (Eq. 2) in order to assess the expected damage (ED) due to the
different scenarios used in our study. To calculate the benefits, the calculations are
carried out with and without the implementation of a flood risk management scheme
to obtain a comparison: the damage avoided under the scenario is equal to the
benefits of the scenario. As the output per scheme is one value per scenario, we
statistically generated the yearly benefit considering a period of 100 years that was
selected for the CBA. This was done based on the results of the flood frequency
approach. Thus, based on the measured annual maximum peak discharge values
from the nearby discharge gauging station, Dvor station on the Gradaščica River, we
fitted the generalized extreme value (GEV) distribution to the data where the
parameters were estimated using the L-moments method as defined by Hosking
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and Wallis [15]. Based on the fitted distribution, we generated 1,000 � 100 data
points, which represent 100 years of annual maximum data. For each data point, the
return period was determined based on which damage could be calculated. With
such a procedure, we estimated how many flood events with different return periods
are to be expected in the next 100 years. For example, we could have 2 events with a
return period above 100 years, 8 events with a return period between 50 and
100 years, 10 events with a return period between 2 and 50 years, and 80 events
with a return period below 2 years (i.e., 100 in total because we are using the annual
maxima approach). The 1,000 random realizations were used in order to capture
some of the natural variability. The median values of the 1,000 realizations were
used.

ED ¼ S � D � E � Vu � Va ð2Þ

where S ¼ strength of the event (i.e., water depth or velocity), D ¼ dimension
(number or size of the exposed elements), E ¼ exposure (probability that an
individual sector element will be present in a given area at a given time), Vu ¼ vul-
nerability (structural damage of the individual element), and Va ¼ economic value
(of the individual element)

4.3 Biodiversity

As one of the core elements of ecosystems, biodiversity influences multiple aspects
of ES, which makes them difficult to evaluate [13]. Nevertheless, Müller et al. [12]
saw it as necessary to quantify even single components if the valuation should
contribute to forest management and planning. After Dittrich et al. [4], biodiversity
services to be valued are divided into use and nonuse values. Dittrich et al. [4]
provide a range of values for different woodlands. The use of values (like recreation
itself) will be also included within the valuation of recreation. Therefore, to avoid
double counting, nonuse values are transferred from Dittrich et al. [4]. According to
Dittrich et al. [4], “Non-use values are existence value (the benefit people receive
from just knowing that wildlife exists even though they never see it) and bequest
value (the benefit people derive from knowing that wildlife will be protected and
preserved for the benefit of future generations).” Their central estimation of 281.05
€/ha/year was used in this study.

4.4 Carbon

Concerning the impact of forests on atmospheric carbon dioxide concentration, the
main aspects to be valued are storage and sequestration. Bernal et al. [16] developed
a database of different types of forest restoration actions worldwide across different

Modelling and Evaluation of the Effect of Afforestation on the Runoff. . . 223



latitudes that indicates what removal rates apply to each subnational unit in the world
which can be accessed via [17]. The afforested area per scenario was multiplied with
the relevant carbon price of 15.41 €/tCO2 set out by [18] in their central scenario and
by per hectare carbon sequestration rates in tons (based on the removal rate database
for Slovenia with restoration type “other broadleaf”), which was 11.73 tCO2/ha/year.

4.5 Recreation

Recreational benefits stem from direct contact between people and natural resources.
They are to a huge extent dependent on local characteristics and societal perceptions
about nature as well as on the size of the afforested landscape [12]. Recreational
values of small forests may be marginal and initially increase with size. However, at
a certain size, it is expected that aesthetic values reach a maximum. There is evidence
that mosaic landscapes, which present a combination of forested areas and perma-
nent meadows, offer a different kind of aesthetic values. The area of the anticipated
afforestation is already accessible and touristically developed [19]. Furthermore,
based on the questionnaire of Japelj et al. [20], the needs and well-being of the
population are already sufficiently addressed with urban forests in place leading to
reduced surplus benefits through the anticipated afforestation measures. As, how-
ever, forest landscapes are still considered attractive landscapes whose benefit for the
local population should be taken into account, we decided to choose a particularly
low value of 50 €/ha/year from Dittrich et al. [4], which adopted this value after
Tinch et al. [21] for rural woodlands. Thus, we aim to sufficiently account for the
uncertainties regarding this explicit ecosystem co-benefit.

4.6 Water Quality

Afforestation might possibly impact the surface and subsurface water quality. In
Ljubljana, most of the water supplied to the City of Ljubljana stems from the
Ljubljansko polje aquifer system which is characterized by a strong interconnection
between surface and groundwater and thus an increased vulnerability to chemical
pollution [22, 23]. As the computations show, afforestation in the Glinščica catch-
ment will lead to a more balanced hydrological regime with reduced peak flows,
flooding extents, and by an increased control in the groundwater recharge and
watershed protection. Through that it is reasonable to expect that the amount of
sediment and nutrient input into the river and the aquifer will be lowered [22]. To
quantify these benefits related to surface water and groundwater, quality is challeng-
ing, as there are no relevant studies in Slovenia. Therefore, we took the mean value
within the range of most values for forest ecosystems, which resulted from the
systematic review of Müller et al. [12]. Accordingly, the price for the improvement
of drinking water quality was set to 118 €/ha/year.
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5 Results and Discussion

Significant peak flow reductions could be achieved by conceptually implementing
the measures within the hydrological model. Peak flow reductions were 14% for the
2-year return period, 10% for the 10-year return period, and 9.5% for the 25-year
return period tending to decrease for events with a larger return period. This trend
was not detected comparing the differences in peak times. For both the 2- and
10-year return periods, the differences compared to the current state scenario were
10 min. A 5-min difference was detected for the 25-year return period. This
reduction in peak flow also influenced the flooding extent as can be seen in Fig. 2
(yellow inundation boundary). The smaller input hydrograph, which was modelled
within the hydrological model, did as such directly translate to a smaller inundation
extent.

However, changing the hydraulic roughness of the floodplains (i.e., scenario
“Afforestation downstream”) within the hydraulic model had a similar effect to
that in the scenario “Afforestation upstream” (Fig. 2, orange and yellow boundaries)
although comprising approximately 245 ha less afforested surface. Thus, the effect
of the afforestation is relatively small. The main reason is that in one case, the
scenario is implemented only in the hydrological model, and in the other case, the
afforestation is also included in the hydraulic model where obviously the changed
roughness coefficients have a large impact on the floodplain water movement.
Additionally, this might be due to the uncertainty in predicting the maximum
flooding extent as explained by Bezak et al. [6]. Comparing the outflow hydrographs
for the 10-year return period, scenario supports this explanation as one can see that
the hydrograph for the scenario “Afforestation downstream” is only insignificantly
smaller than that of the scenario “Current land use” (Fig. 3). While peak flows were
not influenced by changing the hydraulic roughness of the 2D flow, the extent of the
inundated area could be narrowed by almost 25% (Fig. 2). The 2D flow areas within
the hydraulic model allowed for a more detailed assessment of the effects of
floodplain afforestation on flood depth and water velocity. However, maximum
water depths within some parts of the floodplains were low (below 1 cm), and strong
variations by a factor of 10 were found with regard to the water velocities within the
floodplains. Therefore, we could not detect a clear trend here.

In view of the economic damage, the smaller extent of the inundated area also
manifested in a lower cumulative economic damage caused by the event. Only small
damages were calculated for the 2- and 10-year return periods, as mainly natural
areas were flooded with a small flooding depth as mentioned before.

Therefore, the smaller flooding extent in case of 2- and 10-year return periods
could also not significantly contribute to the flood protection measure benefits
ranging between a maximum of 8,000 € and 18,000 €, respectively. Damage costs
increase with the return period; for the 25-year return period, a damage of 610,752 €
was calculated as the expected flood damage under the current land-use scenario
(“Current land use”). In relation to the costs of the 25-year return period with the
initial land use, significant reductions of approximately 78% and 80% could be
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Fig. 2 Comparison between the inundation boundaries for the scenarios “Current land use” (a),
“Afforestation upstream” (b), and “Afforestation downstream” (c) for the 10-year return period
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achieved for scenarios “Afforestation upstream” and “Afforestation everywhere,”
respectively. Even though the largest reductions could always be achieved for
scenario “Afforestation everywhere,” which comprised the largest hypothetical
afforestation area of 321.17 ha, it should be mentioned that especially for the
25-year return period, a flood damage reduction of 65% could be achieved with
the scenario “Afforestation downstream.” The benefits of the flood protection
measure represent 396,744 € when afforesting an area which is 244.50 ha smaller
than in scenario “Afforestation everywhere.” This, an almost similar cost reduction,
despite this huge difference in the afforested area, might indicate that Manning’s n
roughness is a more sensitive parameter with regard to displaying effects of affor-
estation than the CN, which was used in the hydrological model. In addition, Hall
et al. [24] found that Manning’s n roughness coefficient has the dominant impact on
uncertainty in the hydraulic model prediction. Therefore, results should be
interpreted carefully. Based on the previous findings, the overall benefits of the
scenario were the largest for the scenario “Afforestation downstream” as the costs of
afforestation were low with 268,334 € for only 76.67 ha of afforested area. A
positive NPV of 4,184,035.48 € could be found for the scenario “Afforestation
downstream” only (Table 2).

The scenarios “Afforestation everywhere” and “Afforestation upstream” show
negative NPV for a CBA period of 100 years. This means that only the scenario
“Afforestation downstream” is economically sustainable and would be worth
implementing from the economic point of view when taking into account flood
protection measure benefits plus other ecosystem service co-benefits. The main
reason for the negative NPV values lies in the fact that large areas would need to
be afforested in case of “Afforestation everywhere” and “Afforestation upstream”

Fig. 3 Comparison of the outflow hydrographs of the hydraulic model for different return periods
considering the different scenarios: S0 (“Current land use”), S3 (“Afforestation everywhere”), and
S2 (“Afforestation downstream”)
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scenarios. Consequently, costs of land acquisition are high, and obviously flood
damage is smaller than these costs and maintenance costs.

During the CBA we found that the benefits of flood protection measures exceed
the costs of planting and protection in case of afforestation of larger areas. Further-
more, considering also ecosystem service benefits, it was found that the overall
benefits are dominated by benefits of flood protection measures. One possible reason
could be that the functions, in order to extrapolate the yearly benefits of flood
protection measures, were fitted based on the three values calculated for the different
return periods. Since the benefits (damage avoided under the scenario) were by far
the largest for the 25-year return period (Fig. 4), the function therefore implies that
afforestation becomes more effective under higher flows. On the contrary, several
studies found that the opposite is the case, which would produce negative net
benefits for larger scenarios [2, 4].

With respect to the considered ecosystem services, the values vary significantly
based on their correlation with the afforested surface, which also undermines the
uncertainty of the underlying data for ecosystem services. Since most of the values
were transferred and estimated based on the size of the afforested area, the largest
ecosystem service benefits were achieved for scenario “Afforestation everywhere.”

Table 2 Net present values (NPVs), internal rate of return (IRR), and benefit-cost ratio (B/C) of the
different scenarios over a period of 100 years

“Afforestation upstream” “Afforestation downstream” “Afforestation everywhere”

Costs € 15,525,924 € 4,868,351 € 20,394,275

NPV € �2,836,497.85 € 4,184,035.48 € �6,124,130.82

IRR 3.28% 7.72% 2.59%

B/C 0.84 1.89 0.69

Fig. 4 Economic damage
in EUR for different
afforestation scenarios
under changing probability
of flooding (RP: return
period). S0 (“Current land
use”), S1 (“Afforestation
upstream”), S2
(“Afforestation
downstream”), S3
(“Afforestation
everywhere”)
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Due to temporal constraints of the present study, it was impossible to apply the
valuation function transfer based on a broad set of indicators, which would allow for
the possibility to adapt the valuation function to changing background conditions as
recommended by Müller et al. [12]. However, despite the large uncertainties that
underlie the current estimation of ecosystem co-benefits other than flood protection
(which might be slightly overestimated in this study), they deliver relevant NPV
benefits. This implies that the consideration of multiple ecosystem benefits in
addition to benefits of flood protection measures will make the implementation of
NWRM in general more likely.

6 Conclusion

This study aimed to provide a better understanding of hydrological and hydraulic
dynamics and the economic evaluation of NWRM within the Glinščica River
catchment in Slovenia. The findings of the initial modelling approach suggest a
considerable scope for using floodplain afforestation as an aid to flood control. It was
found that reductions of up to 25% in the extent of the inundated area could be
achieved by parameterizing afforestation measures within both hydrological and
hydraulic models. The hydrological model computed smaller input hydrographs for
the hydraulic model. The hydraulic computation revealed no significant peak flow;
nevertheless it revealed an overall reduction of the inundated area by 10%, mostly in
the vulnerable urbanized parts. For the flood damage, this translated to significant
cost reductions of, e.g., 396,744 € compared to the current land-use scenario for the
25-year return period. This is significant as scenario “Afforestation downstream” is
characterized by a much smaller afforested area just within the section of the
hydraulic model, compared to scenarios “Afforestation everywhere” and “Affores-
tation upstream.” Consequently, positive net present values could be found only for
scenario “Afforestation downstream”; even though the NPV benefits were domi-
nated by benefits of flood protection measures, we underline the importance to also
value other ecosystem co-benefits of the NWRM in order to make their implemen-
tation economically more worthwhile.

As such, although it is very unlikely that floodplain afforestation on its own
would be able to provide a complete protection for the downstream City of Lju-
bljana, it could make a valuable contribution alongside existing flood defenses in
order to tackle the potential increased risk of flooding. Additionally, the provision
and the valuation of ecosystem services in afforested areas of former meadows or
fields can deliver crucial information for informed decision-making and for sustain-
able investment choices. Especially for small-scale flooding problems, it could be a
decisive point in order to decide upon the implementation. Future research must,
therefore, focus on adequately displayed afforestation measures within a hydraulic
model software, minimizing the presently large uncertainties in site- and time-
specific ecosystem services.
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Abstract The Black Sea is a micro-tidal basin, where significant storm-related
marine inundations are characterized by comparably long return periods and mod-
erate extents. Thus, floods resulting from heavy rainfalls, rapid snowmelts, and the
related extreme runoff in the watersheds are far more common. River inundations are
among the properties of the hydrological regime on the Bulgarian coast, dictated by
specifics of the humid subtropical climate. Nevertheless, extreme fluvial flood

I. Kotsev (*) and B. Prodanov
Department “Coastal Zone Dynamics”, Professor Fridtjof Nansen Institute of Oceanology –

Bulgarian Academy of Sciences, Varna, Republic of Bulgaria

R. Bekova
Department “Biology and Ecology of the Sea”, Professor Fridtjof Nansen Institute of
Oceanology – Bulgarian Academy of Sciences, Varna, Republic of Bulgaria

Carla S. S. Ferreira, Zahra Kalantari, Thomas Hartmann, and Paulo Pereira (eds.),
Nature-Based Solutions for Flood Mitigation: Environmental and Socio-Economic Aspects,
Hdb Env Chem (2022) 107: 233–262, DOI 10.1007/698_2021_765,
© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021,
Published online: 6 May 2021

233

http://crossmark.crossref.org/dialog/?doi=10.1007/698_2021_765&domain=pdf


extents come primarily as a consequence of land use changes, unbalanced real estate
development, erroneous spatial planning, poor land administration, and the lack of
proper integrated coastal zone management (ICZM). Accordingly, floods pose a
severe hazard to coastal communities and economic activities. The estuaries of the
Black Sea tributaries once successfully maintained endemic hygrophilous forests
known as longozes. Nowadays, the areals of these riparian woods are severely
decreased and fragmented. Longozes used to play a vital role as peak outflow
regulators and flood storage reservoirs. Baltata and Longoza localities were picked
as case studies to analyze the magnitude of landscape change, affecting the endemic
forests’ contemporary flood retention capabilities. The study herein consists of two
core components – literature review for periodization of significant land use changes,
backed by GIS-aided assessment of the landscape change at these two case study
sites. The literature review reveals records on outflow peaks in periods of rapid
snowmelts and torrential rainfalls, which may be attributed to impaired retention
capabilities of the longoz landscapes. Likewise, an intensified frequency of the
recent flood events is observed. These findings are in a good correlation with results
of the GIS-aided change detection interpretations. The comparative analyses of
historical topographic maps revealed significant decrease and fragmentation of the
longozes at both investigated localities. The GIS analyses also demonstrate ubiqui-
tous drainage of adjacent wetlands for conversion into agricultural, residential, and
recreational areas.

Keywords Batova River, Floodplain forests, GIS-aided comparative analyses,
Kamchia River, Landscape transformations

1 Introduction

Longozes represent endemic hygrophilous (primarily riparian and floodplain) forests
native to the eastern part of the Balkan Peninsula. In coastal environments, they
occur along slow-flowing river downstream sectors, floodplains, estuaries, and
brackish lagoons [1]. Apart from the Bulgarian seaside, they are also preserved at
a few sites along the Black Sea and Aegean shores of European Turkey [2], as well
as in the region of Western Trace in Northern Greece, between the Nestos and Evros
river deltas [3, 4]. Their presence in the Danube River delta (Romania) is quite
possible, yet a subject of scientific debates [1]. Being nicknamed the “temperate
mangroves” of the East Balkans, the formation and existence of these alluvial forests
is dependent from the humid subtropical climate with mild, wet winters and periodic
high-water fluvial inundations occurring twice yearly, once in early spring and again
in late autumn [1].

A recently recognized important ecosystem service that longoz forests are able to
provide along with the coastal wetlands is their property as peak runoff regulators
and natural flood storage reservoirs. Nowadays, however, due to widespread land
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conversion, longoz forests in Bulgaria are characterized by severely decreased and
fragmented areals, and as a consequence, they are enlisted in the country’s Red Data
Book as a sensitive habitat type [1]. Nevertheless, thanks to the excellent flood
retention properties, since very recently, the environmental management notion
about longozes goes beyond the realm of nature conservation and habitats preser-
vation agenda. These endemic forests are no longer seen by spatial planners as
merely a critically endangered habitat type [1] requiring preservation in compliance
with Council Directive 92/43/EEC (i.e., the Habitats Directive) [5, 6], but also as a
nature-based solution in coastal flood risk management [7]. It should be pointed out
that since the Black Sea is a micro-tidal basin, where significant storm-related marine
inundations are with comparably long return periods and of moderate spatial extents,
floods of non-marine (particularly fluvial) origin represent the principal threat of this
kind, which has to be mitigated in compliance with Directive 2007/60/EC (i.e., the
Floods Directive) [8]. Finally, flood risk management in coastal areas, along with
nature conservation and the preservation of sensitive habitats, represents an essential
component of the ICZM. Thereby, the objectives of the study herein can be
summarized in the following:

• To investigate the spatio-temporal pattern of the longoz forests’ areals along the
North Bulgarian Black Sea coast by reviewing the available literature and by
applying a GIS-aided comparative-historical analysis for assessment of the mag-
nitude of human-driven landscape change;

• To lay the fundament for an assessment of the longoz forests’ impaired flood
retention capabilities in light of their role as a nature-based solution for flood
hazard mitigation.

2 Study Area

2.1 Coastal Geology and Geomorphology

Тhe North Bulgarian Black Sea coast stretches between Cape Sivriburun (marking
the state border with Romania) to the north and Cape Emine (marking the eastern-
most tip of the Balkan Mountains) to the south. It encompasses the coastal sectors of
five major geological structures, namely the Moesian (Danubian) Platform, the
Batova Depression, the Varna-Beloslav Grabben, the Kamchia Depression, and
the easternmost part of the Balkan Young-Folded Alpine Zone [9]. In geotectonic
sense, the Batova Depression is a tectonically predisposed erosional valley (a fault)
formed between the Vranino-Balchishki (Dobrudzhean Plateau) and the Frangenski
(Franga Plateau) coastal morphotectonic blocks [10]. Respectively, the Kamchia
Depression serves as a transitional zone that separates the Moesian Platform from the
easternmost part of the Balkan Young-folded Alpine Zone [11]. In terms of geo-
morphology, the littoral sectors of both depressions represent depositional lowlands
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of the delta-estuarine type, formed in the floodplains of the Batova and Kamchia
rivers [12].

2.2 Climate on the Bulgarian Coast

While some of the publications (mostly by Bulgarian scholars, e.g., [13–16])
describe the climate along the Bulgarian Black Sea coast (or parts of it) as transi-
tional to continental-Mediterranean or even as typical for the continental part of the
Northeast Mediterranean, it seems to be much properly categorized by foreign
authors who apply the Köppen-Geiger classification scheme (e.g., [17–19]).
Pursuant to the above classification, the climate of the Bulgarian Black Sea coast
is humid subtropical, which better describes the wetter transitional seasons and the
warm, but noticeably cooler summer months in comparison to the Mediterranean
region. There is a gradual increase of the mean annual precipitation quantities in the
coastal sector between Cape Kaliakra in Maritime Dobrudzha to the north and Cape
Emine in the East Balkan Mountains to the south, i.e., from 412 mm/y to 593 mm/y.
This increase goes along with a gradual shift of the rainfall maxima from one in the
late spring-early summer season into two occurring during the late autumn-early
winter and the early-spring seasons [15, 20].

In terms of climate requirements, a limiting factor for the occurrence of longozes
is precisely the cited mild and humid winters. This is the reason why in the northern
part of Bulgaria these forests used to dominate at the landscape scale at sites close to
the Black Sea, i.e., in the valleys and floodplains of the rivers Batova, Kranevska
(Ekrenska or Chaltika Dere), Pasha Dere, Kamchia, Fandakliyska, Perperi Dere,
Dvoynitsa, and Vaya. Some evergreen and thermophilic species are also present in
the forest communities – a coenological property that sets longozes apart from the
remaining riparian and floodplain forests in Bulgaria [1, 5].

2.3 Hydrological Properties

Among the principal ecological factors determining the spatial distribution of the
longoz forests along the Bulgarian coast is moisture availability. A general hydro-
logical peculiarity of the region is the gradual increase of water availability in north-
to-south direction. This is attributed to the specifics of the coastal climate, lithologic
composition, topography, and afforestation of the catchment basins. The cited
factors altogether consequently determine the properties of the surface runoff,
ground water discharge, occurrence of major Black Sea tributaries, and presence
of freshwater and brackish coastal lakes. Consecutively, the banks of the aforemen-
tioned water bodies found along the shore are the one providing the necessary
ecological conditions for the existence of longoz forests [1, 3, 21, 22].

236 I. Kotsev et al.



A significant number of rivers and ravine-like creeks flow into the Black Sea
basin, whose total catchment area within the Bulgarian sector exceeds 16,900 km2

[23–26]. Among them, the Batova and Kamchia rivers are of utmost interest. The
Kamchia River is the longest Bulgarian river that empties into the Black Sea, having
a total length of approximately 245 km and storing considerable ground water
volumes within its fluvial terraces [23–25]. The specifics of the Kamchia River
runoff, analogous to Batova River, are associated with early-spring and late-autumn
inundations, which facilitate the mass development of riparian forests of the endemic
longoz type [1, 3, 4, 5, 22, 27].

2.4 Floristic Characteristics of the Longoz Forest
Communities

As being woods of the hygrophilous type, longozes comprise specific forest ecosys-
tems, where edificators altogether demonstrate excellent water retention capabilities
at the landscape scale. It is among the natural properties of these endemic commu-
nities that are being of scientific interest to various interdisciplinary studies. There
are three main specifics that set the longozes apart from the rest of the riparian and
floodplain forests on the Balkan Peninsula:

– polydominance and great diversity of arboreal species, adding up to more than
forty kinds;

– vast abundance of climbing plants with winding stems (lianas), giving these
woods a rainforest-like appearance;

– fluvial inundations occurring twice a year, related to the early-spring snowmelts
upstream, the early-spring and late autumn-winter precipitation maxima, as well
as the strong coastal wave activity in result of the prevailing east and northeast
winds, which hinders the river outflow into the sea during the cold months
[22, 27, 47].

The most representative longoz forest in Europe (and in Bulgaria, respectively) is
found along the Kamchia River estuary. It has been designated as a biosphere
reserve, and a NATURA 2000 protected site in compliance with Council Directive
92/43/EEC (Habitats Directive) [7, 27–30]. Main associations forming these
hygrophilous woods are these of the field elm (Ulmus minor Mill.) and the common
ash (Fraxinus oxycarpa Willd.). Other common tree species that participate in them
are the European white elm (Ulmus laevis Pall.), field maple (Acer campestre L.),
common oak (Quercus robur L.), pedunculate oak (Quercus pedunculiflora
C. Koch), white poplar (Populus alba L.), black poplar (Populus nigra L.), black
elder (Sambucus nigra L.), black alder (Alnus glutinosa (L.) Gaerth),mahaleb cherry
(Prunus mahaleb L.), bird cherry (Prunus padus L.), common pear (Pyrus communis
L.), European crab apple (Malus sylvestris (L.) Mill.), various species of willow
(Salix spp.), etc. The shrub layer consists of Tatarian maple (Acer tataricum
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L. 1753), common hawthorn (Crataegus monogyna Jacq.), small-flowered black
hawthorn (Crataegus pentagynaWaldst. and Kit. ex Willd.), small-leaved hawthorn
(Crataegus microphylla K.Koch), common dogwood (Cornus sanguinea L.), black-
thorn (Prunus spinosa L.), wild privet (Ligustrum vulgare L.), European spindle
(Euonymus europaeus L.), broad-leaved spindle (Euonymus latifolius (L.) Mill.),
Euonymus verrucosus, common hazel (Corylus avellana L.), etc. [1, 29]. Typical
climbing plants with winding stems for these forests are species that are widespread
in the country, e.g., old man’s beard (Clematis vitalba L.), ivy (Hedera helix L.),
wild grapevine (Vitis vinifera L. subsp. Sylvestris (C.C. Gmel.) Hegi), common hop
(Humulus lupulus L.), hedge bindweed (Calystegia sepium (L.) R.Br.), black bryony
(Dioscorea communis (L.) Caddick and Wilkin), as well as the Submediterranean
species high catbrier (Smilax excelsa L.) and the rare for the Bulgarian flora Ponto-
Mediterranean element Greek silkvine (Periploca graeca L.) [1, 21, 22, 27]. There is
a typical spring synusium of the flowers Bithynian squill (Scilla bithynica Boiss.)
and summer snowflake (Leucojum aestivum L.), the latter being a valuable medicine
plant [1].

The total number of protected plants found in the longoz forests well exceeds
twenty species and includes European Fritillaria (Fritillaria pontica Wahl.),
F. stribrnyi Velen., Bulgarian galium (Galium bulgaricum Velen.), wild parsnip
(Pastinaca umbrosa Steven ex. DC), Sibthorp primrose (Primula vulgaris subsp.
Sibthorpii (Hoffmanns.) W.W.Sm. and Forrest), Bithynian squill (Scilla bithynica
Boiss.), bastard stone-parsley (Sison amomum L.), summer snowflake (Leucojum
aestivum L.), etc. [1, 22, 27, 28, 30].

2.5 Baltata and Longoza Localities as Case Studies

Baltata and Longoza localities (Fig. 1) are the two most representative sites with
longoz forests along the North Bulgarian Black Sea coast [1, 3, 5, 22, 27]. Therefore,
these two areas were selected as case studies for analysis of the human-induced
landscape transformations and the accompanying impacts upon the endemic forest
areals.

Baltata Locality (Fig. 2) occupies the downstream sector, floodplain and estuary
of the Batova River. It is a protected area since 1962, designated in order to preserve
Europe’s northernmost longoz forest as a follow-up to the expert advice by the
British researchers Guy Mannford and Eric Hosking [27]. The core conservation
area has been established as Baltata Managed Reserve (Fig. 3) [28]. The reserve’s
buffer zone is a separate protected area with the status of a protected locality, called
Blatno Kokiche [29] (translated as summer snowflake in English, which is the name
of the medicine plant Leucojum aestivum that grows abundantly in the area). Both
the managed reserve and the protected locality are included in BG 0000102 Dolinata
na reka Batova (or Batova River Valley) NATURA 2000 protected site, designated
under the EU’s Habitats Directive [7]. Main conservation goal of the protected site’s
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designation is to guarantee the preservation of the remnants of the once vast longoz
forest formed in the floodplain of the Batova River [32].

Similarly, Longoza Locality (Fig. 4) encompasses the downstream sector, flood-
plain and mouth of the estuarine type of the Kamchia River. It is a nature reserve
called Kamchia since 1951 (Fig. 5), designated as a biosphere reserve from 1977
until 2017 [27–29]. The reserve’s buffer zone, similar to the spatial zoning at Baltata,
has also been established as a separate protected locality called Longoza, named
after the area itself. Both the biosphere reserve and the protected locality are
nowadays included in the spatial extent of BG 0000116 Kamchia NATURA 2000
protected site, designated under the EU’s Habitats Directive [7]. Main nature
conservation goal of the protected site’s designation is to preserve the remnants of
the longoz forest formed in the river downstream sector and floodplain of the
Kamchia River [32]. In terms of nature conservation, an intriguing fact is that
Longoza Locality is probably among the oldest protected areas in present-day
Bulgaria. It used to have the status of a protected forest from the sixteenth century
onwards, while the country was a constituent part of the Ottoman Empire, until the
declaration of the semi-independent Principality of Bulgaria in 1878, when, unfor-
tunately, the forest lost its preservation status and became subject to an extensive
exploitation for timber by national and foreign companies [3].

Fig. 1 Location of the two pilot case study sites on the North Bulgarian Black Sea coast: a. Baltata
Locality; b. Longoza Locality. Satellite imagery provided by the World Imagery basemap service of
ESRI for ArcGIS Desktop
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3 Materials and Methods

The study herein consists of two main parts:
Part 1. literature review for analysis of the human-driven landscape-scale trans-

formations that occurred at Baltata and Longoza localities from historical perspec-
tive, followed by logically grouping of the land conversion events into actual
historical periods;

Part 2. GIS-aided assessment and interpretation of the spatio-temporal land use
changes at the two case study sites, based on the analysis of historical and archive
cartographic resources.

In order to make correct implications about the overall spatio-temporal change at
the landscape scale at Baltata and Longoza localities, it is necessary to review the
main stages in the anthropogenic transformations of the two areas and to subse-
quently aggregate them into historical periods. In Part 1, the literature review entails
thorough analysis of the available publications and gray literature upon the matter,
including non-indexed scientific papers in Bulgarian, research articles published
prior to the 1990s, information materials about protected areas within the spatial
extent of the Regional Inspectorate for Environment – Varna [28], NATURA 2000

Fig. 2 Awinter image over the longoz forest at the Baltata Locality, formed in the floodplain of the
Batova River. The estuary visible to the north (upper part of the photograph) represents the old river
mouth of the Batova. The estuary located to the south (lower part of the photograph) is the new river
mouth, artificially translocated there in order to clear the marshy terrain for the construction of the
Albena International Maritime Resort (a few of the hotels are discernible in the upper central section
of the image)
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dossiers of the two relevant protected sites (BG 0000102 Dolinata na reka Batova
and BG 0000116 Kamchia) freely available from the national geoportal (http://
natura2000.moew.government.bg/) [32], as well as data obtainable from the national
online register of the protected areas and NATURA 2000 sites to the Bulgarian
Executive Environment Agency (http://eea.government.bg/zpo/en/index.jsp [29]).

In Part 2, initial entry data for analysis in GIS was a set of archive topographic
maps covering the Bulgarian Black Sea coast, as well as two up-to-date cadastral
layers, of Baltata and Longoza localities, respectively. The cadastral data was
obtained from the Geodesy, Cartography and Cadastre Agency of the Republic of
Bulgaria. The topographic dataset comprised maps produced at various scales and
relevant to four different periods: the late nineteenth century; the 1930s, 1970s, and
1980s of the twentieth century. The cited historical topographic maps were obtained
in a digital format as a web map service (WMS) for geo-software, freely distributed
by an independent Bulgarian website for GIS professionals (https://kade.si) [52]. In
the first step of the GIS procedures, datasets on historical land cover/land use at
Baltata and Longoza localities were created by on-screen digitizing of the areas of
interests from the archive topographic maps. As a product of the digitizing activities,
two pairs of land cover/land use layers synchronous to the above-mentioned histor-
ical periods were created. In addition, LANDSAT imagery relevant to the 1980s was

Fig. 3 A field photograph of Baltata Managed Reserve, established in the downstream sector of the
Batova River. The marshy terrains within the banks of the slow-flowing river provide excellent
conditions for the development of polydominant hygrophilous forest communities of the endemic
longoz type. Longozes are characterized by vast abundance of climbing plants with winding stems
(lianas), giving these woods a rainforest-like appearance
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used for further cross-check and data refinement of the 1970s–1980s land cover/land
use digital layers.

Crosstabulations carried out in GIS environment represent the core technique of
the change detection analyses carried out in relation to the study discussed herein.
Accordingly, the resultant two historical GIS datasets on land cover/land use (rele-
vant for the periods late nineteenth century–1930s and 1970s–1980s) were cross-
tabulated versus each other and versus the two up-to-date cadastral layers. These
crosstabulation procedures made it possible to trace and quantify the rats of human-
driven landscape transformations at Batova and Longoza localities that occurred
historically in result of land conversion and land use changes.

4 Results

4.1 Part 1: Literature Review. Land Use Dynamics Along
the North Bulgarian Coast. Main Land Use and Land
Conversion Periods

The issue concerning detailed historical periodizations of the main stages in land
conversion with associated land use dynamics and overall landscape change, for the

Fig. 4 The longoz forest at the Longoza Locality, formed in the floodplain of the Kamchia River.
Naturally, the fluvial floodplain is occupied by this dense endemic hygrophilous forest, as it is
visible on the oblique aerial image. Furthermore, part of the river estuary is discernible in the central
part of the photograph
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area of present-day Bulgaria, presents certain problems due to the peculiarities of the
Ottoman and pre-Ottoman periods [33, 34]. A general feature of the aforementioned
epochs is the scarcity of easily available sources on these topics. Another issue is
related to the historical fate of Baltata Locality (Fig. 6) over the pace of the early
twentieth century [35]. As being a constituent part of Maritime Dobrudzha, it was
annexed by Romania for the period from 1913 (shortly after the Second Balkan War)
until 1940 (when it was returned to Bulgaria following the Treaty of Craiova).
Therefore, the historical periods described in the present chapter of the study reflect
to a great extent the availability of narrative and cartographic data with regard to the
study area.

4.1.1 Ottoman Period

The preserved narrative and cartographic data concerning the areas of Baltata and
Longoza during the Ottoman period is very scarce [34]. Nevertheless, there are some
quite interesting written facts available about the status of the Longoza Locality,
communicated by Dimitrov [3]. It used to be a protected forest, where felling of trees
for timber and grazing were strictly prohibited, while hunting was a privilege

Fig. 5 A field photograph of the Kamchia River downstream sector, established as UNESCO’s
Kamchia Biosphere Reserve for the period 1977–2017. The Kamchia River represents the longest
and the most water-abounding Bulgarian tributary emptying into the Black Sea, having a total
length of approximately 245 km
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allowed to noble Ottomans only [3]. Based on this fact, it may be assumed that the
Longoza Locality is probably among the earliest protected areas in present-day
Bulgaria.

4.1.2 Period from the Liberation of Bulgaria Until the Second
World War

This period is marked by certain specifics of the land use dynamics and the
concomitant processes of anthropogenic transformation, dictated primarily by the
turbulent political situation and the associated socio-economic changes on the
Balkans that inevitably affected the young Bulgarian Principality (an independent
from the Ottoman Empire kingdom since 1908) [35]. As a consequence of the
refugee waves from Macedonia and Thrace following the Ilinden–Preobrazhenie
Uprising of 1903 and the Second Balkan War of 1913, new settlements and quarters
emerged, while the previously existing increased significantly their spatial extents
[36–38]. This was accompanied by reclamation of terrains for construction and
farming [39]. The participation of Bulgaria in three consecutive wars during the

Fig. 6 An orthorectified aerial photograph series over Baltata Locality, as of the beginning of the
twentieth century. From the year 1913 until 1940, Baltata used to be an isolated coastal area at the
Bulgarian–Romanian border, almost completely deprived of any human activity. Photo source:
Archive of the Bulgarian Academy of Sciences
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period 1912–1918 [35] (which, according to some Bulgarian climatologists, coin-
cided with several successive harsh winters on the Balkans [14]) and its involvement
in the Second World War had a devastating impact upon the forest landscapes found
along the seaside. Besides, shortly after the liberation from the Ottoman rule, the
Longoza locality lost its status as a protected forest. The wood resources of the most
representative European longoz forest were extensively exploited for timber by
national and foreign companies, which in turn led to significant reduction of its
spatial extent [3].

4.1.3 Socialist Period (1944–1989)

The epoch of Totalitarianism is associated with drastic changes in the political and
socio-economic life in Bulgaria, which inevitably reflected upon the land use
dynamics and led to a widespread land conversion along the Black Sea coast
[40, 41]. Although generally perceived as a dark period in Bulgaria’s recent history,
the Socialist period had both good and bad aspects regarding the land administration,
spatial planning, environmental protection, and nature conservation. On the one
hand, the Socialist period marks great advancements in the fields of cadastral
mapping and regulation, construction of critically important infrastructure, expert-
based planning of the national economy with the associated land use and land
administration activities, development of the international tourist sector, initiation
of measures for flood hazard mitigation, as well as the establishment and preserva-
tion of newly designated protected areas. On the other hand, these actions were often
at the expense of property rights of the Bulgarian citizens, sometimes irrational
exploitation of the natural resources and lack of flexibility in terms of planning,
neglecting of the landscape’s properties and carrying capacity, blind copying of
Soviet models, and so forth [41–46].

A characteristic feature of this period is the collectivization of all private farmland
and the creation of state-owned agricultural cooperatives that later evolved into agro-
industrial complexes, following the Soviet model [41, 44, 46]. This process was
accompanied by reclamation of new fertile areas, converting entire coastal regions
(e.g., the Batova and the Lower Kamchia river valleys) into highly intensive
agricultural landscapes. Accompanying effects of the large-scale intensive agricul-
ture were aggravation of the soil erosion, soil and water pollution issues, etc. [45].

The extensive exploitation of the coastal wood resources for timber continued
during the Socialist period, but also mass afforestation campaigns were carried out as
well, including the creation of shelterbelt forests in the rural areas. Lamentably, far
from all forestry activities were planned or undertaken with the required level of
botanical expertise. This in turn resulted in the formation of secondary, less valuable
forest communities and, however, led to the ill-considered widespread creation of
artificial, often inappropriate or unstable in long-term perspective forest patches with
non-native tree species [20, 21, 31].

Thanks to the excellent climate conditions and the consistent long-term policy of
the Bulgarian communist governments, oriented towards fast development and
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expansion of the tourist sector, the country became a well-known Balkan destination
for maritime summer recreation alongside the Socialist Yugoslav republics of
Croatia and Montenegro [43, 46]. Numerous resorts and recreational areas were
established in the study area during this period, e.g., Albena International Maritime
Resort and Kranevo Village near the town of Balchik in Maritime Dobrudzha, as
well as Kamchia Recreational Area and Shkorpilovtsi Village in the Kamchia coastal
area. These processes of landscape transformation, land conversion, and the associ-
ated land use changes were naturally accompanied by construction of new infra-
structure, e.g., roads, water and sewage pipelines, water-treatment plants, etc.
However, it should be pointed out that the greater share of the accommodation
facilities for maritime tourism in Bulgaria used to be concentrated in small recrea-
tional areas with campsites, caravan parks, and bungalows. In addition, all coastal
settlements, e.g., Kavarna, Balchik, Varna, Shkorpilovtsi, Byala, and Obzor, used to
accommodate a great share of the visitors in private, family-run guest houses and
apartments. Therefore, the human pressure upon the coastal nature as a straight
consequence of tourism was rather small compared to the disgraceful situation along
the Bulgarian Black Sea coast nowadays [42, 43, 46].

Nonetheless, although carefully planned in general, yet the fast-growing interna-
tional recreation led to certain negative human-induced disturbance exerted upon the
longoz landscapes. A common feature of the Black Sea coast is that the most
important nature conservation sites are also the most attractive ones when it comes
to tourism [20, 27, 45, 46]. Thus, a few of the resorts and the recreational facilities
were built in the vicinity of environmentally sensitive areas, e.g., Albena Maritime
Resort and Kranevo contiguous to Baltata Locality, as well as Kamchia Recreational
Area and Shkorpilovtsi close to Longoza Locality [43].

Among the good features of the Socialist period is the significant progress of the
nature conservation initiatives, followed by the designation of multiple new
protected areas along the North Bulgarian Black Sea coast [45]. Among these
were Kamchia Nature (i.e., Strict) Reserve (established in 1951, an UNESCO’s
biosphere reserve from 1977 until 2017), Baltata Reserve (declared in 1962,
recategorized into a managed reserve in 1999), and Kamchiyski Pyasatsi (Kamchia
Sands) Protected Locality (initially established in 1980 as a buffer zone of Kamchia
Reserve) [27–29].

However, the environmental issues at the cited protected areas seriously aggra-
vated as a consequence of land conversion and the associated land use shifts. For
instance, Baltata Reserve was temporarily effaced as a protected area in the period
1974–1978 due to a state decision to construct Albena International Maritime Resort
contiguous to the Batova beach. Although reestablished in 1978, the nature reserve’s
spatial extent was severely reduced and as a consequence of the contiguous tourist
infrastructure for mass recreation, it represents one of Bulgaria’s coastal
geoecological hotspots nowadays [27]. At Longoza Locality, the drainage and
follow-up conversion into agricultural land of the Oryahovo Wetlands, which used
to act as natural flood storage reservoir during the high-water inundations of the
Kamchia River, led to irreversible alterations of the moisture regime of the endemic
longoz forest at the homonymous locality [27]. The cited environmental issues
aggravated additionally after the construction of four large reservoirs in the river’s
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catchment basin, created in order to meet the growing demands for water of the
expanding coastal economy, agriculture, tourism, and growing population. Batova
River, although having less water quantities, had a similar fate. The captation of its
karst springs upstream led to severe deterioration of the state of the longoz forest
communities at Baltata Reserve. As a consequence, most of the representative
hygrophilous longoz vegetation began to perish and is currently being replaced by
other, more tolerant but less valuable floristic communities [5, 27]. Another aspect of
the negative alterations caused by the decreased river outflow was the shortage of the
sediment supply transported and deposited by the Kamchia and Batova rivers, which
in turn led to imbalance in the coastal morphodynamic system, end eventually
resulting in intensification of the coastal erosion processes at both the Batova
beach and Kamchiyski Pyasatsi Protected Locality [48].

4.1.4 Contemporary Period (1989–Present Day)

This period is perhaps the most detrimental for the Bulgarian Black Sea coastal
nature [20, 27, 49, 50]. After the crash of the totalitarian regime in the country, the
majority of the recreational facilities were privatized and consequently densely
overbuilt. Unlike the common tendency in Europe, oriented towards nature-based
and environmentally friendly forms of recreation, as well as the widespread increase
of the campsites throughout the continent, most of these grounds along the Bulgarian
Black Sea coast were purposely effaced. Later, the terrains were sold and subse-
quently converted into large resorts, without taking into consideration the carrying
capacity of the coastal landscape [42]. Certain protected areas were wiped out from
the register of the Bulgarian protected areas (i.e., Kamchia sands) and were planned
for building [27–29]. Although sounding irrational for an EU member state, most of
the coastal settlements and resorts in Bulgaria still lack any general spatial develop-
ment plans. Nowadays, the negative consequences of these actions are obvious.
Bulgaria lost its fame as a preferred Balkan destination for summer recreation, with
the lack of pristine nature near the resorts, pollution, and over construction of the
coast being among the main reasons for the tourist outflow.

Currently, the Bulgarian agriculture is in unprecedented decline [41]. After the
termination of the state-owned agricultural cooperatives, the land was returned to the
private owners and their inheritors. Unfortunately, due to the general lack of interest
in farming initiatives by the local population, nowadays the abandoned agricultural
landscapes are a common feature of the coast [42]. Nevertheless, from landscape
ecological point of view, these former agricultural areas and abandonment processes
are rather intriguing since they facilitate the monitoring of the natural landscape
dynamics and the restoration abilities of longozes and coastal wetlands.

Among the good features of the contemporary period is the launch of the
NATURA 2000 project in the country and along the Bulgarian Black Sea coast in
particular [30, 32]. Accordingly, as being among the most important nature conser-
vation areas on both national and international level, Baltata and Longoza localities
were included in the spatial extents of BG 0000102 Dolinata na reka Batova (Batova
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River Valley) and BG 0000116 Kamchia NATURA 2000 protected sites, designated
in compliance with the EU Habitats Directive [7, 30, 32]. Nonetheless, the questions
concerning habitat mapping, spatial planning, land administration, and land use
regulations at these sites of community importance remain open.

4.2 Part 2: GIS-Aided Assessment and Interpretation
of the Spatio-Temporal Land Use Changes at Baltata
and Longoza Localities

4.2.1 Baltata Locality

Baltata Locality spreads over an area of roughly 528 ha. As of the late nineteenth
century, 97.7% of it used to be covered by longozes, with the remainder 2.3% being
the beach–dune complex developed at the land–sea interface in front of the forest
and stretching between the river mouths of Batova to the north and Kranevska
(Ekrenska) to the south (Fig. 7).

As of the late 1970s–early 1980s, the extent of the longoz forests has decreased
from 97.7% to barely 46.4% due to land clearing for agricultural and resort-building
demands (Fig. 8). In this period, the river mouth of Batova was artificially
translocated to the south via a system of water canals. Subsequently, Albena
Maritime Resort was built on the former marshy terrain, meanwhile becoming one
of the greatest coastal consumers of freshwater, supplied by the karst streams feeding
Batova River and on which the longoz ecosystems at Baltata Locality highly depend
on. The aggregate landscape transformation at the case study site (late nineteenth
century vs. late 1970s–early 1980s) adds up to 52.4%, while the transformed area of
the longoz forests is 53.6%.

The final time frame subject to analysis is the period early 1980s–2019 (Fig. 9).
Overall, the landscape transformation at Baltata Locality as of 2019 in comparison to
the early 1980s is much lower – 5.8%. Further transformation of the longoz forests
(around 0.1%) is demonstrated by the crosstabulation results, which, however, fall
within the statistical error. There is an overall increase of the longoz forests extent at
Baltata Locality, which is attributed to the abandonment of the former camp site near
the southeastern tip of the pilot study site.

4.2.2 Longoza Locality

The second pilot study site has an area of approximately 2,500 ha. As of the late
nineteenth century, 88.9% of it used to be covered by longoz forests, while the
contiguous beach–dune complex, known as Kamchia-Shkorpilovtsi beach, com-
prised 2.3% of the site’s aggregate area (Fig. 10). The remainder used to represent
wetlands (the so-called azmatsi, representing old river beds of Kamchia) – 7.2%, and
the river watercourse – 1.6%.
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As of the late 1970s–early 1980s, the relative area of the longoz forests at the case
study site dropped drastically, from almost 89% to barely 49.1%. Among the
greatest anthropogenic alterations of the Kamchia River’s hydrologic regime was
the construction of four large reservoirs in its catchment basin, as well as the
conversion of the Oryahovo Wetlands into agricultural land. As of comparably
smaller environmental impact, but nevertheless incompatible with the nature con-
servation value of the area, may be assessed the establishment of the Kamchia
Recreational Area. The total landscape transformation in comparison to the late
nineteenth century is 46.7%, while the transformed area of the longoz forests is
47.6% (Fig. 11).

The last compared period (early 1980s–2019) reveals further moderate landscape
transformations at Longoza Locality, estimated at 0.9%. The relative area of the
longoz forests is estimated at 49%, which demonstrates an insignificant decrease in
comparison to the precedent period (Fig. 12).

5 Discussion

The analyses of the crosstabulation results reveal that the aggregate landscape
transformation at Baltata Locality is approximately 37%, while at Longoza Locality
these values are even higher – nearly 46% when comparing the late nineteenth
century versus the contemporary states of the two pilot study sites as of the year
2019. Most impacted by these anthropogenic-driven landscape-scale alterations are
indeed the longoz forest ecosystems.

One of the drastic landscape-scale transformations at Baltata Locality is related to
the artificial translocation of the Batova’s river mouth to the south of the floodplain
longoz forest via a system of water canals, where the Kranevska (Chaltika Dere)
River flows into the Black Sea. As discussed in the preceding sections of the text, the
reason for this action, which occurred over the Socialist Period (1970s of the
twentieth century), was to clear the low-lying marshy terrain for subsequent con-
struction of the Albena International Maritime Resort. Nevertheless, field observa-
tions confirm that the old estuary still exists to this date, while the area of the old
river bed gets periodically drowned during peak outflow periods or torrential rains.
The latter represents a typical feature of the coastal humid subtropical climate during
the early-summer season [17, 18]. Accordingly, floods with fluvial and pluvial
genesis represent a peculiar characteristic of the cited coastal resort nowadays as a
consequence of this ill-planned and inexpertly executed land conversion project.

The Oryahovo Wetlands, which used to serve as a natural runoff regulator at the
Longoza Locality in the past, share a similar faith in terms of land conversion,
although transformed primarily into arable land for intensive agriculture. Similarly
to the area of the Albena International Maritime Resort, frequent inundations are
observed nowadays there, especially in the events of peak water outflows within the
floodplain of the Kamchia River. Thus, it may be concluded that both case study
sites, hosting hygrophilous forests of the endemic longoz type and selected for the
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survey presented herein, share a lot of similarities. These parallels are not simply
with regard to the array of mutual physiographic, botanical, ecological, habitat, and
nature conservation properties, but also concern the pattern of land use change and
the related spatio-temporal transformations at the landscape scale аt Baltata and
Longoza localities. Nevertheless, while the cited peculiarities of the present-day
inundation regime at Baltata Locality represent a spatial management issue, in the
latter case discussed for Longoza Locality it may actually facilitate flood risk
management. This can be achieved by using the agricultural terrains of the former
Oryahovo Wetlands as a temporal flood storage reservoir in the light of nature-based
solutions.

The areas deprived of vegetation cover that used to be occupied by longoz forest
patches in the past are definitely highly flood-prone nowadays. The analysis of past
floods within the catchment basins of Batova and Kamchia rivers [51] reveals an
intensified frequency of these extreme events after the year 1990. Thus, 9 floods
have been registered versus just 1 for the preceding Socialist period that spanned
between 1945 and 1990 in the catchment basin of the Batova River. Moreover, a
total of 28 floods have occurred after the year 1990 in the catchment basin of the
Kamchia River versus just 3 registered for the Socialist period and just 2 registered
for the pre-Socialist period. Finally, both localities, Baltata and Longoza, are clas-
sified as extremely susceptible areas to floods with return periods 20, 100, and
1,000 years [51]. Meanwhile, rather intensified rates of resort construction are taking
place at these two localities, with all implications resulting from it.

6 Conclusions

Results of the present study confirm that both pilot study sites, namely Baltata and
Longoza localities, have undergone significant levels of anthropogenic-driven land-
scape transformation in result of land conversion and land use changes. Neverthe-
less, the available scientific publications about both localities that are cited herein are
with quite different scopes. At present, there are very few (if any) papers attempting
to link human-induced transformations of the longoz landscape pattern in result of
land use change to their impaired capacity as flood storage reservoirs and the
resulting fluvial flood hazard. In this regard, our study represents a pioneer attempt.
Longozes are recognized internationally as a critically endangered, endemic type of
polydominant hygrophilous forests, found exclusively in the eastern part of the
Balkan Peninsula, and as such they are an integral part of Europe’s fragile natural
heritage [1, 2, 22, 27, 28]. Accordingly, their long-term preservation and restoration,
apart from being of continental-scale interest in the realm of nature conservation and
habitats preservation, will also ensure an improved, nature-based flood risk resil-
ience of the coastal areas concerned. The analyses conducted with focus on the
longoz forests at both investigated locations in the present paper are of significantly
decreased spatial extents nowadays in comparison to the late nineteenth century. The
most significant landscape transformations and land conversions occurred during the
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Socialist period in Bulgaria, which was marked by extensive tourist, infrastructural,
and agricultural development, often running counter to the landscape’s carrying
capacity. Nevertheless, alterations of the landscape pattern (i.e., by construction of
recreational facilities and tourist infrastructure) continue nowadays as well and take
place mainly on former agricultural land, which represented longoz forest patches
and wetlands prior to the beginning of the twentieth century. These transformations
and decreased areals of the longoz forests imply for impaired flood storage capabil-
ities of the Batova and Kamchia catchments nowadays. The aforementioned state-
ment is backed by the data on past flood events and modeled flood extents that
comprise relevant parts of the preliminary flood risk assessment in the Black Sea
river basin district for water management [51]. The cited findings of the present
study are in a good correlation with the recent extreme floods of non-marine
(particularly fluvial) origin along the North Bulgarian Black Sea coast and dictate
the necessity about the initiation of landscape-scale restorations of the endemic
longoz forests in Bulgaria in the light of nature-based solution for flood hazard
mitigation in Bulgaria.
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Abstract Flood protection based around “grey” infrastructure measures, such as
dikes and dams, comprise traditional flood alleviation schemes. Besides their advan-
tages, reflected in well-established design principles and construction techniques,
they cannot fully respond to the challenge of increasing trends of flood magnitudes
driven by impacts of climate and land use changes. The application of nature-based
solutions for flood mitigation, such as providing “space for water” and inclusion of
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natural retention areas, provides more flexible and effective solution that may also
enhance local biodiversity. This chapter presents a short overview of large flood risk
management schemes in the Republic of Croatia with the focus on schemes that
utilize nature-based solution aspects on larger scale. The contribution of nature-
based solutions was studied through a comparison of longitudinal distribution of
peak flows in the two 20-year periods along the major schemes in the Danube River
basin in Croatia. The lower sections of the Sava, Mur, Drava and Danube Rivers host
exceptional examples of large natural retention areas, such as Lonjsko polje,
Kopački rit and Drava floodplains. In addition to flood alleviation impact, the
conservation of biodiversity in the Lonjsko polje and Kopački rit wetland areas is
also emphasized.

Keywords Croatia, Danube River Basin, Flood mitigation, Nature-based solutions,
Wetlands

1 Introduction

Riverine floods are extreme events causing the largest monetary losses in the EU and
projections show their five-fold increase by 2050 [1, 2]. The traditional paradigm of
flood management focused on flood protection with engineering infrastructure was
abandoned in the 90s, and a new paradigm based on flood risk management (FRM)
has been implemented through the Water directive and Flood directive at the EU
level. Concepts such as living with the floods and making room for the rivers are
incorporated in this new approach. Technical measures based on conventional
engineering structures (“grey” infrastructure), such as dikes and dams, are still the
foundation of the flood protection systems. Besides all their advantages, reflected in
the well-established design and modelling principles, “grey” infrastructure objects
are not flexible enough and cannot respond fully to the challenges of climate change
and land use changes that magnify the flooding mechanism [3]. Therefore, the
introduction of nature-based solutions (NBS) is that “use, or mimic, natural pro-
cesses to contribute to the improved management of water” [4] has increased in
recent years as a complementary FRM approach to the mitigation of floods [5]. Sim-
ilar to the nature-based solution (NBS) concept, the Natural Water Retention Mea-
sures (NWRM) concept aims to restore or enhance natural storage capacities of
wetlands, rivers and floodplains by increasing water retention and groundwater
storage with different multifunctional agricultural, forestry, urban and
hydromorphological changes [6]. Agricultural and forestry measures (various
cropping, tilling, sowing and planting methods, land use conversion, reconstruction
of the existing driveways, etc.) are conducted in order to increase the soil infiltration
and retention capacity, reduce potential soil erosion, improve water quality and soil
fertility. Urban measures (permeable surfaces, bioretention basins, green roofs, etc.)
are implemented with the objective of reducing the hazardous impact of urban floods
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by increasing the infiltration rates in such areas, as well as surface and soil retention
capacity. Hydromorphological measures of floodplain restoration and management,
especially if applied on the large scale of the river basin, can significantly contribute
to flood attenuation while also improving water quality and enhancing habitat
biodiversity and landscape aesthetic values [7, 8]. The NBS approach to flood risk
management through retention of water in floodplains and wetlands can be less
costly than structural engineering measures if benefits from the natural ecosystem
services are considered [9, 10].

The area of the Republic of Croatia is 56,566 km2 and is divided between the
Danube River basin and the Adriatic Sea basin (Fig. 1) [11]. The territory of Croatia
spreads over three different climatic, hydrological and biogeographical regions (the
Mediterranean, mountainous and Pannonian region), with specific conditions and
unique hydromorphological features and habitat types [12]. According to the flood

Fig. 1 Territory of the Republic of Croatia divided into two major basins—The Danube River
basin (green) and The Adriatic Sea basin (blue). Large rivers in the Danube River basin are
presented (Sava, Drava-Mur and Danube) [11]
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events inventory, Croatian territory is mostly exposed to riverine and pluvial floods
[11]. About 52% of the country’s area (29,772 km2) is exposed to flooding, over
64% of which occurs in the Danube River basin [11]. Over the last two decades,
many floods have been recorded in Croatia. The most recent catastrophic flood with
human fatalities and flooded settlements was in the year 2014, within the Sava River
Basin, caused by extreme precipitation combined with highly saturated soil [13, 14].

Large lowland floodplains with significant capacity are located in the Danube
River basin and are used for water retention during floods [10, 11]. Areas of alluvial
wetlands and large lowland forests cover part of the Drava and especially the Sava
River basin. The largest alluvial wetlands and Ramsar sites are Lonjsko polje in the
Sava River basin and Kopački rit in the Drava-Danube confluence. They present
examples of NBS for flood alleviation with their significant water retention capacity
(up to one billion m3 each), but also provide additional ecosystem services, such us
supporting biodiversity and eco-tourism [10, 15]. In particular, Lonjsko polje,
located in the Central Sava Basin flood protection system, represents a unique
example of the large scale NBS for flood mitigation, with complementary interaction
of “grey” (artificial relief canals, sluices, weir and embankments) and “green”
(system of lowland near-natural retention areas) flood protection measures, and is
recognized as a world-wide example of good practice [10, 16, 17].

The main objective of this chapter is to present a short overview of the approaches
to flood risk management in Croatia and provide examples of flood mitigation
projects that have included aspects of NBS on the large scale. Emphasis is given
to the utilization of the natural and semi-natural flood inundation areas in the Danube
River Basin. An overview of the existing floodplain retention areas and protected
areas, as well as their hydrological capabilities for flood alleviation, is provided.
Finally, a detailed description of the two largest floodplains that can serve as NBS
examples of good practice is given: Lonjsko polje and Kopački rit which are also
natural protected areas due to their relevance for biodiversity conservation in
wetland habitats.

2 Flood Risk Management in Croatia

As defined in the Floods Directive [18], flood risk is a combination of the probability
of a flood event and the potential adverse consequences for human health, environ-
ment, cultural heritage and economic activities associated with a flood event. The
Flood Risk Management Plan (FRMP) provides a set of measures in the areas of
prevention, protection and preparedness for flooding. The FRMP should focus on
the reduction of potential adverse consequences of flooding, and, if considered
appropriate, on non-structural initiatives as well as on the reduction of the probabil-
ity of flooding. With the goal of providing more space for rivers, the FRMP should
prioritize the maintenance and/or restoration of floodplains.

The Floods Directive was transposed into Croatian legislation through the Water
Act [19], with supporting sub-acts. As a consequence, preliminary flood risk
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assessments including flood hazard and flood risk maps, as well as FRMPs are
published by Croatian waters1 every 6 years. The application of the Floods Directive
is coordinated with the Water Framework Directive [20] focusing on opportunities
for improving efficiency and achieving common synergies of environmental objec-
tives by both directives. All major Croatian Rivers are transboundary, hence the
flood risk management objectives are shared with other countries (Slovenia, Hun-
gary, Serbia, Bosnia and Herzegovina), as defined in multi- and bi-lateral agreements
and implemented in common projects.

2.1 Legal Documents and Projects Supporting NBS
Implementation for Flood Risk Management

The NBS approach to flood risk mitigation is supported by different EU and national
policies and legislations that enable meeting of the main goals established within the
(1) Water Framework Directive, (2) Floods Directive, (3) Habitats Directive,
(4) Birds Directive, (5) Europe 2020 strategy – resource efficient Europe, (6) Blue-
print to safeguard Europe’s waters, (7) The Biodiversity Strategy including the
Green Infrastructure strategy and (8) Climate Change Adaptation Strategy. National
legislation related to water management and FRM in Croatia is harmonized with the
EU legislation through the Water Act [19] which stipulates adoption of the river
basin management plan (RBMP) as the basic instrument for the management of
flood risks. The current RBMP adopted for the period 2016–2021 emphasizes the
choice and implementation of solutions and measures to reduce flood risk through an
effective combination of “grey” and “green” infrastructure, such as the preservation
of natural retentions, wetlands and wide inundation areas along the watercourses
[11]. NBS in the Republic of Croatia have also recently been introduced in the
national climate adaptation strategy [21]. The strategy recommends the implemen-
tation of measures for flood adaptation through the development of “green” infra-
structure. Measures are focused on restoration measures for the existing natural
watercourses and on controlled flooding of the natural lowland areas for reducing
the peak discharges during flood events. Such measures need to include the protec-
tion of the areas under Natura 2000 and the identified Ramsar sites. Although NBS
have been recently introduced in the national legislation, they have not yet been fully
recognized by all stakeholders and practitioners as crucial FRM measures which
simultaneously enable adaptation to a changing climate and enhance biodiversity.
Additionally, several national and international transboundary water management
projects are being implemented, including some measures of NBS for the mitigation
of flood risk (and drought risk and/or improving and attaining good ecological status
of water bodies). Examples of significant water management projects including NBS

1Croatian waters is the legal entity for water management in Republic of Croatia.
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Table 1 Examples of national and international projects using NBS approach for flood risk
management (FRM) implemented on Croatian territory

Project name/
project acronym

Description of
main objective
related to the
NBS approach
for FRM

Project area
(River Basin)

Implementation
period Website

Wading toward
Integrated Basin
management/
IBM - CEN-
TRAL
POSAVINA

National project
that addressed,
investigated,
and conducted
the measures for
protecting the
biological and
landscape diver-
sity of the
Lonjsko Polje
Nature Park.
NBS approach
included
maintaining tra-
ditional land
use, managing
the wetlands and
controlled
flooding of the
Lonjsko Polje

Sava River
basin – Lonjsko
Polje Nature
Park (Danube
River basin)

2006–2008 https://ec.europa.
eu/environment/
life/project/Pro
jects/index.cfm?
fuseaction¼search.
dspPage&n_proj_
id¼2962

DRAVA LIFE –

Integrated River
management/
DRAVA LIFE

National project
with the objec-
tive of preserv-
ing existing and
creating new
water bodies and
flooding areas
within the
already existing
floodplains.
NBS approach
includes river
restoration mea-
sures for
increasing the
number of natu-
ral and dynamic
riverine habitats

Drava River in
Croatia (Danube
River basin)

2015–2020 https://www.
drava-life.hr/en/
project/

Integrated cross-
border monitor-
ing and Man-
agement Sys-
tems for Flood
Risks, environ-
mental and

International
project with the
objective of
reducing the
flood risk
through moni-
toring and

Sava River; nat-
ural floodplains
in the region of
the Spačva-
Morović; forests
in the border
area of Croatia

2017–2020 https://www.
interreg-croatia-ser
bia2014-2020.eu/
project/forret/

(continued)
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Table 1 (continued)

Project name/
project acronym

Description of
main objective
related to the
NBS approach
for FRM

Project area
(River Basin)

Implementation
period Website

biodiversity pro-
tection and for-
estry through
transboundary
Forest retentions
and other mea-
sures/FORRET

“green infra-
structure” mea-
sures. NBS
approach
includes FRM
with water
retention in the
forest
floodplains

and Serbia
(Danube River
basin)

Reducing the
flood risk
through flood-
plain restoration
along the Dan-
ube River and
tributaries/
DANUBE
FLOODPLAIN

International
project with the
objective of
improving trans-
national water
management
and flood risk
prevention while
maximizing
benefits for bio-
diversity conser-
vation. NBS
approach
includes restora-
tion of water
storage capacity
of floodplains
and develop-
ment of best
practices on
using “green
infrastructure”
for sustainable
flood risk
management

Danube River
and tributaries
(Danube River
basin)

2018–2020 http://www.
interreg-danube.
eu/approved-pro
jects/danube-
floodplain

Project for the
improvement of
non-structural
flood risk man-
agement mea-
sures in the
Republic of
Croatia/VEPAR

National project
with the objec-
tive of increas-
ing the
effectiveness of
the implementa-
tion of
non-structural
measures for
FRM, such as
data collection
and analysis, the

Croatian terri-
tory (Danube
River Basin and
Adriatic Sea
Basin)

2019–2023 https://www.voda.
hr/hr/novosti/
projekt-vepar-
modernija-
preciznija-
sigurnija-rjesenja-
za-smanjenje-
rizika-od-poplava

(continued)
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for flood risk management implemented on Croatian territory are presented in
Table 1.

3 Hydrological Aspects of Retention Areas in the Danube
River Basin in Croatia

This section gives an overview of the main sub-basins, water bodies, alluvial
floodplains, protected areas in the Danube River basin and shows characteristic
discharges along selected hydrological stations corresponding to average and high
flow conditions. Effectiveness of natural floodplains and wetlands on flood mitiga-
tion is presented with hydrological analysis of changes in peak discharges and in
hydrographs for selected flood events along river sections in the Danube River basin.
Flood events are selected for two periods: 1951–1970 and 2000–2019, representing
periods before and after construction of some large “grey” infrastructure (dams,
reservoirs, flood protection system) in the Danube River Basin.

3.1 Hydrological Characteristics of the Danube River Basin

The Danube River basin covers an area of 35,132 km2 (62% of the country territory),
and spreads across the Pannonian valley in the north and a mountainous area in the
south (Fig. 2). The entire basin area has a diverse geological and pedological
composition dominated by surface runoff with numerous rivers and streams. The
Danube River basin contains 80% of the national watercourses network and con-
tributes to the total national water resources with 84� 106 m3, which is estimated as

Table 1 (continued)

Project name/
project acronym

Description of
main objective
related to the
NBS approach
for FRM

Project area
(River Basin)

Implementation
period Website

establishment of
flood forecasting
and early warn-
ing systems but
also encourag-
ing the imple-
mentation of
“green infra-
structure”
measures
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an average annual value for the period 1960–1990. The largest sub-basins in the
Danube River Basin are the Sava River Basin and the Drava River Basin with its
main tributary Mur. The section of the Danube River has the length of 138 km and is
located on the eastern county border [22].

The average annual precipitation in the lowlands ranges from 900–1,200 mm in
the west to 600–700 mm in the east, with the highest monthly precipitation in June
(95.3 mm) and the lowest in February (35.1 mm). In the mountainous area, the
average annual precipitation is significantly higher (up to 3,500 mm), with the
highest monthly precipitation in November (168.7 mm), and the lowest in January
(95.5 mm) [12].

The Sava River basin covers 46% of Croatian territory (25,770 km2). The Sava
River is the largest river in Croatia, with the length of 510 km [22]. According to the
hydrological regime, high flows occur in late fall or early winter (November/
December), caused by intensive rainfall, and in the early spring (March/April),
driven by snowmelt [23]. Both, decreasing and increasing trends in monthly,
seasonal and annual water levels and discharges related to climate and anthropogenic
factors, have been detected by Bonacci and Ljubenkov [24], Trninić and Bošnjak
[25], Potočki et al. [26], Orešić et al. [27]. The upper course of the Sava River,
upstream from hydrological station Zagreb (see Fig. 2), exhibits longitudinal slopes
from ~2‰ to ~0.05‰. In the downstream sections the Sava River exhibits lowland
hydromorphological characteristics with wide alluvial floodplains [28]. Regarding
the land cover/land use, the basin is covered mainly by forest and seminatural areas
(54.7%), as well as agriculture fields (42.4%), while artificial surfaces cover 2.2%.

Fig. 2 Danube River basin in Croatia, including the Sava River and Drava and Danube Rivers
sub-basins. Selected hydrological gauging stations along Sava, Drava, Mur and Danube are also
presented
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The Drava River basin covers 12% of the Croatian territory which represents area
of 7,015 km2. The Drava River is the second largest river in Croatia, with the length
of 323 km [22]. The main left tributary, the Mur, flows into the Drava in Croatia at
about river kilometre 235. Channel morphology and typology of the Drava River are
characterized with straight type in the upstream part while downstream the Mur
confluence is characterized with the transitional braided and the meandering type
[29]. Regarding the land cover/land use, the basin is covered mainly by forests
(45.8%) and agriculture fields (28.7%), while natural grasslands and sparse vegeta-
tion cover 9.0% and 3.9%, respectively. The hydrological regime of the Drava River
exhibits maximum water levels in late spring and summer (May, June and July) and
minimum water levels during winter period (January and February) [30]. Hydrolog-
ical and hydromorphological changes in discharges, water levels and suspended
sediments upstream of the confluence with the Mur River are heavily modified by
three dams and reservoirs built for the hydropower plants [31]. The downstream
section, near the confluence with the Danube River, is influenced by the backwaters
of the Danube River. Water levels and discharges for characteristic minimum,
average and maximum values show a decreasing trend in all downstream parts of
the river course from the dams [30].

The hydrological characteristics of Sava, Drava-Mur and Danube rivers are
presented in form of the changes in characteristic discharges along the course of
the river. Characteristic discharges are defined by discharge frequency analysis for
the period 2000–2019, by defining discharges with 1% (Q1% or first percentile) and
50% (Q50% or 50th percentile) duration for the selected 20 hydrological gauging
stations and they are presented together with the longitudinal cross section of the
river (Fig. 3). Characteristic discharge values present the information about median
discharges (Q50%) and high flow discharges (Q1%) in selected gauging station.
Frequency analysis is conducted for seven gauging stations along the Drava-Mur
Rivers, seven stations on the Sava River and five stations along the Danube River.
The hydrological gauging stations have been selected according to two criteria. The
first criterion is data availability, where only stations with more than 90% of
available daily discharge data during the period 2000-2019 were selected. The
second criterion is the spatial coverage of the river with hydrological stations, the
intention being to select the most upstream station in Croatia and stations that are
approximately equidistant from each other. The hydrological stations without dis-
charge data were excluded from the analysis. The locations of hydrological stations
are shown on the Danube River basin map (Fig. 2).

Characteristic discharges for the period 2000–2019 along the Sava River for
seven analysed hydrological gauging stations (Podsused, Zagreb, Crnac, Jasenovac,
Mačkovac, Slavonski Brod, Županja) show values of median discharges (Q50%)
between 200 and 980 m3/s, while flood discharges (Q1%) range between 1,400 m3/s
upstream from Zagreb and the 3,300 m3/s downstream in Županja (Fig. 3a). The
range of characteristic discharges (Q1% and Q50%) for the period 2000–2019 along
the Drava-Mur River is shown for three hydrological gauging stations on the Mur
River: Gornja Radgona, Mursko Središće and Goričan, and for four on the Drava
River: Botovo, Terezino polje and Donji Miholjac. Median discharge (Q50%) is
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around 100 m3/s along the Mur River section and between 400 and 500 m3/s along
the Drava River section. Average flood discharges (Q1%) are around 500 m3/s on the
Mur River and between 1,200 and 1,300 m3/s on the Drava River section down-
stream from the confluence with the Mur River (Fig. 3b). Characteristic discharges
(Q1% and Q50%) along the five hydrological gauging stations Batina, Aljmaš, Dalj,
Vukovar and Ilok for the period 2000–2019 are represented for the Danube River.
The range of the median discharges (Q50%) is from 2,100 to 2,800 m3/s, while flood
discharges (Q1%) are in the range from 5,200 to 6,100 m3/s (Fig. 3c).

Fig. 3 Characteristic discharges with 1% (Q1%) and 50% (Q50%) duration in the period
2000–2019 at selected hydrological gauging stations on (a) Sava River, (b) Drava and Mur Rivers
and (c) Danube River. Longitudinal profiles are also presented for each river
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3.2 Flood Protection System Based on Grey Infrastructure

Several major water management facilities were constructed in the Danube River
Basin in Croatia from 1972 to 1990. In the Drava River Basin, four large reservoirs
for hydropower plants were constructed (Formin, Varaždin, Čakovec, Dubrava)
while in the Sava River Basin this period is mainly related to the construction of
the Central Sava Basin flood protection system.

Central Sava Basin flood protection system, besides the constructed dikes (around
1,200 km), uses three lateral relief channels (around 530 km) for evacuating the flood
wave volume surplus upstream of the protected areas (urban and agricultural areas).
For the purpose of storing the flood volume in lowland areas, volumes of the lowland
retentions and multipurpose reservoirs are used (total volume around 1.6 billion m3)
[32, 33] The biggest issues regarding Central Sava Basin flood protection system are
related to the insufficient height as well as the obsolescence of the existing dikes. So,
future works in terms of the improvement of this flood protection system consider
the reconstruction of the existing dikes (increasing the height and reinforcing the
dike cross section) and the flow control structures (such as sluice gates and weirs)
[34, 35].

Flood protection system on Drava and Danube Rivers sub-basins is based on the
constructed dikes (around 650 km long), lateral relief canals (around 60 km long)
and storage volume of the existing reservoirs (total volume around 164.52 million
m3). The issues, as well as the improvement of the elements of this flood protection
system, are similar to Central Sava Basin flood protection system [36, 37].

Presented information about “grey” infrastructure are important in terms of the
hydrological analysis that will be presented in Sect. 3.4, regarding the comparison of
historical flood events for the period before and after the construction of the flood
protection facilities.

3.3 Floodplains and Protected Areas

Large water retention areas in Croatia are mainly located in the floodplains of large
rivers in the Danube River basin along the Drava-Mur, Sava and Danube River
sections. The extent of floodplains is over 2,800 km. The retention capacity of
existing floodplains in the Danube River basin is estimated by Schwartz [10] to be
between 2,640 and 5,900 million m3 by combining data on the size of the retention
area and the maximum average flood depth. Large wetlands, located mainly in the
floodplains of the Danube River basin, are also extremely important for the conser-
vation of biodiversity. Numerous carp ponds along the Sava, Drava and Danube
Rivers form complexes of semi-natural wetland habitats important for the nesting
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and migration of wetland birds. Wetland complexes also host moist grasslands,
shrubs and water-dependent forests, where a number of protected and indigenous
species can be found, such as kockavica (Fritillaria Meleagris), willows and Ger-
man tamarisk (Salici-Myricarietum). The majority of forest stands (95%) have a
natural and indigenous composition of species, which is rare and extremely valuable
worldwide. The large forests of pedunculate oak, hornbeam and ash complexes are
located in the Sava River floodplains (Lonjsko polje and Spačva) while very
valuable white willow marsh forests are located along the Drava and Danube Rivers
(Kopački rit Nature Park) [38]. The majority of these areas are protected through
status of nature parks, national parks, Ramsar sites and Natura 2000 sites. Seven
protected areas designated as Natura 2000 sites cover 28% (2,558.07 km2) of the
Danube River basin, with three of them being Ramsar sites (Fig. 4, Table 2)
[39]. The two largest wetlands are Lonjsko polje in the Sava River Basin and
Kopački rit in the Drava-Danube confluence, and they account for 35% of the total
volume capacity of floodplains [10].

The effectiveness of four largest natural floodplains and wetland areas in the
Danube River basin on flood alleviation is presented in the coming sections for:

• Floodplains along the Drava and Mur Rivers (Drava-Mur Rivers).
• Lonjsko polje (Sava River).
• Special Zoological Reserve Kopački rit (Drava-Danube Rivers).
• The Mur River in the area of Međimurje county (Mur River).

Fig. 4 Protected areas in the Danube River basin in Croatia (source of data www.bioportal.hr)
labelled on topographic map with numbers 1–7. The description of the protected areas is provided in
Table 2
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Special attention will be given to the description of two Ramsar sites of Kopački
rit and Lonjsko polje which are the largest natural water retention areas in Croatia,
and examples of efficient incorporation of protected wetlands for flood risk
mitigation.

3.4 Effectiveness of Floodplains and Wetland for Flood
Alleviation

The effectiveness of floodplains and wetlands on flood alleviation in the Danube
River Basin was assessed through a progression of peak discharges and hydrograph
shapes along the river sections. For this purpose, a total of five highest flood events
along the rivers Mur, Drava, Sava and Danube were analysed in the two historical
periods: before (1951–1970) and after (2000–2019) the construction of large water
management systems in the Danube River Basin in Croatia (see Sect. 3.2). The
patterns of peak discharges and hydrograph shapes for five events are presented for
seven gauging stations along the Drava-Mur Rivers, for seven stations along the
Sava River, and for five stations along the Danube River (see Fig. 2). The daily
discharge data from the national hydrological network were provided by Croatian
waters.

A longitudinal progression of average peak discharges from five events (dashed
line) shows that the Mur and Drava floodplains have stronger effect on peak
discharge alleviation when compared to the Danube River (Fig. 5). The Sava
River average peak alleviation is evident up to Jasenovac. Such a pattern has not
changed significantly after the period of construction of large schemes (after 2000).

Table 2 Natura 2000 protected areas and Ramsar sites in the Danube River basin in Croatia
(source of data www.bioportal.hr)

Nr. ID River Site
Category of
designation

Area
(ha)

Date of
designation

1 466 Drava-Mur Floodplains along the
Drava and Mur Rivers

Regional park 87,449 2011-02-26

2 377 Sava Lonjsko Polje and Mokro
Polje

Ramsar 51,173 1990-03-28

3 327 Danube-
Drava

Special zoological reserve
Kopački rit

Ramsar 23,143 1977-01-02

4 439 Mur The Mur River in the area
of Međimurje county

Nature reserve 14,438 2001-04-18

5 461 Odra Odransko Polje Nature reserve 9,399 2006-07-25

6 456 Odra Turopoljski lug and wet
meadows along the Odra
River

Nature reserve 3,344 2003-05-21

7 332 Kupa Special ornithological
reserve Crna Mlaka

Ramsar 694 1980-07-23
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Average peak discharges from five events (dashed line) in period 2000–2019 along
the Danube River section show decrease by approx. 800 m3/s after the Aljmaš station

1951-1970 2000-2019 
Mur 

river 

Drava 

river 

Sava 

river 

Danube 

river 

Fig. 5 Comparison of longitudinal distribution of peak discharges of five largest flood events in the
two analysed periods (1951–1970 and 2000–2019) at the selected gauging stations along the river.
Locations of hydrological stations (black circles) are shown on river longitudinal profile (black solid
line)
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(located downstream the River Drava confluence and Kopački rit floodplain area)
(Fig. 5). The contribution of this Danube section was significant for the June 2013
flood event, during which significant damages were recorded in the upstream parts of

1951-1970 2000-2019

Mur 

river 

Drava 

river 

Sava 

river 

Danube 

river 

Fig. 6 Comparison of hydrographs in the two analysed periods 1951–1970 and 2000–2019 for the
highest flood event at the selected gauging stations along the river (presented in Fig. 2)
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the Hungarian and Austrian Danube [40]. Namely, the observed attenuation of peak
flows by approx. 1000 m³/s and a delay of several days (Fig. 6), achieved by the
floodplain areas located upstream from Aljmaš station, together with the Kopački rit
wetland, ensured that no damage was recorded in the Danube section in Croatia [10].

A longitudinal progression of average peak discharges of five highest flood
events, recorded for both analysed periods (1951–1970 and 2000–2019), showed a
decrease in the peak discharge of approx. 300–400 m3/s along the Sava River
section. The peak discharges were reduced in the river section between the Podsused
and Mačkovac hydrological stations (located downstream from the floodplains of
Lonjsko polje retention areas) (see Figs. 5 and 6). This river section stretches along
with the Central Sava Basin flood protection system and shows the contribution of
the Sava River floodplains to flood protection of the central Sava River Basin area,
both in the period of pre-construction and post-construction of the system. Contri-
bution of these semi-regulated floodplains to the flood protection in the current state
is especially visible when comparing highest flood events from October 1964
(disastrous flood event that initiated the design and construction of the Central
Sava Basin system) and flood from September 2010. The flood wave from
September 2010 was significantly reduced in its peak discharge by over
1,000 m3/s, and the main settlements in the area were successfully protected.

4 Wetlands as NBS for Flood Risk Mitigation

Examples of two wetlands with significant flood retention capabilities are presented
below: the semi-natural retention area of Lonjsko polje in the Sava River Basin, and
the natural retention area of Kopački rit at the Drava-Danube confluence. A short
description of the sites is given regarding the importance to natural alleviation of
floods and to supporting of biodiversity.

4.1 Lonjsko Polje and Central Sava Basin Flood Protection
System

The Lonjsko polje, a Nature park and Ramsar site, has a wider area (“green”)
incorporated into the Central Sava Basin flood protection system (“grey”). It presents
a unique example on the European level of efficient application of NBS at the large
scale for flood protection. The central Sava Basin flood protection system stretches
along the Sava River and protects the central Sava River basin with a system of
lowland near-natural retention areas, artificial relief canals, sluices, weir and
embankments (Fig. 7).
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A catastrophic flood recorded in the city of Zagreb in 1964 initiated the design
and construction of the Central Sava Basin flood protection system [24]. The initial
design for the Central Sava Basin flood protection system was proposed by the UN
programme [42] (UNDO 1972) and it was based on using the existing floodplains of
the Kupa and the Sava River for the retention and attenuation of flood waves. In the
initial design of the system, existing dikes along larger watercourses were exploited,
and 58,800 ha of flood storages with their total designed capacity of 1.8 billion m3

were planned (Lonjsko polje, Mokro polje, Zelenik, Kupčina). Additionally, three
artificial relief canals were planned. Capacity of the system was designed to provide
protection from the 100-year flood, and for the urban areas from the 1,000-year
flood. Such approach, based on mimicking the natural flooding process with incor-
poration of floodplains, was unique at that time [41].

After a lengthy period of construction, during the 1970s and 1980s, main
elements of Lonjsko polje retention area were constructed, as well as a smaller
section of the artificial relief canal with accompanying dikes and two sluices,
Prevlaka and Trebež [41]. In the 1990s there was a delay in the construction and
financing due to the war and a partially constructed system was used for the flood
defense. Although only 40% of the initially planned works were carried out by then,
flood protection effects were great. The initial project, based on the artificial relief
canals and many flow control structures, was redesigned at the beginning of the
2000s to adjust for the newly emerged principles of integrated and sustainable water
management. This new principle needed to consider the influence of built
hydrotechnical structures on environment and biodiversity. A newly developed

Fig. 7 Map with the main elements (1–8) of the Central Sava Basin flood protection system,
including Lonjsko polje Nature Park (adjusted from [41])
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solution was founded on the functionality of the partially built system and on the
expansion of existing floodplain retention areas. The important change from the
initial design was related to the less strictly controlled flow process aiming to
maintain the natural water regime. One part of this solution was achieved by utilizing
existing river networks for water transport and abandoning solution with the costly
artificial relief canal. Since designed flood storages still did not have fully
constructed dikes, existing floodplain of Lonjsko polje could be enlarged by approx.
7,000 ha. Previously mentioned changes, together with enlargement of the retention
areas and free inflow in Mokro polje retention area, resulted in lowered maximal
water depth and flow conditions similar to the near-natural state [41].

The main upstream elements of the system reduce the peak discharge of
3,600 m3/s (1000-year flood) from the Sava River near Zagreb urban area by
1,000 m3/s. Additionally, discharge of 500 m3/s from the Sava River can enter the
Lonjsko polje and Mokro polje areas where water can be retained for several weeks
before it is gradually discharged back to the Sava River [43, 44]. The system is partly
completed (see Sect. 3.2.) but has proved to be very effective in the recent years in
protecting important towns, such as Zagreb and Sisak, as well as large agricultural
areas from flooding with a capacity to redirect 1,500 m3/s from the Sava River. The
effectiveness of flood risk reduction was sustained by hydraulic modelling and field
monitoring [16]. With the retention capacity for a flood volume of 1.6 billion m3

over the extent of 112,000 ha, this is the largest floodplain ecosystem in the Danube
River Basin and an important nutrient sink for the Upper and Central Sava Basin
[33, 45].

Flood protection based on water retention in lowland areas enables the mainte-
nance of ecologically favourable conditions on floodplains. Due to its exceptional
natural values, part of the Central Sava Basin protection system has been declared a
Nature Park. The Lonjsko Polje Nature Park covers the largest retention area of the
Central Sava basin system with over 50,000 ha in extent and with a retention
capacity of 600 million m3. Lonjsko Polje is one of the rare preserved complex
wetlands in Europe [10, 17]. It is a highly representative example of an extensive
river floodplain covered by a mixture of alluvial forests, wet grasslands, water-
courses, oxbows and other wetland habitats (Figs. 8 and 9). Seminatural forests
are managed in such a way that they contain very rich biodiversity, including several
rare and threatened species at the European or even the global level. Due to its
ecological characteristics, Lonjsko polje plays a very important role in the natural
functioning of the Sava River as well as of the whole Danube River basin [46].

The appearance of bird species, primaeval forest structures and large undisturbed
woodland complexes indicates the well-preserved nature of the recent riparian forest
ecosystem in the Lonjsko Polje Nature Park. The combination of habitats and their
regular flooding as well as high groundwater levels provide conditions for rich
biodiversity [38]. About 250 bird species are recorded in the Nature park
representing more than two-thirds of those found in Croatia [47]. More than 110 dif-
ferent animal species [48] and more than 550 different plant species have been
recorded [49, 50]. Part of the area is an internationally protected Ramsar site since
1993 which is on the list of internationally Important Bird Areas since 1989
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[51]. The wetland is of cultural and ecological importance. Vegetation in retention
area is being sustained by the traditional farming and traditional grazing of livestock
(Fig. 9) [38]. Retention areas in Lonjsko polje are important for the water purifica-
tion processes from streams and in maintaining high water quality standards [46].

4.2 Kopački Rit

Kopački rit is an inland delta at the confluence of the Danube and Drava Rivers,
which constitutes the last remaining large natural floodplain area along the entire
upper reach of the Croatian Danube. The area is a geomorphological depression of
triangular shape used for flood retention since the nineteenth century. Today, with its
floodable area of approximately 20,000 ha and with water depths of up to 5 m, it can
store water up to 1.0 billion m3, effectively protecting the city of Osijek and

Fig. 8 Landscape in Žutica retention (left) and Lonjsko polje retention area, part of Ramsar site
(right), both within the Central Sava basin flood protection system (photo byMaja Pintar & Vedrana
Ričković)

Fig. 9 Traditional grazing of livestock in the Lonjsko polje supports site-specific plant and animal
species (photo by Vedrana Ričković)
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buffering the flood wave downstream the Danube [10]. Kopački rit is also one of the
largest (around 23,000 ha area) and the best-preserved riparian wetland in Croatia. It
was protected by law in 1967, along with the classification as a nationally valuable
area, as well as being included in the List of Wetlands of International Importance
under the Ramsar Convention, in 1993 (see Table 2) [52].

Floods in the Osijek urban area are mostly caused by the Danube River backwa-
ters, and Kopački rit retention capacity together with the dikes contributes to its
protection. Hydrological analysis of Kopački rit determined the main directions of
water into inundation area during the flooding. The area is mainly flooded from the
Danube River, and only partly from the Drava River (Fig. 10) [53]. Located within
the floodplain of the Danube and Drava Rivers, Kopački rit can be divided into two
distinctive areas: (1) central floodplain area that extends from the River Danube to
the dikes on both sides of the river (1–15 km wide) and (2) former floodplain that
extends from the east and west dikes right to the geological borders of the floodplain
and forms a buffer zone around the central floodplain. Hydrology and natural
features of the area were modified by construction of artificial drainage system in
the nineteenth and twentieth century, while the western parts were converted into
arable land or reclaimed for construction. Central part of floodplain is the most
important part of Kopački rit concerning its wetland functions and values. The area
is flooded over a month per year in the higher parts of the former floodplain area, and
up to 3 months in the lower parts, usually from March to May. Water starts to enter
the floodplain when the Danube’s water level at Apatin gauging station reaches
300 cm. During the year, the water level recorded on this station fluctuates 5–7 m on
average, while the maximum-recorded fluctuations have been 9.40 m [52, 53].

Fig. 10 Kopački rit Nature Park retention area located at the confluence of the Drava and the
Danube Rivers (adjusted from [52])
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Kopački rit Nature Park landscape consists of lakes, marshes, wet grasslands,
reed beds, riverine forests, numerous channels, oxbow lakes and fishponds (see
Fig. 11). The interaction of water and land generates high biological diversity with
more than 2000 species registered in Kopački rit Nature Park (over 460 vascular
plants, 300 birds, 55 mammals, 55 fish, 11 amphibians and 10 reptile species)
[53]. The main hydrological values of Kopački rit wetlands are related to flow
regulation and flood control, bio-chemical/physical purification of waters, ground-
water recharge, as well as sedimentation and nutrient retention capacity. Water
quality within the recent floodplain of Kopački rit depends on the Danube River’s
water quality, while in the former floodplain area it is affected by point and non-point
sources of pollution (animal farms, settlements, runoff pollution from arable
land) [54].

5 Conclusion

Nature-based solutions as a relatively new approach in Croatia were recently
included in the national legal documents and in the flood risk management policies.
But, the pioneering large flood protection schemes with the nature-based approach
were already implemented in the country in the 1970s. Most of the large scale
projects are located in Danube River Basin and are based on exploiting the retention
capacity of existing floodplains and wetlands for mitigating flood waves. The
contribution of natural flood protection schemes was analysed through a progression
of large flood waves along the three floodplain areas in the Danube River Basin in
Croatia. The selected floodplain areas include two famous Ramsar sites (Kopački rit
and Lonjsko polje) and the Drava-Mur floodplain system which are the largest
natural water retention areas in Croatia. The natural wetland area and inland delta
of Kopački rit can store up to 1 billion m3 of water. The semi-natural retention area
of Lonjsko Polje Nature Park together with the Central Sava Basin flood control
system, with capacity of 1.6 billion m3, is one of the most prominent flood control

Fig. 11 Water retention areas in Kopački rit (photo by Maja Pintar)
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and retention systems in Europe. The analysis of flood wave progression was
provided for five highest flood events in the two periods before (1951–1970) and
after (2000–2019) the construction of major water management facilities. The
analysis showed that all floodplain areas contribute to flood hazards mitigation in
downstream sections for both pre- and post-construction periods. For the longitudi-
nal distribution of average peak flows it is evident that the large floodplain systems,
such as Drava-Mur, may have larger spatial consistency in the alleviation of major
flood waves. The large semi-natural flood protection scheme in the Sava River
(Lonjsko Polje and Central Sava Basin) proved significant reduction of peak flows
(decrease of 1,500 m3/s on the Sava River during several weeks) for the largest flood
event in the post-construction period (September 2010 flood). Besides flood allevi-
ation, the floodplain areas are mimicking near-natural conditions and thus support
preservation of biodiversity and provision of additional ecosystem services. They are
positive examples of efficient incorporation of protected wetlands for the mitigation
of flood risk while still providing outstanding biological and landscape diversity.
The presented examples can serve as a good practice for the implementation of
nature-based solutions for flood mitigation projects, both in Croatia and internation-
ally. The benefits of this “green” nature-based solution approach in comparison to
the “grey” engineering approach lie in recognizing and considering additional
ecosystem services that are provided by wetlands: sediment and nutrient retention
and export, groundwater replenishment, water purification, climate change mitiga-
tion & adaptation, and recreation & tourism [46].
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Abstract The majority of the world population is living in urban areas. As cities
expand, soil sealing increases the vulnerability of urban areas to pluvial floods, and
the consequent impacts on social and economic domains. Flood mitigation typically
relies on grey infrastructures, but the implementation of Nature-Based Solutions
(NBS) can be critical to cope with increasing flood hazard driven by urbanization
and climate change. By mimicking natural hydrological processes, NBS enhance
water retention, infiltration and evapotranspiration through greening, leading to
lower runoff and flood hazard. The effectiveness of NBS on flood mitigation is
affected by several factors including the type of NBS and the biophysical charac-
teristics of the area. Nevertheless, a relatively limited number of studies have
monitored the impact of NBS, and thus the lack of knowledge is still a barrier to
the widespread implementation of this approach. This chapter assesses the impact of
a Green Infrastructure (GI) located in Coimbra (Portugal), which performs as a NBS
for runoff management and flood hazard mitigation. The study applies the widely
used Curve Number method to estimate runoff within the Quinta de São Jerónimo
study site, driven by rainfall events of 2-, 5-, 10- and 20-years recurrence, based on
Intensity–Duration–Frequency precipitation curves. The results show that the
implemented NBS can retain runoff produced by 20-years flood, decreasing the
flood peak and flood hazard in downstream urban areas. This efficiency is achieved
by combining blue, green and grey elements, and proved useful to enhance urban
resilience. Furthermore, the green and blue elements of the NBS provide additional
ecosystem services, including environmental, social and economic benefits
(co-benefits), relevant for human well-being in urban areas.

Keywords Co-benefits, Green infrastructure, Nature-based solutions, Pluvial
floods, Runoff management, Urban areas

1 Introduction

Urban areas encompass over half of the world’s population [1] and are expected to
embrace 70% of the population by 2050 [2]. Urbanization enhances soil sealing with
impervious materials (e.g. concrete, asphalt or buildings). In 2006, sealed soils
covered 2.3% of the European Union [3]. Sealing is one of the main problems
associated with sustainable urban development [4], given, for example, the potential
impacts on the hydrological cycle [5]. Expanding impervious surfaces reduce
evapotranspiration (although few studies show small increases [6, 7]), decrease
infiltration rates, and increase stormwater runoff, thus enhancing the susceptibility
to floods [5, 8–10].
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To mitigate flood hazard driven by urbanization, hydrologic flows are generally
shifted to a complex series of drains, pipes, and other grey infrastructures, designed
to facilitate the centralized collection of stormwater and quickly divert it away from
the urban areas [11]. These traditional systems often produce unintended conse-
quences, such as changes in the hydrological behaviour and increase pollutant
concentrations [12, 13], which affect the urban water quality [14]. Nevertheless,
even with these drainage systems, high-intensity rains may trigger low-grade
flooding of streets, homes, and basements, causing economic losses, adverse phys-
ical and mental problems, and amplification of social inequalities [15]. Changes in
precipitation patterns associated with more extreme events (e.g. intensity and fre-
quency of rainfall) driven by climate change, coupled with urbanization trends, will
exacerbate cities’ vulnerability to flooding [16]. Since grey infrastructures are
typically dimensioned for specific volumes of water, often not considering realistic
urbanization rates or the impact of climate change, additional solutions are required
to enhance urban adaptation and resilience [17].

Over the last decades, urban water drainage management options changed sub-
stantially, moving from an approach primarily focused on grey infrastructures to a
multifunctional one, based on engineered green/ecological systems which mimic the
natural hydrological cycle [18]. This nature-based solutions (NBS) approach aims to
restore pre-development flow-regimes within urban catchments and address the
degradation of urban water quality [19].

Green Infrastructures (GIs), defined as “a strategically planned network of
natural and semi-natural areas with other environmental features designed and
managed to deliver a wide range of ecosystem services” [20], are at the very heart of
NBS approach [21]. GI aims to increase the cover of permeable surfaces to maximize
infiltration and water storage capacity of the soil, retain surface runoff near its
source, and slow water transfer downslope. This will delay flood peaks and alleviate
urban drainage systems [14, 22, 23]. In this context, GI can be understood as an
operationalization of NBS [24]. Urban GI includes diverse types of green and blue
spaces, such as public parks, community gardens, bioswales, dry ponds and wet-
lands [25–27]. In the literature and practice, however, a wide range of terms referred
to similar GI applications have been applied, such as Sustainable Drainage Systems,
Low Impact Development, and Sponge Cities [21, 28, 29]. These NBS range from
solutions with low human intervention to solutions involving the creation of new
ecosystems [30], as well as solutions considering a combination of green and grey
infrastructures (hybrid solutions) [24, 30, 31].

NBS for stormwater management have been studied extensively by engineers and
urban planners [15], and have become popular in several countries to mitigate urban
floods [32]. Numerical hydrologic and hydrodynamic models have been widely used
to select and design stormwater management strategies, such as the Storm Water
Management Model [33], and the Model for Urban Stormwater Improvement
Conceptualization (MUSIC) [34]. However, these useful tools for planning purposes
often lack the details needed to consider site-specific aspects [35]. Field studies have
shown that NBS performance can be highly dependent on their design,
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implementation aspects, and local biophysical aspects, including the intensity and
duration of rainfall events [36].

NBS proved to be effective in managing runoff [37] and efficient in substituting
grey infrastructures such as dikes or levees [30, 38, 39]. They are effective and
flexible strategies to tackle climate change and enhance urban resilience [40–42],
and often less cost-effective when compared to grey options [43]. Although literature
provides evidence on the positive impacts of NBS on water management, most
studies are based on qualitative assessments [44]. Thus, the lack of evidence-based
knowledge of NBS effectiveness, developed upon monitoring data from
implemented solutions, represents one of the major barriers for a wider implemen-
tation of this approach [14]. Nevertheless, NBS is an effective way to increase the
greening in urban environments and to provide a wide range of ecosystem services
(co-benefits are driven by several ecological, social and economic functions), rele-
vant to promote the well-being of residents [27, 45, 46]. These co-benefits must be
taken into consideration when assessing NBS effectiveness [21].

This chapter aims to assess the impact of an NBS on stormwater regulation and
mitigation of pluvial floods in urban areas. The NBS investigated includes green and
blue elements, coupled with grey elements, designed and implemented as a manda-
tory requirement for the approval of an extensive urbanization project implemented
in Coimbra, Portugal, where pluvial floods are recurrent. The effectiveness of the
NBS on flood mitigation is based on the comparison of runoff estimates for several
recurrent floods (2, 5, 10 and 20 years) and the water retention capacity of the NBS,
using widely accepted methods. In addition, this study explores the co-benefits
provided by the NBS, in order to provide a holistic evaluation of the NBS approach
used by local authorities to enhance urban resilience.

2 Flood Management in Coimbra and Green
Infrastructures

2.1 Location and Characterization of the Urban Areas

Coimbra is the largest city in the Portuguese Centre region (Fig. 1a). The munici-
pality of Coimbra (319 km2) accommodates a population of 143,397 inhabitants
[47]. The urban perimeter (Fig. 1b), including all urban and urbanizable spaces,
covers 16% of the municipality surface area and comprises over 64% of its popu-
lation [48]. Coimbra’s urban consolidated area (Fig. 1b), designated as city core and
considering stabilized urban soils and infrastructures (Regulating Decree 9/2009),
however, extends over 13 km2 and settle 44,534 inhabitants [49].

The origins of Coimbra city date back to the pre-Roman period, and until
nowadays, it records a significant urbanization trend, driven by a massive increase
in the population (Fig. 1c), which lead to extensive surface sealing. In 2018, the
urban land use covered 22% of the municipality, while agriculture, forest and water
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occupied 32%, 39% and 1%, respectively [50]. In the urban perimeter of Coimbra
several GI extend over 2,567 ha, including a wide variety of GI from which arable
land and forests are dominant (Table 1). Although the extent of GI has been
decreasing over the last 15 years (from 53.4% in 2006 to 51.1% in 2018), as a result
of urbanization, the green urban areas, and sports and leisure facilities were
expanded from 5.0% to 5.3% and 1.1% to 1.2% from 2006 to 2018, respectively
[50]. This increase was driven by an effort performed by local authorities to achieve
a greener and more sustainable city. According with these aims, the approval of
urbanization projects over the last years required the inclusion of GI elements.

Fig. 1 Location of Coimbra in the central region of Portugal (a), extent of the urban perimeter and
urban consolidated areas within Coimbra municipality (b), and expansion of the urban areas since
the Roman period (c)
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2.2 Water Management and Floods

Coimbra expanded from the margins of the Mondego river (227 km), which drains
the second largest basin (approximately 6,645 km2) entirely in the Portuguese
territory (Fig. 1a) [51]. Coimbra has a Mediterranean hot summer climate (Csa,
according to Köppen-Geiger classification), with average annual temperature of
16�C and average annual rainfall of 922 mm, recorded between 1941 and 2000.
The average annual flow of Mondego was 108 m3/s [52]. The highest flow recorded
in Coimbra reached 2,457 m3/s, in January 1962, corresponding to a return period
between 25 (2,131 m3/s) and 100 years (2,756 m3/s), which led to severe floods in
the city [53]. Coimbra and the Mondego lowlands have a long history of floods
[51, 54, 55], triggered by heavy winter rainfalls and favoured by the large size and
marked orography of the river basin. These characteristics lead to peak flows reached
in a few hours after extreme rainfall onsets [52].

At the end of the eighteenth century, the Mondego river was largely artificialized,
namely in the section crossing Coimbra city and in the downslope alluvial plain
[51, 52], to reduce the impacts of the river floods. Despite the intervention, the
measures implemented were not sufficient to mitigate floods, and during the twen-
tieth century several management plans based on grey infrastructures were
implemented. The most extensive measures were the three dams constructed
upstream Coimbra city, a weir bridge in the river stretch crossing the city, and five
large dikes with one being located immediately upstream the city. Despite these
infrastructures, periodic floods still affect Coimbra and settlements placed in the
river floodplain, leading to major economic losses in urban infrastructures and
agriculture fields [52].

Although riverside floods are quite relevant given their magnitude, pluvial floods
across the city have been more frequent and intense over the last decades, due to
progressive soil sealing and increasing frequency of short but intense rainfalls.
Pluvial floods have been increasingly noticed due to overflowing of the grey

Table 1 Changes in the area (ha) occupied by all types of GI (based on Urban Atlas land use
classes) and their surface cover within the urban perimeter of Coimbra city (in % of the total urban
area), between 2006 and 2018 [50]

GI types

Land use

2006 2018

% of change(ha) (%) (ha) (%)

Green urban areas 249.6 5.0 265.3 5.3 6.3

Sports and leisure facilities 55.6 1.1 58.1 1.2 4.4

Arable land (annual crops) 1,450.8 28.9 809.1 16.1 �8.0

Permanent crops 31.9 0.6

Pastures 212.1 4.2

Herbaceous vegetation associations 281.1 5.6

Forests 793.5 15.8 776.7 15.5 �2.1

Water 132.7 2.6 132.7 2.6 0.0

Total 2,682.3 53.4 2,566.9 51.1 �4.3

294 L. V. Pinto et al.



stormwater drainage systems, and/or lack of maintenance of the urban drainage
systems (e.g. gutters bridged with litter and sediments). Since 2006, at least
10 large pluvial flood episodes were recorded in the city, with major constrains for
vehicular traffic within the main roads and avenues, inundation of private and
commercial buildings, and causing occasional shallow landslides. Most of these
floods were observed in winter, but also during spring and late summer. These floods
tend to affect specific areas of the city, usually located in flood-prone areas (Fig. 2).

The flood-prone areas identified in Fig. 2 were assessed using the Topographic
Wetness Index (TWI), calculated in QGIS (3.14) using the SAGA algorithm, based
on a Digital Elevation Model (DEM) with 10 m resolution provided by the Portu-
guese Directorate General for Territory. This method has been widely used as a
proxy to identify flood-prone areas [56]. It was applied to identify flood susceptible

Fig. 2 Location of major pluvial floods recorded since 2006 in the urban perimeter and urban
consolidated area of Coimbra, and identification of the flood-prone areas estimated using the
Topographic Wetness Index, and the flood risk areas for the 20 years return period identified in
the Directive 2007/60/EC
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areas within the city, since the official flood risk maps prepared to fulfill the
European Floods Directive (Directive 2007/60/EC) only identify critical areas near
the Mondego river, associated to fluvial floods (Fig. 2).

Since water management approaches based on grey infrastructures are not suffi-
cient to prevent floods, local authorities have been implementing additional mea-
sures based on NBS over the last decades. Thus, several GI have been implemented
or adapted to perform as NBS for flood mitigation. The NBS approach used include
the installation of (1) alluvial woods in all the areas susceptible to 20-year return
floods, (2) an urban park in the area adjacent to the flood-prone urban perimeter,
(3) conservation of the vegetation on Mondego river margins (still under implemen-
tation) and (4) GI for recent urbanization projects [57].Quinta de São JerónimoGI is
one example of the latter strategy, comprising a small infrastructure developed to
fulfill legal criteria for the implementation of a new urbanization project.

3 Case Study of Quinta de São Jerónimo GI

3.1 Location and Biophysical Characterization

Quinta de São Jerónimo is located on the eastern part of Coimbra city and comprises
a small sub-catchment within the Arregaça catchment (Fig. 2). With an area of
420 ha and 20,900 inhabitants (INE, 2011), Arregaça covers an important part of the
Coimbra urban consolidated area and includes some areas under relatively high
flood susceptibility, and where pluvial floods have been recorded over the last years
(Fig. 2). São Jerónimo catchment covers 3.8% of the Arregaça catchment and is
placed in a narrow and steep valley, with slopes up to 45%, ranging from 164 m a.s.l.
in the northern part to 69 m a.s.l. in the southeast area. São Jerónimo catchment is
not prone to local floods but rather contributes to downslope floods in the urban area.
One of the most recurring flood sites identified over the last years is located
immediately downslope São Jerónimo catchment (Fig. 2).

São Jerónimo catchment was subject to a strong urbanization in 1999, driven by
the implementation of Quinta de São Jerónimo project. This urbanization project,
involving the construction of 21 individual housing lots, 30 collective housing lots
and 6 lots for private equipment, led to the extent of the impervious surface in São
Jerónimo catchment from 37.4% in 1995 to 65.2% in 2018, at the expense of forest
areas (Fig. 3). This urbanization project, developed as a residential area for high
social strata (which became the most expensive residential area in Coimbra), also
included the implementation of Quinta de São Jerónimo GI (mandatory for the
approval of the urbanization project). This GI extends over 5.6 ha and comprises
extensive green areas, walking routes, a tennis club with sports fields, a lake, a
swimming pool, an amphitheatre, a bar, an old chapel with an atrium, a few
management infrastructures and a parking area. Although it is a public garden, it
has a condominium function and is managed by owners and residents of Quinta de
São Jerónimo, through a cooperation agreement for the management of green spaces
and collective use.
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Quinta de São Jerónimo GI, although designed to provide an attractive and
beautiful landscape, was also conceived to retain stormwater runoff and slow
down its transfer to downslope areas. Thus, it has been claimed by municipal
authorities as an NBS for flood mitigation. However, the water management system
within this GI combines natural water storage principles with a grey engineered
infrastructure, being classified as a hybrid NBS [24, 31]. Stormwater runoff from the
catchment is collected and piped to the GI which includes ~2.4 ha of green areas, a
small retention basin in the amphitheatre area with a water storage capacity of 75 m3,
a lake with ~0.3 ha, and a sequence of five settling ponds with a total capacity of
24 m3 located upslope the lake to retain sediments and pollutants (Fig. 4).

The small retention basin receives stormwater runoff generated from the 700 m2

amphitheatre (Fig. 5a) sealed surface and the surrounding area, and slows its release
to the first settling pond by reduced discharge controlled through a small outlet
(Fig. 5b). The first settling pond receives stormwater runoff from Quinta de São
Jerónimo and transfers the runoff through the sequence of ponds until the lake. The
bottom of the lake was sealed with concrete, and a spillway structure was installed to
provide a slow release of incoming stormwater runoff to the downslope Arregaça
drainage system (Fig. 4). The lake structure and the spillway system provide an
additional storage capacity apart from the usual water level.

3.2 The Role of Quinta de São Jerónimo GI on Flood
Mitigation

3.2.1 Methodology

Field surveys were performed to develop a topographic assessment of the lake and
the surrounding area, in order to calculate the water storage capacity at typical water
level, at the spillway level (when runoff is piped into the urban drainage system), and
the maximum water storage capacity considering the flooding of part of the green
area (Fig. 4).

Within São Jerónimo catchment, an artificial drainage system was installed to
convey and pipe surface runoff from sealed surfaces. Although field surveys were
developed to investigate the real contributing area of the catchment supplying runoff
to Quinta de São Jerónimo GI, the lack of detailed information about the subsurface
drainage system (despite the contacts established with local water authorities) was a
major constrain for the study. Thus, the estimates of the stormwater runoff to Quinta
de São Jerónimo GI considered the contribution of all the topographic catchment
upslope the lake. Since runoff measurements are not performed in the study site,
runoff estimates were based on Curve Number (CN) method developed by the Soil
Conservation Service [58]:
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Q ¼ P� 0:2� 1000
CN � 10

� �� �2

Pþ 0:8� 1000
CN � 10

� �� � ð1Þ

where Q ¼ runoff (mm), P ¼ rainfall (mm), CN ¼ Runoff Curve Number.
Since the topographic catchment includes several land-uses, a weighted Curve

Number was calculated as follows:

Fig. 4 Detailed view of Quinta de São Jerónimo GI, and the stormwater management system
including a retention basin, a sequence of five ponds and a lake with typical water level and
maximum water storage capacity, controlled by the spillway. The A-B profile of the GI provides a
lateral view with details on the spatial relationship between all the water management devices
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CNw ¼ Ʃ CNi� Aið Þ
At

ð2Þ

where CNw ¼ weighted Runoff Curve Number, CNi ¼ Runoff Curve Number for
the land use i, Ai ¼ area of the land use i (m2), At ¼ Total area of the study site (m2).

Land use types and associated areas were extracted from the Urban Atlas
[50]. The CN values were obtained from Table 2, based on the Soil Conservation
Service values [58] and adapted from Tsegaya et al. [42]. The hydrological soil
group considered for São Jerónimo topographic catchment was C, due to the
relatively fine-textured soils, their slow infiltration rate and the shallow soil depth
assessed during field visits.

The rainfall (P) used in Eq. (1) to estimate catchment runoff was based on rainfall
intensity [59], calculated from the Intensity–Duration–Frequency (IDF) curves of
Coimbra (Table 3), using Eqs. 3, 4 and 5. P and Q (from Eq. 1) were calculated for
the return periods of 2, 5, 10 and 20 years. Stormwater runoff (mm) estimates were
then converted into volume (m3) by multiplying for the topographic contributing
area.

P ¼ h ¼ t � I ð3Þ

Fig. 5 View of the Amphitheatre in the foreground, with a small water retention volume (a), and
the reduced outlet connecting to the settling ponds (b)

Table 2 Runoff Curve Numbers for different land-uses and hydrological soil groups (A: soils with
low runoff potential; B: soils with moderate infiltration rates when thoroughly wetted; C: soils with
slow infiltration rates when thoroughly wetted; and D: soils with high runoff potential) [42]

Land cover

Hydrologic soil group

A B C D

Impervious surface 98 98 98 98

Forested pervious area 30 55 70 77

Non-forested pervious area 49 69 79 84

Open watera n/a n/a n/a n/a
aAreas of open water are not included in the calculation of stormwater runoff
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I ¼ h
t

ð4Þ

I ¼ atb ð5Þ

where I ¼ rainfall intensity (mm/min), h ¼ height of rainfall (mm), t ¼ duration of
rainfall (min), a and b ¼ parameters from the Intensity–Duration–Frequency curves.

This methodology was also applied to estimate the surface runoff from Arregaça
catchment, to understand the magnitude of São Jerónimo runoff within the larger
urban catchment. In this case, the calculation of CN was performed considering the
hydrological group B instead of C, given the higher soil permeability in Arregaça
than São Jerónimo catchment.

3.2.2 Water Storage Capacity of the Lake

The spillway determines the water level and the storage capacity of the lake, and
provides a controlled release of flows into the downslope drainage system of
Arregaça catchment, during large rainfall events. The spillway structure is made of
concrete and comprises a service spillway, an auxiliary spillway and an emergency
spillway, associated with three distinct water levels in the lake, triggered by storm
events, which produce increasing runoff excess (Fig. 6). The service spillway
controls the normal water level. The auxiliary spillway comprises a lateral grid,
placed 0.22 m above the service spillway, and provides an additional water storage
capacity, besides which the runoff discharges to the downslope drainage system. The
emergency spillway, comprising a larger upper grid in the overall spillway structure,
is activated when the water exceeds 0.62 m above the normal water level in the lake.
The maximum water level capacity of the retention basin is reached at 1.66 m above
the normal water level. Under the highest water levels, the three types of spillways
are functioning simultaneously, but all the runoff discharge is controlled by a single
exit pipe.

The lake usually accommodates 2,995 m3 of water. Thus, the storage capacity to
retain additional runoff during the storms is provided by the spillway structure and
the local topographic settings. The 0.22 m between normal water level (controlled by
the service spillway) and the bottom of the auxiliary spillway provides an additional

Table 3 IDF curves developed for Coimbra, for durations between 5 to 30 min [60] and 30 min to
6 h [61], for different return periods

Duration

Return period (years)

2 5 10 20

a b a b a b a b

5–30 min 202.72 �0.577 259.26 �0.562 290.68 �0.549 317.74 �0.538

30 min–6 h 280.69 �0.653 374.38 �0.647 436.65 �0.644 496.49 �0.643
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water storage of 667 m3, before the auxiliary spillway is activated. This volume
represents 22% of the total water storage capacity. After reaching the auxiliary
spillway, which increases runoff discharge into the downslope drainage system, an
extra storage capacity of 1,240 m3 is provided (up to 0.62 m above normal water
level), just before reaching the emergency spillway. Both volumes of water
(1,907 m3) are kept inside the normal lake boundaries. After surpassing the 0.62 m
water level, where the emergency spillway provides extra runoff discharge volume,
an additional capacity of 4,120 m3 is provided through the water volume that
overflows to a grass-covered embankment located in the south part of the lake
(Table 4). A total retention volume of 6,027 m3 is ensured (not including normal
water volume), after which runoff will flow to Quinta de São Jerónimo GI down-
slope area and, if not infiltrated and/or retained, will contribute to downslope urban
floods. If the GIs water storage capacity includes the capacity provided by the
upslope retention basin located in the amphitheatre (75 m3), the total storage of the
blue infrastructure is 6,102 m3, which represents 2 times the normal volume of the
water in the lake.

3.2.3 Performance of the Blue Structures to Mitigate Downslope Floods

The performance of the NBS to mitigate downslope floods was based on comparing
the water storage capacity and the potential stormwater runoff generated in the

Fig. 6 Schematic representation of the spillway structure installed in Quinta de São Jerónimo GI
lake, controlling the water storage capacity within the NBS
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contributing topographic catchment, estimated from the CN method (Table 5). The
stormwater runoff results for the different rainfall durations and return periods
analysed are presented in Table 6. Comparing the runoff estimated for São Jerónimo
topographic catchment (assuming that all the runoff reaches the blue infrastructures
ofQuinta de São Jerónimo GI) with the total storage capacity of the GI (6,102 m3), it
is possible to understand that this GI can accommodate runoff from rainfall events up
to 60 min, associated with return periods up to 20 years. However, if only the
capacity of the blue structure is considered (amphitheatre and lake), without letting
part of the green area (grass embankment) to be overflowed (1,315 m3), the GI would
cope only with runoff from rainfall events up to 10 min, associated with return
periods of 2 years, and events up to 5 min and return periods of 5 years.

The high runoff volume stored in the GI (0.62 m above normal water level) is not
effectively retained in the NBS but rather partially released at control rate by the
spillway, which slows the water outflow into the downslope drainage system.

Table 4 Typical water storage capacity of the lake and additional storage capacities affected by the
spillway structure (see details on Fig. 6)

Water level
Water storage
capacity (m3) Description

Typical water level
(service spillway level)

2,995 Typical volume stored in the lake (maintained by the
service spillway)

Buffer level (+0.22 m) 667 Retention capacity provided until the water level
reaches the auxiliary spillway, located 22 cm above
the service spillway. Water volume is kept inside the
lake borders

Emergency level
(+0.62 m)

1,240 Retention capacity provided before the water level
reaches the emergency spillway, located 62 cm
above the service spillway. Auxiliary spillway device
in use. Water volume is kept within the lake

Lake retention capacity
(+1.66 m)

4,120 Maximum retention capacity provided when the
water level reaches 1.66 m above normal water level.
All three spillway components in use. This water
storage considers the overflow of the lake and
flooding of the grass embankment

Total retention volume 6,027 Represents the maximum storage capacity of the
lake, excluding the typical volume stored in the lake

Table 5 Land cover types and weighted CN values for São Jerónimo and Arregaça topographic
catchments

Land cover type

São Jerónimo Arregaça

Area

CNw

Area

CNw(m2) (%) (m2) %

Impervious areas 103,342 66.7 89.5 2,279,822 54.2 81.2

Forest pervious areas 36,927 23.8 708,857 16.9

Non-forest pervious areas 14,762 9.5 1,215,175 28.9

Total area 158,157 – – 4,203,854 – –
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Although runoff generated in São Jerónimo catchment represents only 4% of the
Arregaça catchment runoff, Quinta de São Jerónimo GI provides a relevant storage
capacity and delay in the peak discharge, which may alleviate the flood risk
downslope.

The results showed that combining blue and green infrastructures was relevant to
maximize the runoff storage capacity of GI, and that NBS can provide a relevant
complement to runoff management with conventional grey infrastructures, maxi-
mizing the mitigation of downslope pluvial floods. These findings support the
increasing evidence that incorporating GI in urban design can alleviate flood risk
due to their effectiveness in managing urban floods, reducing peak flow rates, and
controlling the total volume of stormwater runoff [14, 62]. Furthermore, this case
study demonstrates the relevance of GI to manage stormwater near its origin, as
reported by previous authors [42].

Even though Quinta de São Jerónimo GI was fully operational in 2006, storm
events recorded during that year in June and October (both with rainfall equivalent to
60 min duration and return periods of 20 years) led to floods in the urban area placed
immediately downslope (Fig. 2). Thus, albeit Quinta de São Jerónimo GI can
support water management in Arregaça, additional NBS measures are required to
mitigate runoff within the extensive urban area of Arregaça catchment. The current
water management system in Arregaça, mainly depending on grey infrastructures,
has proved insufficient to prevent floods and NBS can provide an important com-
plement to enhance urban resilience.

3.3 Co-benefits of Quinta de São Jerónimo

As stressed by some authors, the evaluation of NBS should not focus only on water
management aspects, but also include additional benefits provided to the society
[11, 21]. Similar to other NBS, Quinta de São Jerónimo GI supports local
stormwater management but also provides multiple secondary benefits
(co-benefits) far beyond that of flood protection, relevant for people and the envi-
ronment, through direct and indirect use of ecosystem services delivered by the
green and blue components.

Quinta de São Jerónimo GI has a green area of 13,452 m2, with a wide variety of
trees, shrubs and herbaceous species, and a blue component including a lake of
approximately 3,000 m2, and some springs and water tanks. These green and blue
areas provide habitat for several plants (e.g. at least 25 different trees) and animals
(e.g. small birds, ducks and fishes), some of them with high conservation value
(e.g. Quercus rubra and Quercus ilex). Besides the relevant ecological benefit,
improving biodiversity and ecological resilience, this GI provides some food items
since it includes an edible garden with a few fruit trees (e.g. oranges and lemons) and
aromatic plants. Several studies highlight the impact of GI on improving biodiver-
sity, namely through the provision of wildlife habitat [63], but also timber and food
items [46]. Few authors argue that urban gardens can decrease the overall urban

Assessment of NBS Impact on Pluvial Flood Regulation Within Urban Areas: A. . . 305



footprint, and decrease the reliance of urban dwellers on external provision
services [64].

The impact of Quinta de São Jerónimo GI on water regulation is beyond that of
stormwater volume storage. It includes water evapotranspiration and infiltration by
the green areas, and a small contribution for water quality regulation driven by
reduced erosion (favoured by vegetation cover), filtration of contaminants through
the soil and sediment retention in the tanks and lakes. The relevance of green areas,
namely woody vegetation, rainfall interception, increased evapotranspiration, and
infiltration in urban areas, has been widely identified [42, 65]. Quinta de São
Jerónimo GI offers additional regulating ecosystem services such as temperature
regulation through shading and evaporative cooling, which mitigates heat-island
effect and reduces the energy used in buildings [11]. It also provides airborne
particulate filtration and improves air quality [66], noise reduction [67], biological
carbon capture and storage [68], and thus climate change mitigation [14]. These
co-benefits can occur even if not considered or maximized in the original design of
the GI [14]. However, some authors argue that the magnitude of GI benefits on
regulation of ecosystem services and biodiversity is affected by the connectivity
between green and blue spaces and should be assessed at a larger scale such as
regional and national [27].

Quinta de São Jerónimo GI plays a major role in cultural services, allowing the
residents to reconnect to nature and improve their well-being [64]. This GI promotes
a healthier lifestyle by supporting physical activities, such as walking and sports
practices, enhanced by the presence of multi-sport infrastructures, including tennis
field and swimming pool [67]. Quinta de São Jerónimo GI has a high aesthetic value
(Fig. 7a) and provides education and recreation opportunities. This GI includes a
wide variety of trees, with several of them placed nearby the walking routes,
providing botanical information through slabs with the species common and Latin

Fig. 7 Overview of Quinta de São Jerónimo green infrastructure (GI); (a) view to the south part,
with the retention lake (south-centre part of the GI) and tank (in the northern part), the amphitheatre
(in the centre) and edible gardens; (b) example of a tree with slab providing botanical information;
(c) view to the north of the GI, showing few deposition ponds in the foreground, the amphitheatre
on the midground, and the upper limit of the GI with the old chapel and fountains

306 L. V. Pinto et al.



names and their origin (Fig. 7b). It also comprised an aromatic plant zone with a
wide variety of species, identified with high education value slabs.

Furthermore, Quinta de São Jerónimo GI supports social networks, improving
social benefits such as cohesion and entertainment. This is enhanced by available
supporting infrastructures, including bar and restaurant, and an amphitheatre
(Fig. 7c) where some cultural events are organized (e.g. music festivals). In contrast,
grey infrastructure lacks involvement and engagement with community initiatives
[14]. This GI also includes a small heritage chapel and a viewpoint for part of
Coimbra city. Recreational settings are used by residents living in close proximity
and visitors that come to Quinta de São Jerónimo GI for relaxation and socialization
purposes. These cultural services have been widely reported in other GI
implemented in urban areas [14, 69]. Green spaces reduce stress, anxiety, depres-
sion, and increase the level of happiness and life satisfaction [68].

Additionally, Quinta de São Jerónimo GI provides economic benefits by
supporting the local economy by promoting the bar, restaurant, swimming pool,
and sports fields. The maintenance of GI and existent infrastructures provides work
opportunities in the private sector, called by previous researchers as collar jobs [70].

Although this chapter does not aim to perform an economic valuation of the
investigated GI, some authors stress the relevance of cost-benefit analysis to assess
GI projects developed for water management purposes [11]. These analyses are
commonly restricted to the cost of measures to increase safety and reduce expected
damages. Thus, grey options typically appear as the only economically viable
strategy for flood mitigation [11]. However, Vincent et al. [71] demonstrated that
GI’s economic feasibility is substantially improved if multiple benefits are consid-
ered. The monetary valuation of co-benefits would help decision-makers when
choosing among different solutions [72]. However, the costs and benefits of GI
change when green and blue infrastructures are combined with grey solutions [11],
such as theQuinta de São JerónimoGI. A mix of green, blue and grey infrastructures
have been identified as the best strategy to enhance urban resilience since they
complement each other to provide several benefits in limited urban spaces [35],
and green components have higher adaptability and resistibility to deal with the
uncertain future [17].

4 Final Considerations

Coimbra is a city historically vulnerable to floods. Over the last years, however,
increasing urbanization and frequency of short but intense rainfalls have led to a
relatively higher number of pluvial floods, raising concerns about the insufficiency
of the water management system, largely based on grey infrastructures. These
problems raised awareness among local authorities, which started to consider NBS
approach to mitigate flood hazard. Some NBS were already implemented across the
city, and it became mandatory that large urbanization projects include Green Infra-
structures to get the approval from the authorities.
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Quinta de São Jerónimo GI is an example of NBS implemented to mitigate the
impacts of an urbanization project, involving the construction of 57 lots of individual
and collective houses and private equipment. The NBS includes blue and green
elements, such as ponds, a lake and grassed areas, integrated with a grey infrastruc-
ture (spillway) which controls the runoff storage capacity of the semi-natural
elements. Based on a simple methodology used worldwide to estimate runoff
generated within the São Jerónimo topographic catchment (CN method), and the
calculation of the water storage capacity of the NBS from the topographic charac-
teristics, this study demonstrates the effectiveness of the NBS to mitigate floods. The
relatively small scale NBS has the capacity to cope with runoff driven by rainfalls
with recurrence up to 20 years, providing runoff storage near to its source (sealed
surfaces within urban development), and a slow release of runoff which delays the
peak flow into downslope urban areas. These findings demonstrate that incorporat-
ing GI in urban design can be an important strategy to manage urban floods and
alleviate flood risk.

The investigated GI comprises an appropriate strategy to cope with runoff from
the relatively small urban area, which is important to mitigate downslope floods,
frequently recorded in nearby urban areas. This NBS, however, is not enough to
prevent downslope floods in urban areas of the Arregaça catchment, as noticed with
the 2006 urban floods. These floods were triggered by runoff provided from an
extensive urban area, with only 4% being supplied by São Jerónimo sub-catchment.
Therefore, a network of NBS should be considered to complement the current urban
drainage system, and effectively mitigate floods and enhance urban resilience in
large cities. This is especially important under climate change context, where
extreme precipitation events are expected to be more frequent and severe.

The implementation of NBS in urban areas also provides additional ecosystem
services, including regulation, provisioning and cultural services, particularly rele-
vant in urban areas given the limited access to green areas, triggered by the limited
available space in the cities. Thus, planning and implementing NBS for stormwater
management should also consider the additional co-benefits, important for the
environment and human well-being.

The strategy of the authorities to include GI as a mandatory element for new
urbanization projects is interesting to support the implementation of NBS. However,
it may lead to ad-hoc planning strategies, and less than optimal outcomes regarding
flood mitigation. Despite there is an interest and an effort to implement NBS,
previous studies show that the lack of a coherent approach can hinder the effective-
ness of implemented NBS, or even its proper implementation [29, 38].
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also the type of surface cover. This research deals with the relationship between
types of habitats (in terms of their qualitative properties – e.g. naturalness of the
habitat, diversity of structures, sensitivity of the habitat to external interventions,
etc.) and their impact on runoff processes in the landscape; i.e., the extent to which
the habitat type can affect the soil water retention and infiltration capacity, and thus
runoff processes. The creation of habitats with an identified positive effect on the
hydrological regime (mitigation the frequency of drought and flash floods), or the
creation of conditions suitable for the natural formation of these habitats, can be
considered as a good example of nature-based solutions for water management.
Within a study area in the Czech Republic, a medium-sized watercourse catchment
with forest-agricultural landscape, a newly developed water retention model LOREP
was applied. This model takes into account a multiple-flow regime, providing more
accurate results than previous models. The analysis revealed that there are several
types of natural or close-to-nature habitats able to retain a significant amount of
rainwater, even in soils with limited retention capacity. A possible increase in the
area of these habitats may indirectly contribute to the mitigation of hydrological
extremes and the increase of surface water quality.

Keywords Environmental modelling, Habitat structure, Soil water retention,
Surface runoff, Water resources

1 Introduction

The hydrometeorological conditions of a given place primarily contribute to the
formation of surface runoff. Precipitation and evapotranspiration are spatially and
temporally variable factors, which usually represent one of the fundamental impulses
leading to the creation, change or extinction of surface flow in the landscape. These
factors represent the key variables influencing the formation of extreme hydrological
situations – not only flood events, but also drought episodes, which the Central
European region is increasingly facing [1–3]. While the long-term flow regime is
mainly shaped by the climatic conditions of the river basin (e.g., the prevailing
climate conditions), sudden changes in the hydrological characteristics of the stream
are the result of the current meteorological situation and direct anthropogenic
influences Apart from the extreme weather conditions there is also a number of
other factors influencing the surface runoff formation, such as the soil saturation
driven by antecedent precipitation, and other characteristics related to the physical–
geographical properties of the landscape. The extent of surface runoff within the
river basin depends on the rate of infiltration of rainwater, namely determined by the
soil water retention capacity and partly also the degree of rainfall interception by
vegetation [4].

The relationship between the hydrological regime of watercourses, the natural
conditions of a given river basin, and the impact of human intervention in the
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landscape have been discussed by a number of authors, in order to quantify the
influence of individual factors on runoff processes [5–9]. Since vegetation (and
especially forest cover) directly affects the precipitation–runoff processes and also
acts as a protective cover for soil surface, it represents an important segment of the
landscape, affecting the current and long-term water balance of the area. The
relationship between the ecological status and structure of vegetation cover and
the hydrological regime has been analysed by many authors [10–13]. The general
conclusion is that forest stands and soil properties significantly modify the culmi-
nation and shape of the hydrograph of the precipitation–runoff episodes (the
response time is delayed and the peak flood is lower); in addition to the physical
geographical conditions of the river basin itself, these mainly include the composi-
tion of the forest, its age and health status of individual trees or the management
practices used [10].

Compared to forest stands, agricultural land contributes in a greater extent to the
overall impact on surface runoff characteristics. The gradual transformation of the
original, highly diversified natural landscapes into the current large monotonous
blocks of arable land represents the most significant change that has affected the
rural landscape [14]. The great land cover and land-use change called as “green
revolution” can be described as a turning point in global land management, which
refers to, among other things, a fundamental change in the hydrological conditions of
the affected environment (and indirectly also the water regime of most streams). An
example of a European country where a very significant change in the land-use took
place during the twentieth century is the Czech Republic. The change of land-use is
also connected with the drainage of large areas, which was carried out due to efforts
to cultivate the land using heavy machinery and to establish the collective agricul-
tural systems [15]. According to Štěrba et al. [16], in the second half of the last
century, more than 600,000 ha of land were drained in the Czech Republic (espe-
cially wetlands and waterlogged soils) in which the case study presented in this
chapter was carried out. Land reclamation (i.e. change in soil utilization) affected
practically the entire territory of the republic, especially the headwater areas, in
which the original waterlogged soil caused difficulties during the conversion from
non-agricultural to agricultural land [1]. Similar issues related to land-use change
and its impacts on the hydrological regime have also been addressed in other
European countries [17–20]. The main negative consequence of land-use change
related to the land drainage and its cultivation was the hydromorphological degra-
dation of the river network, the disruption of which was subsequently reflected in the
hydrological regime. The increase in the rate of water runoff and the imbalance of
flows during the year led to many changes in the morphological and ecological
parameters of the river environment (especially related to the channel incision). The
secondary – although not less significant – impact of agricultural activity on the river
network is the deterioration of the biochemical quality of water, due to the flushing
of harmful substances from cultivated land.

It is also necessary to mention that, although runoff processes are influenced
nowadays by a number of anthropogenically conditioned factors, some extreme
water levels cannot be eliminated even by the best management of water resources
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or landscape planning. Although the overall ecological status of the river basin has a
significant impact on the occurrence of floods, the main stimulus remains atmo-
spheric precipitation and its parameters in agricultural catchments. According to
Pithart et al. [21], it is obvious that, with increasing precipitation, natural conditions
and level of anthropogenic influence decreases; for example, while after a 20 mm
precipitation a river basin may capture up to 75% of the rainwater under optimal
conditions, with a total precipitation of 100 mm or more, the captured amount may
be less than 10% of the precipitation (based on measurements made in a medium-
sized river basin in an agricultural landscape). The ecological status of the river basin
has a significant effect on the formation of water runoff for precipitation amounts
approximately up to a recurrence interval of 10–20 years; in the case of catastrophic
precipitation events with a longer recurrence interval, the influence of the landscape
significantly decreases [21].

Another factor that significantly affects the runoff generation process whose
effect is not possible to completely eliminate is the presence of urban areas and
impermeable surfaces. In addition to the fact that built-up areas reduce the water
retention capacity of the landscape, urban areas reduce water evaporation [22] and
also accelerate the water runoff flowing downslope [8, 23]. The most common cause
of the accelerated runoff of water is the straightening of riverbeds, channel deepen-
ing and especially the concrete revetment of river banks. These features are typical
for watercourses affected by the so-called urban stream syndrome [7, 24–26].

The most widespread measures to mitigate the impacts of hydrological extremes –
especially flood situations – in the past were in general technical adjustments directly
in the actual riverbeds, i.e., straightening, channel fortification, and incisions. These
measures often had another equally important goal, namely to improve the soil
permeability and thus increase its agricultural potential. However, in connection
with the increasingly frequent impacts of climate and environmental change, the
negative aspects of the implemented technical measures began to appear. Drained
and compacted soil, which also leads to loss of connectivity between the watercourse
and groundwater, began to be extremely prone to drying up at a time of gradually
rising air temperatures and the unbalanced distribution of precipitation over time
[27]. Only in the period with a significantly increased number of these hydrological
extremes (after a period of numerous flash floods and the subsequent long period of
drought) the need to implement other types of measures that could contribute to
alleviating these hydrological extremes begin to be demanded in most parts of
Europe. Appropriate solutions could include the so-called nature-based solutions,
which are defined by the European Commission [28] as measures inspired by,
supported by or copied from nature. Within the water management sector, these
are mainly “natural flood management” and “natural water retention measures”.
According to Hartmann et al. [29], these are targeted interventions to improve
water retention by plants (interception) and their evapotranspiration as well as the
infiltration of water into the soil, and to support the formation of ponds and wetlands;
the measures are intended to restore the connectivity of rivers with their surround-
ings. Although these measures are important in the entire area of the river basin, the
vast majority of these interventions are usually concentrated in the area of river

316 J. Jakubínský et al.



landscapes, as narrow strips lining watercourses, which have the potential to accu-
mulate not only rainwater but also water from the riverbed at elevated water levels,
and thus significantly support the flood protection function of current landscapes. In
order to ensure the positive effect of the mentioned measures (i.e. to reduce the
frequency of hydrological extremes), it is necessary to implement them in areas that
are as large as possible, which may require the cooperation of private landowners.
However, the landowners are usually not interested in this type of measures, as they
very often reduce crop yields, and some solutions also present certain technical
complications in terms of land management [30]. One of the tools to stimulate the
interest of landowners in the implementation of water retention measures could be
various subsidy titles provided by the governments [31]. A certain solution that
would help a society to realize the importance of the discussed measures is to express
the financial value of individual ecosystem services provided by the landscape (for
example, flood control, water storage, soil erosion prevention, and climate stabili-
zation) in optimal conditions in terms of the impact on the hydrological regime [32].

Proposals for nature-based solutions to alleviate hydrological extremes assume a
relatively detailed knowledge of local runoff processes and the main variables that
affect the hydrological regime of the area. The use of various environmental models
seems to be very effective in identification of surface runoff generation areas,
especially erosion–accumulation modelling techniques, based on the outputs of
which it is possible to identify localities that are prone to surface runoff generation
and especially localities with some potential to experience the mentioned extreme
phenomena. Most of the existing hydrological models use a digital terrain model
(DTM) and information on selected soil characteristics that affect water transport
within the soil profile (e.g. infiltration capacity and soil water retention capacity) as
background data. These data are supplemented by information concerning the land-
use; in particular, the land cover type, the crop rotation and applied sowing pro-
cedures in the case of agricultural land. Since the mentioned nature-based solutions
that can be implemented in the catchment area also include, in general, a change in
the nature of land cover, information on the impact of individual habitat types on
runoff processes is one of the key features that should be reflected in landscape
management. Thus, this study analyses the influence of different vegetation struc-
tures on local hydrological regime.

2 Identification of Runoff Source Areas Using
Environmental Modelling Techniques

2.1 Characteristics of the Study Area

The study area is the Dřevnice River basin, located in the eastern part of the Czech
Republic, near the state border with Slovakia (see Fig. 1). The basin has an area of
438.2 km2and especially the headwater area is characterized by a relatively rugged
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relief. In terms of land-use, it is a predominantly forest–agricultural to agricultural
landscape, which is divided by a relatively dense network of rural settlements.
Non-irrigated arable land (23.6%) and mixed forest (23.1%) comprise the dominant
type of land-use; urban areas cover almost 10% of the river basin. The Dřevnice
River basin also includes a relatively large urban area, concentrated around the city
of Zlín (located in southern edge of the river basin). Detailed information on the type
of land-use in the Dřevnice River basin is presented in Fig. 2. An overview of the
15 most represented types of habitats is given in Fig. 3. The plain consists almost
exclusively in the floodplain of the Dřevnice River and several of its major tribu-
taries, while a large part of this flat area with fertile soil is covered by urban or
industrial areas and transport infrastructures. The area is severely affected by soil
erosion through water, which reaches a value of almost 30 t ha�1 year�1 in on
non-forested steep slopes [33].

The average annual air temperature in the region ranges from 7 to 10�C, and the
total average annual rainfall is 600–1,000 mm [34], depending on the specific
location within the river basin. In the headwaters, cambium soils are the predominant
soil type, whereas in downslope areas and in the western part of the river basin, the
Luvizems and brown soils are dominant. The Dřevnice river floodplain and flood-
plains of some larger tributaries are formed by gley alluvial soils (the soils occa-
sionally fully saturated with water). More than two-thirds of the area consist of
highly rugged terrain (with an average terrain slope of more than 5�), which together
with a specific geological subsoil (Flysch formation) significantly affect the hydro-
logical regime of local watercourses (especially in terms of accelerating runoff). The

Discon�nuos urban 
fabric (8.5%)

Industrial or 
commercial units 

(1.9%)

Road and rail network and 
associated land (0.1%)

Dump sites (0.1%)
Green urban areas 
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Fruit trees and berry 
planta�ons (0.5%)

Pastures 
(6.8%)

Complex cul�va�on 
pa�erns (0.6%)

Land principally 
occupied by 

agriculture, with 
significant areas of 
natural vegeta�on 

(14.7%)

Broad-
leaved 
forest 
(7.8%)

Coniferous forest 
(10.4%)

Mixed forest (23.1%)

Transi�onal woodland-
shrub (1.4%)

Water bodies (0.3%)

Fig. 2 Prevailing land-use categories in the Dřevnice River basin (based on the CORINE Land
Cover 2012 dataset)
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Dřevnice River originates in the highlands located in the north-eastern part of the
basin at 560 m above sea level (a. s. l.) and empties into the Morava River (177 m
a. s. l.) near Otrokovice city, 42.3 km from the spring area. The average long-term
discharge at the mouth to the Morava River is 3.15 m3 s�1 [35]. There are two dams
located in the basin. One is the Slušovice water reservoir, situated directly on the
Dřevnice River with a total retention volume of 9.95 million m3, the main purpose of
which is flood protection and ensuring minimum ecological flows in dry periods.
The second dam is the Fryšták water reservoir on the Fryštácký Brook, which has a
volume of 2.95 million m3 and was implemented for the same use as the Slušovice
dam. The Dřevnice River basin is relatively prone to the occurrence of floods, either
by summer floods caused by long-lasting rains or flash floods, which typically affect
especially smaller watercourses and tributaries of the Dřevnice River. The largest
floods recently recorded in the study area were observed in 1987, 1997, 2006, and
2010 [36], with residential houses always being flooded and property damages
caused. Due to frequently recurring floods, technical flood protection measures
were implemented in various parts of the river basin, especially within the Zlín
City (see the example in Fig. 4).

2.2 Modelling of the Surface Runoff Source Areas

In order to analyse the water retention capacity of soils in the study area, a recently
developed LOREP model [38] was applied. The LOREP model is a tool for the
identification and spatial localization of areas with low water retention capacity,
allowing to work with a structured catalogue of non-technical measures (e.g.,
implementation of grass belts in arable land, and change in sowing procedures) to
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forests; 19%Herb-rich beech 

forests; 8%
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Acidophilous beech Mosaic of natural  
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Sports and 
recrea�onal 
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Fig. 3 Fifteen most frequent habitats (both natural and unnatural) in the Dřevnice River basin
(using data from [37])
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increase and support the water retention function of the landscape. One of the main
advantages of the LOREP model is the ability to capture multiple flows in sloping
terrain, which many other hydrological models do not allow (they work only with
single flow direction – i.e. runoff from one pixel to a neighbouring pixel with lower
altitude). The model is based on the use of GIS technology and available hydrolog-
ical equations. The whole model consists of four consecutive steps: (1) the determi-
nation of the volume of territorially specified direct surface runoff (runoff caused by
and directly following a rainfall or snowmelt event), (2) the spatial delineation of
hydrological zones of the basin (i.e. spatial distribution of sites with higher ability to
retain rainwater), and (3) the localization and determination of causes of low water
retention capacity.

The procedure for the computation of territorial-specific surface runoff is based
on a combination of specific functions in GIS, hydrological equations of the runoff
curve number method and spatially distributed unit hydrographs. The LOREP model
was developed in Python and designed for ArcGIS Pro. The input data are expressed
as a grid of pixels in agreement with the rules of raster representation in ArcGIS. The
spatial resolution is chosen to be high enough to allow identification of the influence
of linear features on the surface runoff volume.

The modelling technique itself consists of several consecutive steps:

Fig. 4 Flood dike delimiting the polder area (on the right side), as an inundation area of the
Dřevnice River on the outskirts of Zlín City, Czech Republic
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1. Creation of the necessary GIS layers, capturing the current land-use and hydro-
logical characteristics of soils (an overview of all data sources used is given in
Table 1),

2. Reclassification of input data into individual categories according to the runoff
curve number (CN) methodology,

3. Determination of CN for individual landscape patches (homogeneous in terms of
land-use),

4. Modification of CN after taking into account the antecedent precipitation index –
API5 (volume of rainwater from the previous 5 consecutive days preceding to the
day with the analysed precipitation event),

5. Calculation of current soil loss values (IaA),
6. Calculation of runoff height and soil water retention capacity.

The CN method is a recognized and globally used approach developed by the
American Soil Conservation Service (SCS) in 1954 and documented for the first
time in the National Engineering Handbook [39]. The general starting point of the
methodology is the assumption that the ratio of the runoff volume to the total of
torrential precipitation is equal to the ratio of the volume of water retained during
runoff to the potential volume that can be retained. The potential volume of water
retention depends on the soil type, surface cover, cultivation method, and previous
conditions of soil moisture and vegetation [40]. Water drains can occur only after the
initial loss, which is caused by interception, infiltration, and surface retention. The
standard CN curve method is used to determine the runoff curve numbers according
to U.S. Soil Conservation Service [41]. Individual CN curve values are available for
each land-use category based on land-use type, cultivation method, hydrological
conditions, and the hydrological groups of soils. Precisely defined categories are
described in detail in the methodology itself [41].

The last distinguishing factor is the hydrological group of the soil: A, B, C or
D. Based on CN numbers, the runoff height and the volume of water drained from
the area can be estimated. With knowledge of the CN, the maximum water retention
A [mm] can be calculated from the following equation:

A ¼ 25:4� 1, 000
CN� 10

ð1Þ

Table 1 Curve number (CN) categories reflecting antecedent precipitation index for 5 preceding
days (API5) (according to [44]). Three categories of CN number are commonly determined for the
purpose of refining the antecedent precipitation index, based on prevailing conditions

CN number
category

API5 – out of growing season
[mm]

API5 – during growing season
[mm]

I <13 <36

II 13–28 36–53

III >28 >53
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Therefore, if the torrential rain exceeds 20% of the calculated maximum water
retention, the height of the drained water HR can be calculated as (for HP > 0.2A):

HR ¼ HP � 0:2Að Þ2
HP þ 0:8A

ð2Þ

where “HR” is the runoff height (mm), “HP” is the total of the causal precipitation
measured in 24 h (mm), and “A” is the maximum water retention (mm).

2.3 Identification of Runoff Source Areas in the Dřevnice
River Basin, Using the LOREP Model

Using the above modelling approach, the runoff height and the related water
retention ability of the landscape for the entire study area were computed. Our
method involved the modelling of the hydrological response of the Dřevnice river
basin to a causal precipitation of a total of 42 mm (during approximately 6 h of
precipitation on 13 May 2020), evenly distributed over the entire area of the river
basin. The previous precipitation conditions of the given locality were considered in
the calculation –API5 tooks the value of 51.10 mm. This is based on the effect of the
total precipitation in the previous days on the soil’s ability to retain further precip-
itation. A five-day total referred to as antecedent precipitation index (API) is
commonly used [42], and was divided into three categories in this study according
to the precipitation volume (see Table 1 for CN values verified for the Czech
Republic). CN values were based on the spatial intersection between the soil
hydrological groups and the agricultural and forest areas. By distinguishing the
hydrological conditions into good, medium, and poor (respecting the methodology
of SCS [41]), three variants of the layer were created. The CN value was assigned to
the records according to the conversion table [43]. Since 1971, a specification of the
CN values according to antecedent moisture conditions has appeared in the National
Engineering Handbook (SCS 1971). Clarification of the initial losses preserves the
calculated CN numbers of the mean hydrological conditions and the maximum
retention resulting from them. The current value of initial losses is specified on the
basis of the total precipitation in previous days. Instead of a fixed 20% of the
maximum possible water retention, as in the standard SCS methodology [41], the
actual value of the initial losses is calculated using the total precipitation of the last
5 days. Adjusting the initial losses has a direct effect on the change in the runoff
height and outflow volume.

The meteorological station nearest to the study area (operated by the Czech
Hydrometeorological Institute) is located in the town of Holešov, at a distance of
about 5 km from the boundary of the basin at the closest point. The values of API5 in
the growing period before the selected precipitation event (as of 13 May 2020) were
taken from this station. The input data concerning total precipitation in the area of
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interest correspond to real conditions, as these are data related to a selected precip-
itation event that occurred during Spring 2020. The selected precipitation represents
an above-average precipitation event in this region – an average maximum amount
in individual precipitation episodes is 38.5 mm for the period 1961–2019 and
average monthly total precipitation is 52.3 mm for the same period [34]. In addition
to meteorological data, information on terrain properties and surface cover is very
important when solving the problem of rainfall–runoff processes; this especially
includes morphometric (e.g. terrain fragmentation, slope) and morphological fea-
tures (soil structure, soil depth and its particle size distribution, and other properties
of the soil-forming substrate). In general, the key information includes the infiltration
capacity of the soil and its maximum water retention capacity, which are character-
istics that are significantly affected by anthropogenic activities, whether through the
compaction of the topsoil by heavy agricultural machinery or its complete covering
with artificial materials (construction of buildings, road networks and other related
infrastructure) [45].

The second value affected by the total precipitation in previous days is the
indicator of the initial loss. Mishra et al. [46] investigated on data from the
U.S. Department of Agriculture Agricultural Research Service (USDA-ARS)
Water Database. This database contains data on total precipitation and direct runoff
in small river basins in the USA. They worked with many models, of which the most
accurate results were achieved by the modified Mishra–Singh model (MMS) deter-
mined by the following equations:

IAa ¼ λþ A2
CN� AþM

ð3Þ

M ¼ API5� 0:2Að Þ � Að Þ
API5þ 0:8Að Þ ð4Þ

where IAa is the current value of the initial losses (mm), λ is a coefficient of
individual partial losses (cm), A is the potential water retention derived from CN
numbers (mm),M is the soil moisture from antecedent precipitation (%), and API5 is
the total precipitation in the previous 5 days (mm).

The fact that linear landscape features (such as lines of trees, indicating the
riparian vegetation along the streams) can be a part of land-use analysis and
represents one of the key benefits of the model. This is possible because high-
resolution raster data (with a pixel size of 5 m) was used, and because the modelling
focused on the hydrology of small basins (it was not necessary to work with
extremely large datasets). List of all the datasets and their sources used for modelling
is given in Table 2.

Freely accessible images of the Sentinel 2 satellite, captured on 18 April 2020,
were used as input data to create a layer with spectral reflectance information. On the
Sentinel portal [47], the image with the least extensive coverage of clouds over the
study area was selected from the products available. The images were uploaded to
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SNAP software, in which the resolution of the bands had to be unified. After
unifying the band resolution to 10 m and creating a connection of the images into
a mosaic, the Normalized Difference Moisture Index (NDMI) was calculated
according to the following equation:

NDMIS2 ¼ Band8A � Band11ð Þ
Band8A þ Band11ð Þ ð5Þ

After calculating the NDMI values, the output raster was exported to the ESRI
ArcGIS Pro software. This software ensured the conversion of the raster into poly-
gons and the classification of pixel polygons into three levels of the current moisture
conditions (Table 3).

The identified runoff source areas were compared with land-use categories and
also with the layer of habitats occurring in the river basin (Fig. 3). For this purpose, a
habitat mapping layer according to the Habitat Valuation Method – HVM [49] was
used. This layer contains all habitat types occurring in the Czech Republic, including
habitats significantly affected by man or completely unnatural habitats.

Table 2 List of data sources used in the case study area

GIS layer Data source Data publisher Scale Type of classification

Land-use Open street maps
(OSM)

OSM individual
contributors

1:
2,116

Each polygon has its
own attribute

Hydrological
soil groups
(HSG)

Map of HSG Research Institute
for Soil and Water
Conservation

1:
5,000

Four soil groups – A,
B, C, D; according to
the infiltration rate

Typological
forest units

Regional forest
development plan;
forest typological
map

Institute of Forest
Management (IFM)

1:
10,000

Typological classifica-
tion system of IFM

Spectral
reflectance

Sentinel 2 imagery European space
Agency

10–
60 m/
pixel

12 spectral bands

Aerial images World imagery Digital globe 1 m/
pixel

Raster data

River basin
boundary

Hydrological
division – river basin
of IV. Stream order

T.G.M. Water
Research Institute

1:
10,000

Vector data

Habitat map Habitat mapping
layer

Nature Conserva-
tion Agency of the
Czech Republic

1:
10,000

Vector data, 165 habitat
types

Table 3 NDMI intervals based on moisture conditions (according to [48])

Moisture conditions Level of moisture conditions NDMI interval

Dry 1 �1.0–0.0

Moderate 2 0.0–0.2

Wet 3 0.2–1.0
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3 Results of the Soil Water Retention Modelling in the Case
Study Area

3.1 Surface Runoff Heights

Detailed information about the land-use types in the Dřevnice river basin was
grouped into a total of nine categories according to their water permeability, and it
was found that more than 70% of the area, it can be assumed that the permeability of
the soil is not completely limited, although it is anthropogenically influenced
(e.g. arable land, orchards, gardens, urban greenery and parks). The remaining
20% of the area, including natural or close-to-nature forests or scrublands, have a
completely natural infiltration capacity. An overview of individual categories of
land-use differentiated according to their water retention ability is given in Fig. 5.
The study area was divided into two categories – “permeable” and “impermeable”,
while the following categories of land cover were considered impermeable
according to the CORINE Land Cover database [50]: continuous urban fabric,
industrial or commercial units, road and rail network and associated land, and
construction sites. In Fig. 3 these areas are included in the category of “built-up
and impermeable surface”, which covers approximately 10% of the river basin. All
other land-use categories were considered as permeable. Thus, permeable areas are
represented in the river basin in a vast majority, although these are unnatural or
nature-distant sites in many cases.

Forests - natural; 
17%

Secondary 
grasslands and 
heathlands; 3%

Water bodies -
natural and 

unnatural; 1%

Forests - unnatural; 
25%

Shrubs - natural and 
unnatural; 0%

Built-up and 
impermeable 
surface; 10%

Unnatural 
permeable surface; 

44%

Fig. 5 Individual land-use types merged according to their water permeability in the Dřevnice
River basin
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Within the above-mentioned nine land-use categories, the surface runoff height
was calculated in the next step of this study; i.e., the volume of rainwater draining in
the form of surface runoff after the described causal precipitation of 42 mm, and
API5 ¼ 51.10 mm (see Fig. 6). The results confirmed that the largest amount of
water drains from the built-up and impermeable surfaces. In these localities, on
average, up to 11.12 mm of water drains after a causal precipitation, which means
that approximately 239 m3 of water drains in this form in the Dřevnice river basin
(approximately 22% of the total surface runoff volume after the investigated causal
precipitation). Another significant amount of water runoff is generated under an
unnatural permeable surface (e.g., green urban areas, arable land, and pastures), from
which about 6.79 mm of drains after causal precipitation. Due to its large area, the
presence of unnatural permeable surfaces is a key element influencing runoff
processes; in the entire river basin, almost 300 m3 of water flows out of these
areas – i.e., about 28% of the total runoff generated in the basin. Considering natural
or near-to-nature land-use categories, the highest values of water runoff after causal
precipitation were recorded in wetlands and riparian vegetation (3.68 mm) and
secondary grasslands and heathlands (3.58 mm). Lower values were shown by
natural and close-to-nature forest stands (2.82 mm) and springs with peat bogs
(1.39 mm). In total, about 24% of the total runoff from the above-mentioned causal
precipitation drains from the areas covered by natural or near-to-nature landscape in
the Dřevnice River basin.

In terms of the spatial distribution of surface runoff within the Dřevnice River
basin, it is evident that increased runoff values may occur, especially in the areas
with a more developed floodplain, such as in Zlín and Otrokovice city, as well as in

Fig. 6 Runoff heights for the nine land cover categories, driven by a causal precipitation of 42 mm
(homogeneous throughout the basin)
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the Racková and Fryštácký brook basins (both right-hand tributaries of the Dřevnice
river in the middle and lower part of the basin). In these sites, larger units with a
relatively homogeneous land-use occur more often; at the same time, this is a
significantly less fragmented landscape structure compared to the rest of the river
basin. Although the lower slope gradient in this area should make a positive
contribution to the lower runoff heights (as verified for example by [51]), intensive
land-use dominated by non-irrigated arable land and discontinuous urban fabric has
the opposite effect, and the runoff intensity is therefore relatively high. Based on
Fig. 7, an obvious difference in runoff processes can be seen in the eastern and
western part of the river basin, while for the western part, the conditions that have
already been mentioned above apply (i.e., homogeneous blocks with a uniform land-
use on less sloping land, which are, however, intensively utilized). In the eastern part
of the basin, we can observe different processes. The considerable rugged relief and
the presence of relatively deep valleys also determine the nature of land-use:
individual sites with homogeneous land-use are significantly smaller, and the runoff
height is therefore very variable. The lower runoff values are rather obtained in the
headwater parts of the sub-basins present here, which are often forested and less
inclined (the slope ranges usually from 5 to 10�). The outlined difference between
the eastern and western half of the river basin is also evident when evaluating the
density of the river network, which is affected by terrain; while in the western part it

Fig. 7 Spatial distribution of runoff height in the Dřevnice River basin after a causal precipitation
of 42 mm and an antecedent precipitation index (API5) of 51.1 mm
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ranges between 0.2 and 1.4 km km�2, in the hilly eastern part, it acquires values
between 3.0 and 3.5 km km�2 [35].

For the nine defined categories of land-use, which differ in terms of their soil
permeability and degree of anthropogenic influence, the average volume of captured
water after a causal precipitation of 42.0 mm (homogeneous in the whole river basin)
was further calculated (see Table 4). The analysis confirmed the working hypothesis,
namely that natural or close-to-nature habitat types (land-use categories) will be able
to retain the largest amount of rainwater and, conversely, the lowest water retention
capacity will be provided by significantly anthropogenically affected habitats. It
should be emphasized that habitats classified as “built-up and impermeable surface”,
in addition to continuous urban areas, include habitats of “rocks and quarries” or
habitats of “landfills and construction sites”, which maintain a certain water retention
function (up to 83%); i.e., the water is still infiltrated and does not drain in the form
of surface runoff.

We can summarize that after the causal precipitation of 42 mm, more than 18.4
million m3 of rainfall fall in the study area, and approximately 88% of this volume
was retained in the river basin. Immediately after the precipitation, approximately
2.1 million m3 of water drained out of the basin in the form of surface runoff, which
is an amount corresponding to about two-thirds of the operating volume of the
Fryšták water reservoir, located in the central part of the Dřevnice river basin. The
average value of water retention in the entire analysed river basin (on all types of
land cover) is 36.71 mm m�2. In order to identify specific sites where surface runoff
is primarily formed, areas from which more than 20% of a causal precipitation
flowing downslope as surface runoff were selected from the runoff height model
(Fig. 8). As can be seen from the map in Fig. 8, the sites understood as the “surface
runoff source areas” include larger cities in the river basin (especially the city of
Zlín), but there is also a relatively large area of arable land in the central part of the
basin, east of the Fryšták water reservoir, with high potential for surface runoff
formation.

Table 4 Average soil water retention after a causal precipitation of 42 mm, computed for the nine
groups of habitats/land cover categories

Group of habitats
Average soil water retention
[mm]

% of a causal
precipitation

Wetlands and riparian vegetation 38.4 91.5

Forests – natural 37.1 88.3

Secondary grasslands and
heathlands

37.2 88.5

Springs and peat bogs 39.1 93.1
Water bodies – natural and
unnatural

38.9 92.7

Forests – unnatural 37.3 88.9

Shrubs – natural and unnatural 36.2 86.1

Built-up and impermeable surface 34.8 82.8
Unnatural permeable surface 36.7 87.3

Extreme values are marked in bold
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3.2 Links between Soil Water Retention and Habitat Types

In order to obtain more detailed information about the water retention function of the
landscape, the dependencies between individual habitats (natural, anthropogenically
influenced and completely artificial habitats were taken into account) and their soil
water retention capacity were analysed in addition to the relationship between land-
use and soil water retention. A more detailed look at the soil water retention within
the habitats occurring in the area of interest (see Fig. 9) shows a relatively large
variability between individual types of habitats. High water retention values, similar
to the amount of water fell during the analysed precipitation episode (i.e., 42.0 mm),
have been reported in several habitats, but in many cases, vegetation in close
proximity to watercourses (e.g., “Petasites fringes of montane brooks”, “muddy
river banks”, and “reed vegetation of brooks”) occur on permanently wet soils or
muddy substrates, and low values of surface runoff are therefore a completely
natural phenomenon due to permanent waterlogging. Among the habitats in which
a large water retention capacity was found, and at the same time in which the
vegetation was not directly conditioned by the presence of watercourses, we can
especially highlight “Pollonian oak-hornbeam forests” (with computed soil water
retention of 41.05 mm m�2), “Broad-leaved dry grasslands without significant
occurrence of orchids and with Juniperus communis“ (39.94 mm m�2) and “Dry

Fig. 8 Spatial distribution of surface runoff source areas within the Dřevnice River basin
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acidophilous oak forests“ (39.32 mm m�2). These habitats can therefore be consid-
ered to be very effective in terms of their ability to retain rainwater and improve the
water retention function of the landscape. On the contrary, habitats that are signif-
icantly anthropogenically influenced are characterized by the most limited water
retention function; e.g., “landfills and construction sites” (34.60 mm m�2) and
“hardwood forests of lowland rivers heavily influenced by man” (33.57 mm m�2).
Low values were also recorded in natural or near-to-nature habitats, but these were
again cases in which soil water retention was not possible or was significantly
limited for natural reasons, such as “vegetation of exposed fishpond bottoms”
(31.29 mm m�2) or “ravine forests” (34.48 mm m�2). Overall, it can be stated that
the “mixed commercial forests” (37.60 mm m�2) and “coniferous commercial
forests” (37.28 mm m�2) have the highest water capacity from a set of unnatural
habitats or habitats most significantly affected by humans.

All analysed habitats occurring on naturally very poorly permeable soils (i.e. a
total of 28 habitats) were divided into three categories for easier interpretation,
depending on their maximum water retention potential. The first category included
habitats with the lowest ability to eliminate surface runoff and increase the water

Fig. 9 Soil water retention capacity computed for all habitat types observed in the Dřevnice River
basin, following a causal precipitation of 42 mm
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retention function of the landscape (a maximum of 62% of the volume of causal
precipitation was captured), but these were mostly relatively specific habitats (see
Table 5) that were dependent on the presence of a watercourse, and their potential
enlargement is possible only in isolated cases (e.g., during complex restorations of
watercourses and their floodplains). The second category included more habitats
(only examples of the most widespread habitats, covering the largest area are given
in Table 5) that had a “moderate” ability to retain rainwater (up to 92% of the
precipitation volume). The third category included habitats with the greatest poten-
tial to perform a water retention function (in exceptional cases, they can retain up to
98% of the precipitation volume). In the given overview, only the most represented
habitats within the study area are mentioned. It should be noted that the stated

Table 5 Habitats classified into three categories according to their water retention potential on
poorly permeable soils (hydrological group “D“)

Category
Max. soil water
retention [mm] Habitats

I 25.99 Willow scrub of loamy and sandy river banks
Tall-sedge beds
Vegetation of exposed fishpond bottoms

II 38.62 Hardwood forests of lowland rivers heavily influenced by man
Ravine forests
Eutrophic vegetation of muddy substrata
Forests spring with tufa formation
Forests spring without tufa formation
Broad-leaved dry grasslands without significant occurrence of
orchids and with Juniperus communis
Macroph. Vegetation of natural eutrophic and mesotrophic
still waters without macroph. Species valuable for nature
conservation

III 41.09 Tall mesic and xeric scrub
Ash-alder alluvial forests
Brook and degraded ash-alder alluvial forests
Polonian oak-hornbeam forests
Carpathian oak-hornbeam forests
Mesic Arrhenatherum meadows
Herb-rich beech forests
Acidophilous beech forests
Central European basiphilous thermophilous oak forests
Dry acidophilus oak forests
Reed beds of eutrophic still waters
Meadow springs without tufa formation
Vegetation of wet disturbed soils
Cynosurus pastures
Wet Cirsium meadows
Wet Filipendula grasslands
Broad-leaved dry grasslands without significant occurrence of
orchids and without Juniperus communis
Mesic herbaceous fringes
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maximum values of soil water retention in individual habitats are valid for causal
precipitation, taking into account the antecedent precipitation of 51.1 mm in 5 days.

4 Discussion and Conclusions

The results of the analysis of soil water retention and related surface runoff source
areas are consistent with the established hypotheses, concerning the potential influ-
ence of the habitat type on the volume of surface runoff, if we neglect the influence
of terrain properties. Although the main variables shaping runoff conditions are
mainly the soil properties (infiltration capacity), terrain roughness (steepness of
slopes), and prevailing land-use category, it has been proven that individual habitat
types also have a verifiable effect on the hydrological regime of the landscape. Based
on data from the forest-agricultural river basin of a medium-sized watercourse
located in the Czech Republic, it was verified that the natural and near-to-natural
habitats are characterized by a higher ability to accumulate water and can thus make
a positive contribution to mitigating the effects of climate change, manifested in
Europe by more frequent flash floods [52].

However, it must be taken into account that the spatial distribution of individual
habitat types is also the result of local conditions, including soil properties; thus, the
primary variables determining the character of runoff processes in the basin remain
the relief and soil. At the same time, it is important to mention that the modelling
technique used do not take into account the rainfall interception by vegetation
canopy or the effect of evapotranspiration, and so the reported final values of
water retention and surface runoff for different habitats will actually be lower,
especially in forest habitats. The interception loss can be relatively high for certain
types of habitats [53]. Kermavnar and Vilhar [54] state, based on a case study from
Slovenia, that the highest values of interception are reached by a mixed forest
(18.0% of causal precipitation) and the intermediate level of interception rate
(7.1% of causal precipitation) was found for the floodplain hardwood forest. Černý
et al. [55] state that, in the Czech Republic, the interception loss of the spruce forests
canopy can be up to 30% of the causal precipitation (the exact interception loss
depends on the total precipitation – e.g., interception of 30% can be valid for gross
precipitation up to 15 mm).

The results from our study, therefore, relate exclusively to the influence of the
character of individual habitats on the formation of surface runoff (in terms of their
species composition, representation of herbaceous, shrub and tree vegetation floor,
and average surface cover due to vegetation).

Data on the potential impact of individual habitats on surface runoff coefficient,
and thus the water retention capacity of the given habitats, can represent a relatively
important source of information when designing restoration projects for terrestrial
parts of river landscapes, but also in other localities outside the river landscape,
aimed at mitigating the frequency of hydrological extremes.
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Within the study area, localities with an increased potential to generate surface
runoff (i.e., performing as runoff source areas) were identified, which were located
mainly in the built-up area. The highest runoff values (more than 38% of the initial
precipitation), and thus the minimum water capacity, were identified in continuous
urban areas located on sloping land; i.e., especially larger settlements and the out-
skirts of cities. Therefore, it can be stated that the source areas of surface runoff in the
Dřevnice River basin are located out of the headwater areas of the main water-
courses, which drain larger parts of the river basin. This fact is relatively favourable
in terms of groundwater quality and quantity, as in the spring areas in the eastern part
of the river basin there is a significant infiltration of rainwater, which positively
contributes to groundwater replenishment and the overall balance of discharges in
local watercourses. The higher water retention capacity of the landscape in the
headwater areas of local watercourses also has a positive impact on reducing the
level of flood risk in municipalities located in narrow valleys where these streams
flow. The retention of higher amounts of water and its subsequent release reduces the
likelihood of potential flash floods, because these occur after intense rainfall in an
environment that is unable to retain rainwater and to distribute water runoff over a
longer time interval.

For more effective flood protection of larger towns in the lower part of the river
basin, it is appropriate to implement certain measures in the floodplains along the
middle part of the watercourses and its headwater areas, which would increase the
water retention capacity of the landscape under the conditions of ongoing climate
and environmental change. Based on our results that identified the runoff source
areas located especially in the central part of the river basin, mainly occupied by
agricultural areas, selected structural measures can have potential for reducing
surface runoff volume – e.g. the creation of retention ponds, flood polders and
fills, changes in sowing practices or grassing of river banks. In the headwater area,
non-structural measures such as change in infrastructure policy or land-use manage-
ment by planning tools become important factors, because there is no immediate
surface runoff in these localities, but a higher ability of the landscape to retain
rainwater can have a positive effect on ensuring a balanced discharge in water-
courses and eliminating the occurrence of possible extreme hydrological situations.
As the model outputs confirmed that the water retention capacity is significantly
higher in several selected habitat types (e.g., ash-alder alluvial forests or Polonian
oak-hornbeam forests), it is appropriate to support the expansion of these habitats
where conditions allow for river and floodplain restoration plans. The vast majority
of the above-mentioned measures can be classified as nature-based solutions, which
are characterized by lower financial demands of implementation and at the same time
these measures increase the ecological stability and support the quality of ecosystem
services provided. In general, we can summarize that in the current intensively
utilized agricultural landscapes the surface runoff source areas are very often con-
centrated in the middle and lower part of the Dřevnice River basin, within wider
floodplains whose naturally higher water retention capacity is degraded by the
presence of artificial and impermeable surfaces. Therefore, the measures that are
feasible especially in the middle river basin zone (e.g. the construction of flood
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polders or changes in sowing practices in the case of an agricultural landscape)
should be implemented in order to eliminate the risks associated with the formation
of surface runoff (soil erosion and possible occurrence of flash floods in particular).
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Abstract Climate change and population growth are exacerbating environmental
challenges and natural hazards. Extreme events such as flooding due to heavy
precipitation are occurring more frequently and becoming more severe throughout
the world. Future projections indicate increasing risks and serious threats to human
societies, particularly those living in urban areas. To mitigate associated socio-
economic challenges and support sustainable urban development, nature-based
solutions (NBS) are being introduced in mitigation and adaptation strategies. How-
ever, NBS need to be carefully located and suitably designed to achieve their full
potential in terms of flood mitigation. Landscape connectivity, addressing various
landscape processes and components, can potentially be utilized for land manage-
ment and biodiversity conservation. For instance, hydrological connectivity within a
catchment, as part of the landscape connectivity, describes the main water flow
pathways and areas where runoff tends to accumulate, and can thus be useful in
identifying the best locations for NBS from a hydrological viewpoint. In this chapter,
we describe use of landscape connectivity to identify suitable locations for NBS to
reduce flood risk in urban areas, and exemplify the process for two distinct urban
catchments, located in Sweden and Portugal. The results showed good usefulness of
the method and revealed the importance of integrating connectivity mapping into
future NBS planning practices and decision support systems.

Keywords Connectivity, Flood risk mitigation, Nature-based solutions, Urban
areas, Wetlands

1 Introduction

Connectivity is defined as the degree to which a geomorphic system, such as a
hydrological catchment, facilitates transfer and movement of water and sediments
through coupling relationships among its components [1, 2]. Landscape connectivity
is originally defined as “the degree to which the landscape facilitates or impedes
movement among resource patches [3].” According to this definition, landscape
connectivity combines a description of the physical structure of the landscape with
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human community’s response to that structure. It includes the type, amounts, and
arrangement of habitat and land-use on the landscape and population dynamics
[4]. This chapter focuses on structural aspects of landscape connectivity,
representing the potential for a specific sediment particle or water molecule to
move through the compartments of a landscape system at different temporal scales
[5, 6]. The connectivity at multiple temporal scales depends on the interactions
between catchment components, structural characteristics of catchment surfaces
(e.g., topography, roughness), and processes driven by fluxes of water and sediment
(e.g., erosion and sedimentation) [7, 8]. Thus, connectivity is not static, but rather
varies over time and space due to the interactions between external forcing (mainly
precipitation and temperature), landscape properties (i.e., structural connectivity),
and the magnitude of water and sediment fluxes (i.e., functional connectivity). These
ultimately determine the evolution of landforms and the changes in landscape
properties caused by erosional and sedimentation processes [8]. Current ongoing
climate and human-induced changes can significantly modify connectivity in catch-
ments, due to their impact on these processes and interactions.

A clear understanding of landscape connectivity can support efficient and sus-
tainable management of catchments with regard to land and water resources [9],
which are globally undergoing significant change due to ongoing climate and land-
use changes driven by population growth. Many parts of the transport infrastructure
and built environment in urban areas are vulnerable to weather extremes because of
the associated risk for flooding, landslides, and erosion [10]. Global warming will
have a direct effect on future precipitation patterns, as a warmer climate will increase
evapotranspiration and atmospheric moisture load, which in turn will increase the
frequency of intense precipitation events. This will increase the probability of natural
hazards such as flooding [11, 12]. In urban areas, maintenance costs of transport
infrastructures, which are characterized by long lifetimes and high investment costs,
due to weather stresses account for 30–50% of their installation costs (EC, 2013). In
addition, land-use changes such as soil sealing and expansion of impervious land
surfaces in urban areas increase the vulnerability to pluvial flooding [13, 14].

Conventional engineering solutions to problems caused by climate and human-
induced changes in an urbanized catchment may not always be sustainable and cost-
effective [15, 16]. Instead, the European Commission (EC) advocates strategies
inspired and supported by nature, the so-called nature-based solutions (NBS)
[17]. Natural and constructed wetlands, ponds, canals, and ditches provide various
ecosystem services (e.g., flood regulation, water quality improvement, increased
biodiversity) and are commonly used as NBS in urban areas. Wetlands in particular
decrease the connectivity within an urbanized catchment and thus reduce the flood
risk, through mobilizing water and sediment movement and storage capacity. The
greatest advantage of NBS wetlands is their multi-functionality. Apart from provid-
ing flood regulatory services in an urban environment by e.g., mimicking the
function of natural wetlands, they provide several co-benefits that can strengthen
urban resilience and mitigate loss of biodiversity, global warming effects, and threats
to human health. These co-benefits are essential for sustainable urban development,
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which in a future with increased urbanization will become even more important as a
key factor in creating livable and attractive cities.

Developing sustainable cities and communities, as identified in the United
Nations Sustainable Development Goals and stressed in Agenda 2030, requires
more resilient flood control management to cope with increased urbanization and
hydro-climatic changes, for which implementation of NBS is suggested as an
efficient solution. Large-scale wetlands are internationally acknowledged as NBS
measures for flood risk reduction in urban areas [18]. Knowledge about wetland
effectiveness and co-benefits provided by large-scale wetlands has increased over
the years, enabling possible mainstreaming in policy and planning practice. In fast-
growing urban areas, where new housing areas are needed to meet the increased
demand, space-efficient solutions for flood regulation services and contamination
control are required. If these are implemented correctly, they have great potential to
meet the principal goals formulated for NBS by [17] which are Enhancing sustain-
able urbanization, restoring degraded ecosystems, developing climate change adap-
tation and mitigation, and improving risk management and resilience.

Considering the dominant impact of global warming in increased frequency of
flood events, rapid urbanization, and human developments, and associated implica-
tions for natural soil processes within urbanized catchments, integrating consider-
ation of structural landscape connectivity into mitigation and adaptation strategies,
recently proposed worldwide, can significantly support better design and implemen-
tation of these strategies in urban areas. It can thus enhance urban resilience to
climate challenges under future developments. This chapter investigates the appli-
cation of landscape connectivity aspects on flow processes to identify suitable
locations for NBS (e.g., wetlands) for flood risk mitigation in urban catchments.

2 Connectivity and Dis-connectivity

Connectivity has recently received widespread scientific attention in the field of
controlling runoff and soil erosion, where prediction of surface runoff patterns and
sediment transport are important in urban risk mitigation [19, 20]. During recent
decades, various conceptual frameworks have been established to describe landscape
connectivity in terms of hydrological and sediment transport processes [21]. For
example, [1] define connectivity in hydrology and geomorphology under three
categories: landscape connectivity, addressing physical coupling of landforms
within a catchment; hydrological connectivity, referring to the passage of water
across a landscape, which generates catchment runoff responses; and sedimentolog-
ical connectivity, relating to physical transfer of sediment and pollutants through a
landscape. These three categories of connectivity highlight the degree of links and
connections among inter-system components of a hydrological catchment.

Evaluations of landscape connectivity generally concentrate on the structural
connectivity (network structure) and the functional connectivity (dynamic processes)
of a catchment. Studies of structural connectivity aim to evaluate catchment prop-
erties (e.g., topography, surface roughness, soil properties, vegetation types and
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patterns, drainage network) that control the processes of water and sediment transfer
and to analyze the spatial patterns and processes that influence flow paths in the
catchment landscape. On the other hand, studies of functional connectivity aim to
assess the way in which processes operate dynamically within the catchment (e.g.,
runoff and sediment delivery) and evolve over time at a specific spatio-temporal
scale [22]. The structural and functional types of connectivity are often examined
separately, but they interact actively with each other and should be studied in
combination [23].

The nature and continuity of links between catchment compartments are con-
trolled by different sets of processes at different positions in the catchment, so that
fluxes may be connected (coupled) or disconnected (decoupled) over different time
frames. Some catchments may have strong links and a high degree of coupling in
their processes (i.e., high connectivity), while others may not. Catchment
dis-connectivity is defined as the features and processes that disrupt flows, and
thus decrease water and sediment transport in a catchment [24] . Various landforms
can create dis-connectivity in a catchment and are generally divided into three
categories: buffers, barriers, and blankets [6]. Buffers are landforms (e.g., dams,
woody debris, and sediment slugs) that prevent water and sediment flow from
entering channel networks, such as rivers and streams in the catchment (e.g.,
topographical properties such as slope and drainage area). Barriers are landforms
that can disrupt water and sediment flows moving along the channel network when
they reach it. Blankets are features that smother other landforms, drape channel
surfaces, and affect the accessibility of water and sediment to entrainment (e.g.,
floodplains). The strength of coupling between landscape compartments is dictated
by the type and distribution of the landforms creating dis-connectivity in the
catchment. Dis-connectivity is higher in catchments with more complex morphology
[6]. The increasing understanding of landscape connectivity has resulted in different
methods and procedures to assess catchment hydrological processes, with particular
focus on development of indices to describe landscape connectivity. For instance,
sediment connectivity index (IC index) describes how well different parts of the
catchment are linked together in terms of sediment transport (driven by runoff) and
connectivity [25]. The index can be derived from high-resolution digital elevation
models (DEMs) as the only data source. Use of IC index can reveal possible links
between structural connectivity characteristics such as hillslope, hydrological net-
work, and features acting as storage areas [26]. It has been applied in the field of
sediment transport, but also in a broader context for flood risk assessment [27, 28].

3 Nature-Based Solutions (NBS) for Flood Risk Mitigation
in Urban Areas

Nature-based solutions are inspired by nature [17]. They were initially used to
address agricultural problems, including food security and water resource manage-
ment [29]. NBS have been developed and applied in different contexts over the past

Using Landscape Connectivity to Identify Suitable Locations for. . . 343



20 years, but are relatively new in urban planning practices [28]. The driving force
for applying NBS in urban planning has been recognition of the concept by major
international organizations, e.g., the EC, International Union for Conservation of
Nature and Natural Resources (IUCN), and World Bank [30].

In a hydrological catchment, NBS can be used to decrease connectivity by
disconnecting water and sediment fluxes across the landscape [31]. This category
of NBS, referred to as landscape solutions (including wetlands, forests, ponds, and
grassed waterways), is multifunctional, providing flood regulation services in urban
and non-urban contexts. It also provides other co-benefits, such as improved water
quality due to the natural features of landscape solutions and their ability to retain
nutrients and contaminants, increase biodiversity, and supply recreational services
[32]. In an urban context, the limited amount of available space requires a balance
between green (natural) and gray (built) infrastructures. Constructed wetlands com-
posed of ponds and small-scale wetlands linked together by canals/ditches, called
“hybrid infrastructures” [33], have proven to be effective solutions for environmen-
tal and societal challenges in these areas [34]. In a non-urban context, constructing
large-scale wetlands can support floodplain restoration and make the landscape more
resilient to climate change challenges. Such large-scale actions will also positively
influence the whole catchment, through flood risk reduction [17].

For successful implementation of NBS in urbanized catchments, as disconnecting
features for flood risk reduction [21], it is important to analyze the catchment using a
systems approach, where mapping of connectivity is central [35]. It is also essential
to adapt planned solutions to the specific local site conditions, including local
climate, ecosystems, and management strategies, in order to avoid generalized
solutions, achieve the full potential of NBS, and minimize the costs [34]. Connec-
tivity has been suggested as a useful characteristic and indicator in identifying
suitable natural locations for implementing NBS such as wetlands in catchments
with urban and non-urban contexts, in order to mitigate flood risk [34, 36].

The placement and size of wetlands are two important factors in achieving their
full potential in terms of flood risk mitigation and nutrient control [37]. Due to
climate change and large-scale land- and water-use changes, the importance of
suitable layout design for wetlands to address hydrological and sediment fluxes
and linkages in a catchment has been highlighted [38, 39]. Using a landscape
connectivity metric, the main sediment and hydrological links in the landscape can
be identified, the major flow paths through the catchment landscape can be detected,
and the most suitable location for implementing large-scale mitigation strategies
(e.g., wetland construction) can be determined, in order to achieve large-scale flood
control and nutrient removal by these landscape features [1, 39].

To highlight the potential for integrating landscape connectivity as a local
characteristic with land management strategies, in the following sections we provide
examples of use of IC index to identify suitable locations for wetland construction in
two urban catchments, Bällstaån catchment in the Stockholm region, Sweden, and
Ribeira dos Covões catchment around the city of Coimbra, Portugal. For these two
areas, the spatial pattern of connectivity across the catchments was determined using
IC index, in order to highlight the importance and assess the potential of considering
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landscape connectivity in flood risk mitigation strategies, such as implementing
NBS. These two urban areas were selected due to their flood-prone characteristics
and distinct urbanization levels, driven by the high urban development in Bällstaån
and rapidly growing urbanization in Ribeira dos Covões, despite different climate
conditions and environmental challenges. Investigating the application of connec-
tivity aspects in these two distinct urban catchments provided a good opportunity to
understand the suitability of the IC index methodology for identification of optimal
locations for NBS in urban environments.

4 Application of Connectivity Definition for NBS
Implementation in Urban Areas

4.1 Study Areas

Figure 1 shows geographical location and land-use cover for the Bällstaån catchment
in Stockholm County, Sweden (Fig. 1a, b) and the Ribeira dos Covões catchment in
Coimbra, Portugal (Fig. 1c, d). The Bällstaån catchment is located almost in the
center of Stockholm County, to the north-west of Stockholm city. The Ribeira dos
Covões catchment is located to the south-west of Coimbra city, in the Center region.
The main stream in the Bällstaån catchment has a total length of 10.5 km, starting in
Viksjö, Järfälla, and flowing through Tensta and Sundbyberg before reaching Lake
Mälaren, the source of drinking water for Stockholm city. The area of this catchment
is approximately 39 km2. The Ribeira dos Covões catchment occupies an area of
approximately 6 km2 and contains a stream network composed of one perennial
main stream and several ephemeral tributaries, all draining to the Mondego river
floodplain in the north of the catchment. With regard to land-use, almost 75% of the
Swedish catchment is already covered by built environment, mostly housing and
commercial areas, but also some industries close to the stream [40] (Fig. 1b). The
Portuguese catchment has experienced significant urban expansion, with urban area
increasing from 6% to 40% between 1958 and 2012 (Fig. 1d). During the same
period, agricultural area declined from 48% to 4%, and woodland area decreased
from 46% to 40%, with the former natural forests of oak and mixed woodland being
replaced by commercial eucalyptus and pine plantations [41].

In September 2015, parts of the Swedish catchment were flooded due to a heavy
rainfall event of 80 mm per hour. A number of dwellings in the towns of Bromsten
and Spånga were seriously damaged, and schools in Järfälla, near the stream, had to
close due to flooded cellars [42, 43]. The Portuguese catchment has also suffered
from floods in recent years, as a consequence of short but intense precipitation
events. Regardless of infrastructure and management of stormwater runoff, exten-
sive areas of impervious paved surfaces in these two catchments lead to high rates of
overland flow during heavy precipitation events [13]. This increases the risk of
flooding and contributes to mobilization of pollutants to water bodies, thus
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threatening natural ecosystems and human health. This is particularly relevant in the
Swedish catchment, since Lake Mälaren supplies the drinking water for Stockholm
city [40].

4.2 Connectivity Mapping

The IC index developed by [25] can characterize structural properties of a catchment
and support analysis for improved landscape management. Connectivity can be
integrated with urban flood risk mitigation practices by using a landscape connec-
tivity map, which can be developed based on IC calculation for various parts of the

Fig. 1 Location of (a) Bällstaån catchment in relation to Stockholm city center, Sweden, and (c)
Ribeira dos Covões catchment in relation to Coimbra city center, Portugal. Land-use map for (b)
Bällstaån catchment, based on 2016 survey data and (d) Ribeira dos Covões catchment, based on
2012 survey data
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catchment. The IC index is calculated using Eq. (1), following the approach of [44],
by combining land-use and topography characteristics:

IC ¼ log 10
Dup

Ddn

� �
ð1Þ

where Dup and Ddn are the upslope and downslope characteristics, respectively, in
the catchment (Fig. 2).

In order to use Eq. (1), a reference element needs to be selected in the catchment,
which can be, e.g., the main stream or the catchment outlet. The degree to which one
part of a catchment is able to connect to another part depends on land-use and
hydrological conditions at spots across that specific part. Slope gradient of the
catchment part is also relevant, as any water and sediment transfer will soon come
to a halt on a part with zero slope [44].

The value of IC index varies within the range [�1,+1], with high values
indicating higher connectivity. The upslope characteristic (Dup) is defined as the
potential of contributing sediment produced upslope to downward reference points,
calculated as:

Dup ¼ �W ∙ �S ∙
ffiffiffi
A

p
ð2Þ

where �W is average weighting factor, �S is mean slope gradient of the upslope
contributing area (m/m), and A is the upslope contributing area (m2).

Fig. 2 Schematic illustration of variables and catchment components used for calculation of
sediment connectivity index (IC index) (adapted from Crema & Cavalli, 2018)
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The downslope component (Ddn) is defined by the travel (water or sediment) flow
path length to reach the nearest reference point, calculated as:

Ddn ¼
X
i

di
WiSi

ð3Þ

where i is the segment number through the travel path, d is length of each segment in
the travel flow path according to the steepest downslope direction, W is weighting
factor of segment i, and S is slope gradient of the pathway in segment i (Fig. 2).

In order to identify a weighting factor based on catchment characteristics, [45]
suggest using a local measurement of topographical surface roughness, the so-called
roughness index (RI). RI is derived from the standard deviation of the residual
topography within a few meters scale. The residual topography is calculated as the
difference between the original DEM and a refined version derived by averaging
DEM values over an accurate moving cell window size. This is necessary in order to
avoid the effect caused by large-scale topography, i.e., slope gradient. This refine-
ment allows DEM to be used as the only input when calculating IC index. Therefore,
the weighing factor and RI in a catchment can be quantified based on Eqs. (4) and
(5), respectively, where 2.5 m resolution is considered for RI:

WCavalli ¼ 1� RI
RIMAX

� �
ð4Þ

RI ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP25
i¼1

xi � xmð Þ2

25

vuuut
ð5Þ

High weighting factor values correspond to highly connected areas, i.e., high
water flow and sediment delivery capacity, while low values correspond to weakly
connected areas.

The IC index is calculated as a relative value of catchment characteristics,
resulting in a catchment-specific spatial pattern (map) of connectivity. The spatial
distribution of connectivity in the Bällstaån and Ribeira dos Covões catchments is
presented in Fig. 3. Considering the catchment outlet as the reference point, in the
Bällstaån catchment the areas closer to the outlet have higher connectivity (Fig. 3a),
since in these areas the probability of discharge reaching the catchment outlet is high
because of short travel pathways. The connectivity decreases with distance from the
outlet point. The long red stripes of highly connected streams in low connectivity
spots within the map are artifacts, as the method produces artificial pathways in very
low slope areas (Fig. 3a). The north-east and south-west parts of the Ribeira dos
Covões catchment have different connectivity patterns when taking the catchment
outlet as the reference point (Fig. 3c). The north-east parts of the catchment have
higher connectivity than the south-west parts. Areas with low connectivity adjacent
to areas with high connectivity can be detected mostly in central parts of the
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catchment. Some areas close to the western stream network with low elevations are
also evident as areas with low connectivity. Furthermore, areas of low connectivity
located on high elevations are evident both east and west of the perennial stream
(Fig. 3c).

Considering the main stream network in the Bällstaån catchment as the reference
point (Fig. 3b), connectivity is associated with the probability of discharge at any
catchment point reaching the stream, which is higher at areas closer to the stream
network and lower for areas located further away from the stream network. Some
areas with low connectivity in the Bällstaån catchment are also located close to the
stream (Fig. 3b). Long red stripes of highly connected streams in low connectivity
areas can be seen in Fig. 3b. The mapping for Ribeira dos Covões catchment reveals

Fig. 3 Connectivity mapping based on IC index for (a, b) the Bällstaån catchment in Sweden and
(c, d) the Ribeira dos Covões catchment in Portugal, when taking (a, c) the outlet as the reference
point and (b, d) the main stream network as the reference point. Blue and red areas represent low
and high connectivity, respectively
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a distinct spatial pattern of connectivity around the stream network (Fig. 3d), with
parts of the catchment located close to the stream having higher connectivity than
parts further away. Some minor anomalies can be seen, e.g., areas with low connec-
tivity positioned close to the stream network (indicated as blue patches in Fig. 3d). In
this catchment, major overland flow paths to the stream network are detectable as
“red/high” connectivity tributaries (Fig. 3c, d).

Comparing results of connectivity mapping for the two urban catchments reveals
that landscape topography (elevation) and slope play a key role in defining landscape
connectivity. In general, areas with low slope and/or high elevation are associated
with lower connectivity. Areas near to the catchment outlet usually have the highest
connectivity, since the probability of overland flow from these areas reaching the
outlet is high. In the studied catchments these areas are also steeply sloping, which
makes them highly connected to the catchment outlet.

The spatial patterns of connectivity mapping reveal areas of low connectivity
adjacent to areas of higher connectivity (Fig. 3). Areas with low or low to medium
connectivity are generally suitable areas for NBS wetland construction in highly
urbanized catchments. These areas are not connected to the main water and sediment
transport pathways in such catchments, so locating wetlands in these areas provides
temporary water storage and a sediment sink, and thus prevents overland flow and
flooding. These areas have the potential to accumulate and delay overland water
runoff and sediment flows, and can consequently be considered suitable locations for
implementing NBS such as wetlands. Suitable areas for wetlands are limited to areas
close to the stream network, since the stream is the main reason for flooding.

5 Final Considerations

This chapter shows the value and potential of using landscape connectivity with its
structural focus in a catchment as a characteristic for determining the optimal
location of NBS, so that their full potential can be exploited. In general, areas located
in or adjacent to the stream network within a catchment are associated with higher
flood risks. These areas usually have low slope and/or elevation, and low connec-
tivity, allowing accumulation of water and sediment flows. Locations around the
stream network (usually with low connectivity, but adjacent to areas with high
connectivity) are often identified as suitable areas for implementing NBS such as
wetlands. This highlights the relevance of using a metric of connectivity for flood
risk mitigation practices in urbanized catchments. Although areas around the stream
networks remain vulnerable to flooding, they have great potential for implementa-
tion of NBS wetlands and mitigation of downslope floods. In particular, when the
stream network is low-order, with low discharge originating mainly from overland
flow and stormwater runoff, NBS can be an appropriate strategy to regulate, treat,
and protect catchment areas against flooding and contaminant transport.

Catchment-scale analysis of applying a connectivity index provided a conceptual
understanding of the interactions within urban catchments. A great advantage with
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developing and using connectivity mapping is the possibility of identifying flow
patterns and detecting potential catchment storage and discharge areas. This infor-
mation can be used for a better understanding and analysis of water and sediment
movement within a catchment. The use of IC index for connectivity mapping,
reviewed in this chapter, has also been assessed in catchments of the Eastern Alps
and resulted in realistic general connectivity patterns in agreement with field obser-
vations [25]. Also, it has been evaluated for identifying flood risks at the road-stream
intersections, crucial locations where water and debris can accumulate and cause
failures of the existing infrastructures, for two urban areas in southwest of Sweden.
The results highlighted enhancements of accuracy and performance for statistic
prediction models integrating IC index as a physical catchment characteristic.
However, it only addresses structural connectivity in a catchment, while assessments
of functional connectivity, composed of catchment-specific dynamic processes and
conditions such as land-use, are also required in order to select suitable locations for
NBS implementation.

The greatest challenge to successful implementation of NBS wetlands is reluc-
tance to mainstream this solution in urban planning practice. To overcome this
challenge, the total ecosystem effects generated by NBS in the whole catchment
can be evaluated and compared with the effects before implementation. Implemen-
tation can also be improved by documenting strategies and designs for different local
conditions. This can increase confidence in using NBS instead of conventional
methods.

Landscape connectivity is an emergent property of species-landscape interac-
tions, which results from the interaction between a behavioral process (movement)
and the physical structure of the landscape. Broadly, two types of landscape con-
nectivity as structural and functional can be considered. Structural connectivity just
focuses on physical relationships and interactions, ignoring behavioral responses to
landscape structure and features. Functional connectivity addresses dynamic pro-
cesses on the landscape. Connectivity mapping using the IC index, used in this
chapter is more related to structural connectivity which depends on the complexity
of the landscape. For instance, in highly urbanized areas, the complexity of water
and sediment transport will increase due to man-made infrastructures such as
stormwater systems and roads, which cannot be considered in connectivity mapping
based on IC index. This might constrain the usefulness of integrating connectivity
definition into urban planning practices.
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From Sponge Cities to Sponge Landscapes
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Multidimensional Approach to Map
Suitable Rural Areas for Flood Mitigation
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Abstract Floods are threatening communities. The benefits deriving from the
creation of hydraulic risk mitigation systems, based also on green infrastructures,
are well known and the examples of such measures are spread worldwide. A
breakthrough in urban planning is represented by the Sponge City policies, but
rural areas could become a network of nature-based water management systems,
too. Therefore, the chapter proposes a multidimensional approach to map rural areas
of particular interest for flood retention and landscaping. The method maps soil
hydrological behaviour together with ecological and landscape peculiarities at
regional scale. The output is the Sponge Landscape Suitability Map, which classifies
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rural lands basing on their suitability for the implementation of nature-based mea-
sures. Afterwards, the chapter proposes a method to select the best Nature-Based
Solutions to mitigate the hydrological risk basing on the local context. Combining
the Sponge Landscape Suitability mapping with the selection of nature-based mea-
sures represents an innovative approach to spatial planning, contributing to achieve
multiple benefits within hydraulic risk management and eco-landscape planning
with a holistic perspective. The entire approach was applied to the Lombardy region
(Italy) case study, with an in-depth analysis of Brescia province.

Keywords Hydraulic risk management, Nature-based solutions, Sponge landscape,
Suitability Map

1 Introduction

Worldwide data on natural disasters highlights that cities and rural areas are increas-
ingly exposed to the risk of loss or damage. In particular, analysis of Emergency
Events Database (EM-DAT) data, from the beginning of the twentieth century until
October 2019, shows two important aspects: firstly, from the second half of the
twentieth century there has been an increase of flood and storm events; secondly,
floods are the most widespread natural disaster and (along with storms) the most
important natural hazard in terms of socio-economic damage. In particular, from
1998 to 2017, floods and storms represented, respectively, the 43.4% and 28.2% of
all recorded disasters, affected 2.0 billion and 726 million people, and caused
economic losses of US$ 656 and 1,330 billion [1].

To prevent communities from cultural, social, human, ecosystem, and economic
losses, city plans should allow urban development with the foresight to ensure a
reduction in exposure and vulnerability, thus preventing the creation of new disaster
risk. However natural disasters continue to afflict communities exposed to risk
[2]. The transition from Disaster Management to Disaster Risk Governance, urged
by the Sendai Framework for Disaster Risk Reduction 2015–2030 [3], and inte-
grated into the Sustainable Development Agenda [4], pushes researchers and
decision-makers to identify new modalities to effectively protect communities and
strengthen their resilience. Multi-Layer Safety (MLS) is a good practice since it
integrates protection measures and emergency response into spatial planning [5–
7]. To face the hydrological-hydraulic risk management challenge, accelerated by
climate change [8] and land use change [9], it is urgent to integrate risk culture at all
levels of urban and spatial planning, promoting a holistic approach for land man-
agement and conservation. In this framework, it is also important to remember the
limits of the traditional (grey) infrastructures to mitigate floods [10–16].

At international level, the benefits deriving from the creation of an hydraulic risk
mitigation system, based also but not exclusively on green infrastructures, are well
known [17]. The EU Biodiversity Strategy for 2030 has recently reconfirmed the
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potential of Green Infrastructure (GI) design, stressing that, if “the biodiversity crisis
and the climate crisis are intrinsically linked”, the solutions to the problems are
linked, too. In fact, “nature is a vital ally in the fight against climate change” and
solutions based on this awareness, for instance Nature-Based Solutions (NBS), “will
be essential for emission reduction and climate adaptation” [18]. Green Infrastruc-
tures (GI) can achieve multiple benefits, contributing to mitigate the impacts of
natural disasters and, simultaneously, providing habitats for biodiversity and other
ecosystem services. The role of Nature-Based Solutions (NBS) in protecting urban
and rural areas from flooding has been clarified by hydraulic engineering and
ecology studies. However, due to the enormous fragmentation of rules, responsibil-
ities, and competencies in planning, their use is not adequately promoted and
addressed by spatial planning strategies. An integrated land use policy is the only
way to promote sustainable urbanization and increase cities resilience. The EU
Biodiversity Strategy for 2030 supports the transition to adaptive territories, focus-
ing on: the realization of a coherent network of protected areas; bringing nature back
to agricultural land; addressing land take and restoring soil ecosystems; greening
urban and peri-urban areas; reducing pollution; and restoring freshwater ecosystems.

A breakthrough in urban planning is represented by the Sponge City policies
introduced in China [19]. Such kind of cities are planned and designed to address
problems related to stormwater management and control, enhancing hydraulic risk
resilience [20]. In sponge cities, innovative technical solutions, not necessarily only
nature-based, are developed to make use and create a network of blue and green
urban spaces in order to retain water on-site during flooding phenomena. Hence, the
Sponge city concept integrate ideas from eco-hydrology, environmental and societal
well-being, and climate change adaptation within the urban land use planning
process [21].

Since hydrological and hydraulic dynamics generally involve huge areas not only
urban, but also peri-urban and rural, flooding risk management solutions should also
be pushed in peri-urban and rural areas, making evidence, at global scale, of the
fundamental role played by “Landcare” policies [22], which are characterized by
more attention to land take and land degradation phenomena [23], and by natural
resources management. The Sponge concept can be applied also at larger spatial
scale [24], combining the increasing need of land “to be like a sponge” with the
opportunity to design high quality and more resilient landscapes, called Sponge
Landscapes [25]. Thus, peri-urban and rural areas could become a network of
nature-based water management systems that can support urbanized areas resilience,
but since some areas are more suitable than others for retaining water, it is of
paramount importance to identify them in order to design effective Nature-Based
Solutions.

Therefore, the present chapter seeks to answer two main questions: (1) how to
choose the peri-urban and rural areas that could better work like a sponge? (2) how to
develop these areas in order to mitigate hydraulic and hydrologic risk and hazard?

Attempting to answer the first question, this chapter applies the Spongescaping
Approach. The Spongescaping Approach is a method that classifies rural areas
basing on their hydrological and landscape peculiarities (e.g. cultural, ecological,
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and landscape aspects). The main output of this approach is the Sponge Landscape
Suitability Map, which merges soil permeability, soil drainage efficiency, and
landscape peculiarity data to identify areas that can be more efficient in mitigating
the hydrogeological risk and that have, simultaneously, important landscape
peculiarities [25].

Once having classified areas suitable to become Sponge Landscapes (with the
Sponge Landscape Suitability Map), the chapter seeks to answer the second question
identifying the best Nature-Based Solutions to mitigate hydrological risk and to
enhance ecosystems living conditions, with particular attention to the local pecu-
liarities of each area. The so-called Natural Water Retention Measures were selected,
since besides aiming “to protect and manage water resources and address water-
related challenges by restoring or maintaining ecosystems as well as natural features
and characteristics of water bodies using natural means and processes” [26], they
provide other ecosystem services such as increasing biodiversity, improving the
aesthetic of places, offering recreational and leisure opportunities, improving water
quality and groundwater recharge, and reducing agricultural sediment loss [27–
29]. Since the European Natural Water Retention Measures platform classifies
each measure with qualitative values related to its capacity to provide every single
ecosystem service, the chapter proposes a method to convert the qualitative values
into numerical ones in order to calculate the multifunctional potential of each Natural
Water Retention Measure.

Hence, the chapter proposes a top-down approach that is the result of the
combination of two methodologies. Firstly, applying the Spongescaping Approach,
it detects peri-urban and urban areas with hydrological and landscapes qualities
which make them more suitable to reduce hydrological risk; secondly, after having
converted the qualitative Natural Water Retention Measures classification (defined
by the European Natural Water Retention Measures platform) into a quantitative
one, it selects the Natural Water Retention Measures that can better fit and develop
an area, basing on the local peculiarities of the area of interest (e.g. agriculture
landscape, forest landscape).

The approach was tested and applied to the case study of the Lombardy region
(Italy), with an in-depth analysis of the Brescia Province.

2 Material and Methods

2.1 Study Area

Lombardy is a region (NUT 2) of northern Italy extending for 23.863 km2 [30] and
featured by mountainous areas (40.5% of the regional area), a vast plain area
(47.1%), and hilly zones (12.4%) [31]. In detail, from north to south, the region is
characterized by six main morphological bands: the massive mountain range of the
Alps; the sub-mountainous bend of Prealps, with the glacial lakes system; the hill
belt; the Po river alluvial plain, divided into high plain and low plain and crossed by
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numerous river valleys flowing into the Po river; and the Apennine mountainous
system [31] (Figs. 1 and 2).

Lombardy counts the largest population of any Italian region (9.70 million
inhabitants) [30] and has a population density of 406 inhab/km2 [30], highly located
between the sub-mountainous and the Po plain bands, in which urban settlements
generated a dense urbanized net that has fragmented the agricultural landscape of the
plain. This area hosts almost eight million of inhabitants [31], making it one of the
densest in Europe. Most widespread in the fertile Po plain, agricultural land repre-
sents the 48% of the regional area [32], while mountainous bends are characterized
by vast wooded areas. More than one-third of the regional area is at risk of
floods [33].

Brescia is one of the major cities of Lombardy and the chief city of the Province
of Brescia. The province is located in the north-eastern side of the region and
represents the most extended province of Lombardy (4,785.62 km2) [30] and the
second province per number of inhabitants (1,238,044 inhabitants, 258 inhab/km2)
[30] (Figs. 1 and 2). It stretches from the Alps to the Po plain, featuring mountainous
landscapes in the north, highly urbanized area nested in an agricultural landscape in
the middle, and rural areas in the south. Almost 30% of this area is at risk of
floods [33].

Fig. 1 Localization of Italy, the Lombardy region and the province of Brescia
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2.2 The Spongescaping Approach and the Construction
of the Sponge Landscape Suitability Map (SLSM)

The Spongescaping Approach is a process that allows to realize a map, the Sponge
Landscape Suitability Map, in which peri-urban and rural lands are classified basing
on their landscape and hydrological peculiarities.

The constructive process of the Sponge Landscape Suitability Map requires three
main steps:

1. The realization of the Sponge Map (SM): which considers soil hydrological
characteristics;

2. The realization of the Eco-Landscape Map (ELM): which considers land ecolog-
ical and landscape values;

Fig. 2 Landscape system of Lombardy region and province of Brescia. (adapted from Regione
Lombardia, PTR, Atlante di Lombardia, 2011)
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3. The realization of the Sponge Landscape Suitability Map (SLSM): which shows
areas with higher soil hydrological characteristics and ecological and cultural
values, thus suitable to be developed with nature-based measures.

To apply this method, a geospatial approach is fundamental (GIS mapping) being
aware, as mentioned in a recent review on methods for landscape mapping [34], that
“early examples of characterization of large regions or continents [35, 36] were
coarse in typology and rather inaccurate, partly due to a lack of systematic digital
information with a high-spatial accuracy and computer-supported data processing”
[37]. The procedure is designed for geo-datasets realized at regional or sub-regional
scale (1:50,000, 1:25,000, 1:10,000 scale), relevant for spatial and landscape
planning.

2.2.1 Sponge Map (SM)

The Sponge Map (SM) is designed to respond to “the need for the land to be a
sponge” and is realized processing, with a GIS software, soil permeability and land
use related soil drainage efficiency data.

Soil permeability data could be constructed with field measurement, but this
process is complex, expensive, and laborious [38]. Moreover, a field data collection
can be carried out only for small areas; therefore, it is not the appropriate method to
realize analysis at regional or sub-regional scale. At regional scale, soil datasets
generally present estimated values of soil permeability [39], which are characterized
by less accuracy but wider coverage, whilst others relate hydrological data to land
use (e.g. Soil Survey Geographic (SSURGO) database – LUCAS database) [40].

In order to obtain soil permeability values, this study selected Hydrologic Soil
Groups data, since they also consider the depth of the aquifer.

Soil drainage efficiency is related to land use. Land Use (LU) maps usually
classify land according to Corine Land Cover (CLC) classification 2018. Corine
Land Cover uses a 3-level hierarchical classification system at EU scale, and up to
5-level at the regional scale to provide more details. To describe soil drainage
efficiency a Land Use Drainage efficiency index (LUDei) was defined, applying to
each land use a drainage coefficient derived by regional experimentation [41]. Index
values refer to the drainage capacity of the different land uses and vary in a range of
0–100%, from non-draining surfaces (sealed soil) to fully draining surfaces. For
natural and agriculture land uses generally was assigned a 100% of drainage surface,
for anthropogenic land uses index was calculated on the basis of average values of
draining surface of the elements.

To obtain a Sponge Map, permeability and drainage values can be easily
processed converting vectorial data in raster data (pixels, spatial resolution 10 m).
The use of a raster calculator allows to calculate values in case of overlapping raster
coverages. The Sponge Map is directly based on Sponge values (Sv), which are
obtained by multiplying Soil Permeability values (SPv) by Land Use Drainage
efficiency index (Fig. 3, Eq. 1).
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Therefore, the Sponge value (Sv) can be defined as:

Sv ¼ SPv� LUDei ð1Þ

Sv: Sponge value. SPv: Soil Permeability value. LUDei: Land Use Drainage effi-
ciency index.

If one of the two factors is zero, the sponge effect is null. For instance, this
happens with sealed soils or poorly permeable soils.

In detail, to realize the Sponge Map (SM) of the Lombardy region more steps
were necessary due to segregation of information and differences of maps graphic
scales. In fact, in Lombardy there are two different soil permeability maps for the
mountain environment and for the plain one, therefore two different Sponge Maps
were realized.

• Plain Soil Permeability values (SPv):
The shapefile of the pedological map of the Lombardy region classifies

538 Soil Units at 1:50,000 (the shapefile is freely downloadable from the regional
geo-portal [42]). Soils units consist of one or more soils types and have no data on
permeability. Permeability is available in another regional dataset (not available
on the regional geo-portal) that identifies 636 types of soil described by perme-
ability values, runoff index, hydrologic group, and depth of the aquifer. Since
some Soil Units include more than one type of soil of the Hydrologic Soil Groups
classification, to join data it was necessary to consider the Hydrologic Soil

Fig. 3 The constructive process of the Sponge Landscape Suitability Map of the Lombardy region
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Groups values of each type of soil in the Soil Units. The method proposed assigns
to Soil Units the worst value, in favor of safety (Fig. 4).

• Mountain Soil Permeability values (SPv):
There is a shapefile of the hydrological map of the Lombardy region (freely

downloadable from the regional geo-portal [43]) that classified land units at the
graphic scale of 1:10.000. Soil units have different values (high, medium, or low)
for the soil surface and the substratum. Thus, in order to link a unique soil
permeability value to a specific soil unit it is necessary to combine surface and
substratum values: firstly, is necessary to reclassify qualitative values in numer-
ical values (high ¼ 1, medium ¼ 0.5, and low ¼ 0); afterwards, to obtain the
unique value for the soil unit, the surface and substratum values must be multi-
plied. The process produces a second vector map regarding soil permeability of
mountain areas.

Regarding the Land Use Drainage efficiency index (LUDei), it derives from
Lombardy Landscape Plan’s official documentation (Strategic Environmental
Assessment, Environmental Report, Annex G [44]). Therefore, for the entire Lom-
bardy region it is possible to create a map based on land use drainage efficiency
index. This index is related to the land use classes of the Lombardy region Land Use
Map (DUSAF). DUSAF shapefile, freely downloadable from the regional geo-portal
[45], classifies land according to Corine Land Cover Classification 2018 (up to the
fifth level). In this case, it was not necessary to reclassify the values and this process
produces a third vector map for the entire Lombardy Region.

Fig. 4 Method of assigning of Hydrologic Group value to Soil Units by joining data in a GIS
process
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2.2.2 Eco-Landscape Map (ELM)

The Eco-Landscape Map (ELM) is designed to take the “opportunity for the land to
be a new landscape” and includes portions of land characterized by ecological values
and specific regulatory framework in relation to the European Landscape Conven-
tion (ELC) principles.

The fundamental geospatial data for the Eco-Landscape Map are:

• strongly protected areas: ecological, cultural, and landscape heritage protected by
National laws;

• moderate protected areas: identified by regional regulatory framework on
landscaping;

• low protected areas: identified by regulatory framework on ecological networks.

It must be underlined that, in the geo-database, ecological and landscape elements
are segregated into spatial and environmental planning, and cultural and geograph-
ical studies (i.e. datasets of protected areas [46], cultural heritage [47], agriculture
[48], forest [49], ecological networks [50]), therefore to use these datasets at regional
scale, their aggregation is necessary. This study aggregated the datasets according to
the Level of Protection of the considered elements.

Therefore, the Eco-Landscape Map is the result of the geospatial polygon aggre-
gation, realized with a GIS software, of protected areas’ maps and identifies the
whole areas with ecological and landscape peculiarities.

2.2.3 Sponge Landscape Suitability Map (SLSM)

Intersecting with a GIS software the Sponge Map and the Eco-Landscape Map, the
Sponge Landscape Suitability Map (SLSM) is obtained (Fig. 5, Table 1). The
Sponge Landscape Suitability Map (SLSM) shows the permeability and drainage
characteristics of the protected areas, hence the suitability of a protected area to be
developed in order to enhance landscape flood resilience.

Basing on Sponge values, the maps classified areas into four classes of suitability:

Fig. 5 Methodological scheme for the realization of the Sponge Landscape Suitability Map
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• high: with Sponge values equal to 1 means high land suitability for sponge land
design with Nature-Based Solutions;

• medium: with Sponge values ranging from 0.5 to 1 means medium land suitability
for sponge land design with Nature-Based Solutions;

• low: with Sponge values ranging from 0 to 0.5, low high land suitability for
sponge land design with Nature-Based Solutions;

• null: with Sponge values equal to 0 means that the selected area is not suitable for
sponge land design with Nature-Based Solutions;

2.3 The Selection of Local-Based Nature-Based Solutions

One of the most significant ecosystem services for the Sponge Landscape research is
the flood risk reduction ecosystem service that is strongly related with the benefits
deriving through the mechanism of water retention, such as slowing, storing, and
reducing runoff superficial runoff. For this reason, the Nature-Based Solutions
selected by the present study are the Natural Water Retention Measures, which,
besides providing a vast fan of ecosystem services, are all designed to retain water
basing on natural processes.

The European Natural Water Retention Measures platform classifies measures
per sector (agriculture, forest, hydro morphology, urban) and per benefits with an
in-depth analysis of the wide range of ecosystem services provided by different
measures [51, 52]. Moreover, the platform classifies each measure by a qualitative
value related to its capacity to provide every single ecosystem service.

Since the most suitable areas to become Spongescapes, detected with the Sponge
Landscape Suitability Maps, are featured by woods and intensive crops, this study
has selected just the Natural Water Retention Measures that can be implemented in
agriculture and forest landscapes. Therefore, twenty-seven Natural Water Retention
Measures were selected (thirteen for the agriculture sector and fourteen for the forest
one). Furthermore, since the present study is focused on flood risk mitigation, just
the following ecosystem services were selected to be analysed:

• flood risk reduction (the most significant for the Sponge Landscape research),
• biodiversity preservation,
• climate change adaptation and mitigation,

Table 1 Maps necessary for the realization of the Sponge Landscape Suitability Map (Typical
reference scale: 1:10,000/1:50,000; Source: regional or sub-regional geoportal)

Variable Cartography Type of data

Permeability Pedological map Vector and raster

Drainage efficiency Land use map Vector and raster

Landscape peculiarities Landscape elements map Vector

Ecological peculiarities Ecological network map Vector
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• erosion/sediment control, and,
• filtration of pollutants.

Subsequently, the qualitative values provided by the European Natural Water
Retention Measures platform were transformed into numerical values to calculate the
multifunctional potential of the best European Natural Water Retention Measures to
reduce the hydrological risk. The platform publishes matrix tables combining mea-
sures (rows) and ecosystem services (field). The capacity of every single measure to
provide each ecosystem service is described by coloured cell: green cell ¼ high
capacity; light green cell ¼ medium capacity; yellow cell ¼ low capacity; red
cell ¼ irrelevant. The conversion process consists in replacing coloured cells with
numbers: green cells ¼ 3; light green cells ¼ 2; yellow cell ¼ 1; red cells ¼ 0.

3 Results

3.1 The Spongescaping Approach and the Sponge
Landscape Suitability Map (SLSM)

3.1.1 Regional Level

At regional level, the present study was limited to the realization of the Sponge Maps
(Fig. 6). The maps reveal that the plain area is generally characterized by medium
and low Sponge values (Sv): medium permeability and drainage efficiency soils are
interspersed with low and null ones, and just some narrow spits of land are marked

Fig. 6 Mountainous and plain landscape Sponge Maps of Lombardy region
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by high values. In addition, note that as latitude decreases the sponge effect
decreases, too. This is related to geological and pedological conditions of the land.

The alpine landscape features vast spatial extents with medium and null Sponge
values (Sv), nevertheless it is also characterized by wide areas with high Sponge
values (Sv). Moreover, as latitude increases, there is a tendency to decrease of the
sponge effect.

Therefore, Lombardy region seems to feature a median band with higher Sponge
values, which include the alpine landscape as well as the plain one.

3.1.2 Province Level

The resulting Sponge Maps reveal that the plain area is generally characterized by
low Sponge values (Sv): medium permeability and drainage efficiency soils are
interspersed with low and null ones, and just some narrow spits of land are marked
by high values (Fig. 7).

The alpine landscape (Fig. 8), by contrast, features vast areas with high Sponge
values (Sv) juxtaposed to as many with medium and null permeability and drainage
efficiency ones.

Fig. 7 The realization of the Sponge Landscape Suitability Map of the alpine landscape of the
province of Brescia
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Moreover, the Eco-Landscape Maps shows a reduced and fragmented presence of
areas with landscape or ecological values in the plain, while the mountainous
landscape is almost entirely characterized by eco-landscape peculiarities. Therefore,
the Sponge Landscape Suitability Maps reveal that, while the plain presents just
small patches and narrow strips of land suitable to be developed in order to enhance
landscape flood resilience, the alpine area has huge spaces.

3.2 The Selection of Local-Based Nature-Based Solutions

Among the Natural Water Retention Measures that can be implemented in agricul-
tural areas, the most effective provide for the introduction of buffer strips with
natural and blooming vegetation along field borders, road infrastructure and water-
courses or on arable lands. These measures are particularly suitable for Sponge
Landscape design in agricultural and anthropized landscape, since they do not
require extensive areas and, among many benefits, offer good conditions for water
infiltration, slow down superficial runoff, and decrease soil erosion. Also, meadows
and pastures can enhance water infiltration and crops along the contour lines or
arranged on terraces can reduce soil erosion and surface runoff (Table 2). Results for

Fig. 8 The realization of the Sponge Landscape Suitability Map of the plain landscape of the
province of Brescia
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the forest areas show that the realization of water retention ponds can reduce the peak
flow and highlight the importance of the afforestation. In fact, afforestation of the
catchments increases infiltration and the ability of soil to store water while trees
canopies diminish the impact of raindrops on barren surfaces, which reduces runoff
and soil erosion. Trees along the watercourses also represent a solution to conserve
watercourse quality and reduce banks erosion (Table 3).

Table 2 Multifunctional potential of Natural Water Retention Measures for the agriculture sector.
Source: Natural Water Retention Measures platform data reprocessed

Capacity of
NWRM for
agriculture to
provide
ecosystem
services (high
values for flood
risk reduction
and
multifunctional
values are in
bold)

Flood
risk
reduction

Biodiversity
preservation

Climate
change
adaptation
and
mitigation

Erosion/
sediment
control

Filtration
of
pollutants

Multi-
functional
value
(sum of
previous
values)

Buffer strips
and hedges

3 1 2 3 3 12

Green cover 3 1 2 3 3 12
Meadows and
pastures

3 0 2 3 2 10

Early sowing 3 0 2 3 2 10

Intercropping 2 2 1 2 3 10

Strip cropping
along contours

2 0 0 3 2 7

Traditional
terracing

2 0 0 3 2 7

Controlled traf-
fic farming

2 0 0 2 2 6

Reduced stock-
ing density

2 0 0 2 2 6

Mulching 2 0 0 1 0 3

Crop rotation 1 1 0 1 2 5

No-till
agriculture

0 2 2 3 2 9

Low-till
agriculture

0 0 1 0 0 1

Natural Water Retention Measures are ordered (high to low) firstly by flood risk reduction
ecosystem service values, secondly by multifunctional values. About flood risk reduction and
improving other ecosystem services, most effectiveness Natural Water Retention Measures are
those positioned in the upper rows
Capacity of Natural Water Retention Measures to provide ecosystem service: 3 ¼ High;
2¼Medium; 1¼ Low; 0¼ Irrelevant. Capacity of NWRM to provide multiple ecosystem services:
from 12 to 15 ¼ High; from 8 to 11 ¼ Medium; from 4 to 7 ¼ Low; from 0 to 3 ¼ Irrelevant
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4 Discussion

Regarding the SpongescapingApproach and the Sponge Landscape Suitability Map,
the proposed method has allowed to classify and select the most suitable rural areas
to be developed with nature-based solutions for water management, therefore suit-
able areas to create a Spongescape, basing on soil hydrological properties and land
ecological and landscape values.

The Sponge Landscape Suitability Map represents a novelty in hydraulic risk
management field. The Flood Directive imposes to map flood hazard and risks, but
this new map moves further beyond the demands of the Directive detecting, at spatial
scale, suitable areas to mitigate hydraulic risk and, at the same time, to re-design the
landscape. The Spongescaping Approach can improve the Multi-Layer Safety
Approach and achieve the objective of reaching a sustainable spatial layout.

The case study demonstrates that the methodology is easily replicable at regional
as well as at provincial scale, making evidence of the importance of spatial data at
regional scale in order to achieve innovative results for spatial and landscape
planning. Nevertheless, it has highlighted some limitations, one of which is the
lack of a unique soil permeability geo-data set. In fact, Lombardy region has a soil
permeability geo-data set concerning the mountainous environment and a separated
one concerning the plain. Moreover, these geo-data are characterized by different
scales and values. The analysis of the Sponge Landscape Suitability Maps reveals
that, besides both the alpine and plain landscapes present suitable areas, the alpine
one offers major opportunities to develop Sponge Landscapes. These areas are
generally valleys or prealpine calcareous reliefs, characterized by extensive woods.
Due to their spatial dimensions, vast Spongescapes could be realized. On the other
hand, the plain offers less fragmented suitable spaces characterized by intensive
crops. Hence, the plain landscape needs not extensive but targeted measures.
Consequently, to reduce hydrological risk, to improve environmental conditions
and, thus, to identify the most suitable nature-based solution to realize, it is of
paramount importance to take into consideration consolidated land uses as well as
the spatial dimensions of the areas suitable to become Spongescapes.

The Spongescaping Approach is different from the Sponge City one, as it
considers rural and peri-urban areas and exclusively provides Nature-Based Solu-
tions. This novel approach can contribute in the same way to the mitigation of
hydraulic risk, but it can contribute more to restore the ecosystems and qualify the
landscape.

Regarding the selection of local-based Nature-Based Solutions, Natural Water
Retention Measures contribute to re-design the historical and traditional landscape
and, for the case study of the Lombardy region, contributes to the re-design of the
traditional agricultural landscape of the Po river valley. Results show that afforesta-
tion of areas in the plains contributes to reduce hydraulic risk and, simultaneously, to
diversify the monoculture landscape and to create new livable habitats for the fauna,
and to increase biodiversity. In general, the results put in evidence how today’s
agricultural practices, deriving directly from traditional ones, could improve
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territorial resilience. In the forest sector, the most effective Natural Water Retention
Measures are those that provide for engineered ponds to reduce the runoff, affores-
tation of previously bare or heavily eroded areas in reservoir catchment, and tree-
covered areas alongside streams and other water bodies. These measures are also
suitable for Sponge Landscape design, as they offer good conditions for water
infiltration and evapotranspiration, as well as for the improvement of the water
quality. Also, these Natural Water Retention Measures contribute in re-designing
the wooded landscape, which mitigates the hydraulic risk. In the mountainous
environment, measures aim at accumulating water and avoiding runoff. For instance,
realizing ponds upstream offers benefits deriving from the mechanism of water
retention and good conditions for fauna (i.e. endemic species), or watering points
for grazing animals. The proposed method has the advantages of allowing a prelim-
inary assessment of the best Natural Water Retention Measures to design a Sponge
Landscape, but has also some limits. The method is theoretical and is not directly
applied to a case study. The effectiveness of the measures must be verified both on
the basis of the local context and considering the effects of climate change
[53]. Some measures may be more efficient than reported in the project, such as
the capacity of meadows and pastures (agriculture Natural Water Retention Mea-
sures) to provide biodiversity preservation or the capacity of land use conversion
(forest Natural Water Retention Measures) to provide flood risk reduction. Too
efficient Natural Water Retention Measures could retain too much water upstream,
releasing just few water downstream. Hence, it is necessary to evaluate and balance
the benefits locally, with the contribution of specialists.

Both the realization approach of the Sponge Landscape Suitability Map and the
selection method of Natural Water Retention Measures represent an improvement in
spatial and landscape planning, but it is thanks to the combination of the two
methodologies that it is possible to reach the most benefits. The Sponge Landscape
Suitability Map identifies areas suitable to design measures that can mitigate hydrau-
lic risk, but it is only through the rational selection of the Natural Water Retention
Measures that the most efficient solutions can be identified, both the hydraulic and
the eco-landscape ones. Therefore, the combination of the Spongescaping Approach
with the selection of Natural Water Retention Measures can represent a novel
approach to strengthen both spatial and landscape planning.

5 Conclusions

Floods are threatening communities. Several urban planning policies (e.g. Sponge
cities) are mainstreaming flood risk management measures as ordinary planning
tools, with a holistic perspective that includes risk management, environmental and
social well-being, ecosystem services and biodiversity conservation, while spatial
policies (e.g. Italian ones) are still providing a sectorial planning that deal separately
with aspects like hydrogeological risk, eco-landscape quality, landscape protection,
town planning, and city development.
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The present study demonstrates that working in parallel with hydrological and
eco-landscape aspects at regional and provincial scale is possible. Rural areas
suitable to enhance floods resilience and eco-landscape quality can be detected
and, therefore, a net of interconnected nature-based solutions can be planned. If
the sponge function becomes one of the structural aspects of the landscape, together
with the ecological, aesthetics and cultural ones, and land use, a Sponge Landscape
can be realized. This system of values must result in a holistic planning approach:
landscape planning may be characterized by a cross-sectional orientation, integrating
different disciplines (risk management, biodiversity, ecosystem services) into a
unique knowledge system. In this holistic perspective, combining the Sponge
Landscape Suitability mapping with the selection of Natural Water Retention Mea-
sures represents an innovative approach to spatial planning that can contribute to
achieve multiple benefits within hydraulic risk management and eco-landscape
planning.

Moreover, the research shows that an effective Sponge Landscape requires
nature-based measures realized basing on local peculiarities. Planning a Sponge
Landscape (Spongescaping) in a mountainous area is different than planning it in
a plain, therefore different Natural Water Retention Measures are required. Type of
land use and spatial dimension of the suitable areas need to be considered. In fact,
since alpine suitable areas are wider and characterized by high fragmentation of
private property, to realize a Spongescape extensive landscape governance processes
that involve the private sector are necessary. Measures must be implemented at the
local scale and policymakers must be involved in the planning process: local
governance actions are fundamental to share a unique Spongescaping vision.

Therefore, to be effective, landscape planning must be based on a collaborative
strategy among plans at different scales (i.e. regional/local planning policies must
deal with spatial planning, landscape, civil protection, landslides, and floods). The
output of such an approach is a rich, varied, multifunctional, and resilient landscape
[54]. In order to achieve a sustainable development vision, spatial and landscape
planning have to manage water and soil as complementary elements of urban and
rural areas. The Sponge Landscape concept could help to achieve some objectives
foreseen in the new Common Agricultural Policy 2021–2027 referred to climate
change action, environmental care, and to preserve landscapes and biodiversity.
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Abstract This chapter tests whether a group of landowners living in the upstream
part of a river basin could change land use to increase retention and thus decrease
flood risk of the other group living in downstream parts of the river basin.

A cooperative game theory model combined with cost–benefit analysis is applied
in four river basin settings in Europe: Stille Oder (Germany), Pysznica (Poland),
Vipava (Slovenia), and Lea (Spain). These settings demonstrate various character-
istics differentiating among catchments in terms of their size and land use, such as
agricultural, forestry, and urbanisation.

Analysis reveals that in two of four river basins – Stille Oder (Germany) and
Pysznica (Poland) – it is possible to find a mutually beneficial compromise between
landowners to change land use (afforestation), which is economically reasonable for
both of them, leading to flood risk reduction.

The cost–benefit analysis was applied to estimate the possible total benefit of
afforestation that was an input data to the game theory model. The model applied in
this chapter offers insights for flood risk reduction relying on nature-based solutions.
It determines the benefits of cooperation that can be achieved by decision-making
process participants separately and their coalition when cooperating. The sharing-
rule function can help planners to distribute the total benefits from flood loss
reduction among landowners fairly. Afforestation appears a feasible method for
flood risk management.

The chapter also formulates further directions for game theory application in the
field of environmental chemistry such as transportation of pollutants during flood
events.

Keywords Cost-benefit analysis, Flood risk management, Game theory, Land use
change

1 Introduction

Flood is the most significant hydrological hazard worldwide in terms of risks to life
and property [1, 2]. Climate change and increasing exposure of people and assets
increase the probability of future flood events that lead to a reduction in safety for
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local populations and higher costs for flood damage [3–5]. It is also expected that the
damage caused by floods will increase in the coming decades, influencing infra-
structure and the health and lives of the affected people [6, 7].

To cope with the growing flood risk, it is necessary to establish feasible flood
protection measures. Recent developments suggest that nature-based solutions could
play an important role instead of or in addition to traditional engineered approaches.
Controlled flood retention is one strategy considered to have potential for flood risk
management [8]. While nature-based solutions are claimed to provide effective
solutions, they require land to reach the desired capacity, and land use planning
needs to be involved in the development of solutions. Taking into account incon-
sistent approaches of spatial planners and water engineers appears a difficult task
[9]. Furthermore, spatial planning involves multiple stakeholders (such as sectors,
interest groups, and individuals) driven by diverse interests that need to be integrated
[10]. How to align these interests is subject to much debate, from theoretical and
practical points of view. Consequently, a defined public interest concept needs to be
developed [11, 12] that can provide legitimate solutions [13].

For flood risk management, the river basin scale is fundamental. The relation
between the downstream and upstream of a river basin needs to be considered in
terms of expected damage reduction, because actions undertaken upstream influence
the risk of flood downstream. In general, downstream areas benefit from upstream
flood retention services [14], whereby downstream homeowners, commercial busi-
nesses, public institutions, and infrastructure operators benefit directly from the
reduction in flood risk. Moreover, landowners of flood-protected land, both agricul-
tural and (undeveloped) building land, benefit indirectly from upstream flood reten-
tion, as land located in flood-prone areas would be exposed to lower flood risk or
even classified outside flood hazard zones; thus, it may become legally suitable for
development. This is usually accompanied by a significant appreciation in property
value [8].

Afforestation in the upstream part of a river basin is usually considered for
increasing retention capacity. However, the introduction of upstream flood retention
requires a change in land use that involves costs. Therefore, convincing upstream
landowners to modify their land use becomes a crucial step in establishing protection
measures. Property rights and fairness are key in such negotiations. While one agent
is expected to act for the good of others, the question of strategic behaviour becomes
imminent. A proper distribution of resources, welfare, rights, duties, and opportuni-
ties need to be considered within a comprehensive framework to solve common
distributive problems [15]. In addition, change in land use is strictly regulated in
many countries. For instance, in Galicia (Spain) forest policy allows agricultural land
that has been explicitly abandoned for more than 10 years to be afforested [16]. At
the same time, agricultural land abandonment is the largest land use change process
in Europe. More specifically, in the study area of Galicia, it is estimated the
abandonment rate will reach 44% by 2030 [17]. This suggests significant potential
for afforestation as a flood risk management measure.

In this study, a game theory model is applied to four different European basins to
simulate a decision-making process aimed at reducing the negative consequences of
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flood. The costs and benefits of actions/inactions are examined in terms of potential
cooperation between both upstream and downstream agents. This approach is based
on game theory, a mathematical tool that enables analysis to solve allocation
problems where two or more agents have their own interests, both seeking to
maximise benefits. Here, a cooperative ‘game’ is defined, where ‘players’ cooperate
and a mutually beneficial compromise is possible.

2 Game Theory in Flood Issues

Game theory is an analytical tool that enables interactions of rational players
pursuing their interests to be modelled. Hence, it is a suitable tool to be applied in
research on water resource management such as conflicts on irrigation or
transboundary water conflicts, as well as for flood risk management, which involves
parties with a conflict of interest. For instance, communities occupying both river-
sides may compete in heightening their levees. In this game, increasing safety on one
riverside decreases safety on the other [18]. The same situation can occur when
considering the upstream–downstream distinction. Machac et al. [19] discuss sce-
narios for negotiations between upstream and downstream from a game theory
perspective. The authors analysed how changes in conditions (such as a preference
for upstream or downstream) influence the outcomes of the game.

Many types of games have been developed and can be applied to specific conflict
situations related to flood risk management. Parrachino et al. [15], Zara et al. [20, 21]
provide the basics and a review of some applications of cooperative game theory to
issues of water resources. There is also a wide literature devoted to the study of
allocation problems to solve issues related to transboundary rivers using cooperative
game theory. Applications include water resource development [22], water alloca-
tion [23], pollution control costs [24], and flood cost sharing [25]. Non-cooperative
game theory has also been applied to water management problems [26], water right
conflicts [27], and efficient allocation of water [28]. Gómez-Rúa [29], van den Brink
et al. [30], and Sun et al. [31] address the problem of sharing the cost of cleaning a
polluted river, for example, using environmental taxes. Béal et al. [32] and Beard
[33] provide surveys on the use of cooperative game theory to model water alloca-
tion problems.

There is an important distinction between cooperative and non-cooperative
games. In non-cooperative games, players compete and make decisions indepen-
dently, whereas in cooperative game players make decisions together [26]. Hui et al.
[18] argue that cooperative games involve methods of optimisation that assume
perfect cooperation between players. However, in many areas of natural resource
management, non-cooperation is players’ dominant strategy [34]. For example, the
prisoner’s dilemma and other non-cooperative types of games depict such situations
leading to non-Pareto optimal results.

To make further progress in this field of research, a multi-model and
multidisciplinary approach is recommended [35]. In particular, flood damage is
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attributed to increasing exposure due to high population growth and economic
development in flood-prone areas [36–38]; therefore, awareness of floods and
effectiveness of flood protection measures are also taken into account as factors
that influence the decisions of private landowners in land management cases [39].

Álvarez et al. [40] apply game theory to study the problem of incentivising land
owners to use their land in a way that reduces flood risk. Mitigating flood risk has
numerous benefits; for instance, a reduction of the costs derived from flooding.
Using the game theory framework, a wide literature related to transboundary rivers
exists that studies different problems associated with the river. This literature
developed in two directions. First, models were proposed that study how to share
the costs of cleaning a river among the regions located along it. Second, other models
have been proposed for studying how to share water resources among the different
regions located along a river.

The first problem consists of two main approaches: some studies consider a river
a segment divided into different regions and assume that the cost of cleaning each
region is exogenously given (observable) [41–44]. These studies propose different
allocation rules for distributing the cost of cleaning the river among the regions. The
second approach is taken in Gengenbach et al. [45] and van der Laan and Moes [46],
where the cost allocation method adopted is thought to affect the decision of each
region about how much waste to discharge.

For other types of problems, the focus is on analysing water allocation and
achieving fair distribution of welfare resulting from distributing river water among
different regions. The first paper by Ambec and Sprumont analysed how water
should be allocated among agents, proposing monetary transfers among them from
the point of view of the game theory [47]. Several other papers followed considering
this topic [48, 49].

3 Method

This study applies the cooperative game theory model combined with cost–benefit
analysis. The main goal is to use a sharing-rule function to distribute the total benefit
among agents. A sharing-rule function determines the way benefits of cooperation
should be shared for a given situation modelled by a cooperative game. A cooper-
ative game determines the benefits of cooperation that can be achieved by: (a) each
agent separately, and (b) each coalition when cooperating. This enables us to
determine the most stable and fair share given by the sharing-rule function. The
sharing rule can be used to set compensations and incentives to achieve a fair
allocation of costs and benefits, as proposed in the cooperative game theory model
presented by Álvarez et al. [40]. The model establishes distribution rules that satisfy
a core idea of stability, namely that no agent or group of agents can find themselves
in a worse position than working separately. Álvarez et al. [40] propose three such
rules. The first rule is the most favourable possible for the upstream agent. The
second is the most favourable possible for the downstream agent. Finally, the third
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balances both approaches by taking a compromise solution between the
previous two.

This study is explorative; therefore, the model is simplified with the following
assumptions: (1) there are only two agents in the drainage basin; (2) two main land
uses are considered (defined as ‘forest’ and ‘other’). According to Bentley and
Coomes [50], afforestation of lands previously degraded by agriculture helps to
repair the soil so that it can retain more water and reduce the flow of the nearby river.

Agents in a so-called flood game (as defined in [40]) are spatial units located in
different parts of the drainage basin. In this study, for each of four selected basins,
two agents (players) were defined as decisions-making process participants. Agent
represent the regions including all subbasins in each part of the drainage basins and
was delineated as follows: (a) upstream agent, located in the upstream part of the
river where the flood risk is low and flood protection measures and actions are to be
undertaken (agent 1); (b) downstream agent, located in the downstream part of the
river where the flood risk is high (agent 2). Agents have the freedom to change the
use of their own land and the right to deny any change on their own land that they do
not agree with. Although game theory enables to represent each landowner as a
separate agent, the approach had to be simplified. Because this analysis is the first
attempt to apply this model, the agents represent collectives of landowners located in
each part of the drainage basin. Delimitation for each basin was considered sepa-
rately. The main factor was delimitation of the flood extent based on flood hazard
maps at both a European and global scale based on streamflow data from the
European and Global Flood Awareness System (Flood Maps). The shape and size
of the basin were also considered.

Areas for each agent for each selected basin are presented in Table 1.
To apply the game theory model, we need to consider the worth of upstream and

downstream agents (w1 and w2, respectively) when acting individually, and the
worth of both agents when they cooperate (w12). For the former, we have
w1 ¼ max(A; F), and for the later, w12 ¼ max(A, F + B), where:

A ¼ How much agent 1 gets if it does not change the land use to forest.
F ¼ How much agent 1 gets if it does change the land use to forest.
B¼ Benefit provided by the decrease in flood damage due to agent 1 changing the

land use to forest.
We also normalise w2 ¼ 0, since it does not play a role in the share.
Given these values, a stable sharing rule should provide the following payoff

allocation (x1 and x2):

Table 1 Area for each agent in selected basins (ha)

Stille Oder
(Germany)

Pysznica
(Poland)

Vipava
(Slovenia)

Lea
(Spain)

Agent 1 (upstream) 5,729 3,517 38,605 13,219

Agent
2 (downstream)

4,229 3,026 19,317 2,011

Total 9,958 6,543 57,922 15,230
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• Agent 1: x1 ¼ w1 + (w12 � w1 � w2) d
• Agent 2: x2 ¼ w2 + (w12 � w1 � w2) (1 � d )

where d is a value between 0 and 1. For d¼ 1, we obtain the most favourable deal for
agent 1. For d ¼ 0, we obtain the most favourable deal for agent 2. For d ¼ 0.5, we
obtain a compromise deal.

4 Study Areas

Four European river basins were subjected to analysis: the Stille Oder river basin
(Germany), the Pysznica river basin (Poland), the Vipava river basin (Slovenia), and
the Lea river basin (Spain) (see Fig. 1). The criteria for the selection of case studies

Fig. 1 Location of the studied basins: (a) Stille Oder, (b) Pysznica, (c) Vipava, (d) Lea
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were as follows: an area where a significant flood risk exists and where a potential
upstream–downstream conflict could be present was selected, the idea was to capture
different climate zones and different hydro-meteorological conditions within the
Europe and finally the selected catchment need to have the required data available.

The Stille Oder river, also known as Mucker, is a former branch of the Oder
River. It is located in the north-east part of the federal state of Brandenburg in
Germany, as part of the Oderbruch, a former delta of the Oder river. Today, the
Oder’s main channel is restrained to the eastern edge of the depression, and the
remnants of the former branches bear designations like the Stille Oder. Approxi-
mately 86% of the basin area consists of non-irrigated arable land, with another 11%
of pasture, 3% of discontinuous urban fabric, and the remaining consisting of small
percentages of agricultural land with significant areas of natural vegetation, broad-
leaved and coniferous forests, inland marshes, and water courses [20, 21]. The
Oderbruch suffered from heavy flooding in 1785, 1838, 1947, 1981/82, 1997, and
2010, the most recent event reaching a water level above 7 m due to rainfall of up to
200 l/m3 [51].

The Pysznica River basin is a right tributary of the Parsęta River located in the
north-west of Poland. Dominant types of land use in the catchment include agricul-
tural areas (74%), which is mainly non-irrigated arable land, pastures, complex
cultivation patterns, and land principally occupied by agriculture, with significant
areas of natural vegetation. Complementary types of land use are broad-leaved,
coniferous and mixed forests (24%) and discontinuous urban fabric (2%)
[20, 21]. According to Polish maps of flood risk and flood danger [52], flood risk
on the Pysznica river catchment is low; however, it is assumed it will increase
significantly over the next 10 years.

The Vipava River catchment (upstream of the Miren discharge gauging station) is
located approximately 1 km before the border with Italy and 2.5 km before the
confluence with the Soča River. The annual maximum discharge at the location of
the Miren station can be as much as 400 m3/s, while minimum annual flows can be
less than 1 m3/s [53]. Thus, the difference between minimum and maximum flows is
quite large, which is a consequence of rainfall generation mechanisms in the area
where extreme rainfall events are relatively frequent. Forest covers approximately
65% of the Vipava River catchment and agricultural areas around 32%, while urban
areas represent approximately 3% of the total area [20, 21]). Since the climate is
Mediterranean, the agriculture is well-developed in the area and at specific locations
supported by irrigation systems.

The Lea River basin, located in Galicia (North-western Spain), is a tributary of the
Miño River in the upper part of the basin. The river catchment is associated with
complex cultivation patterns (38%), forests and semi natural areas (59%), land
principally occupied by agriculture (1.5%), and artificial surfaces (1.5%)
[20, 21]. According to Spanish maps of flood risk [52], it exhibits a medium risk
of flooding for the lower basin and a very low risk for the upper river basin.
Therefore, it would not change its level of risk for the next 10 years.
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5 Costs and Benefits

Costs related to flood damage can be all assigned to agent 2, since according to the
flood maps, the risk of flooding only occurs in the downstream part of the river basin.
Agent 1’s strategy for initial land use is defined as the initial state where none of the
costs or benefits appear. The flood risk has not been reduced, no costs are incurred,
and the payoffs are normalised to zero. Payoffs for agent 1’s forest strategy consti-
tute the difference between flood damage before and after land use change. The total
benefit derived from land use change has been assigned to agent 1, as all activities
related to change of land use are undertaken only in the upstream part of the basin.

A cost–benefit analysis has been conducted for a time period of 100 years, which
means the most important aspects (described in the following) can be captured.
Notice that money in the present is worth more than the same amount in the future
because of both inflation and earnings from alternative investments that could be
made during the 100-year period. For example, any investor would prefer to get
100 € today than 100 € next year. We expect, however, that there is an amount
(e.g. 105 €), so that an average investor would be indifferent between obtaining
100 € today and 105 € next year. In that case, we say that that the money has a yearly
discount rate of 5%. In the economic literature, a standard way to compare cash
flows in different periods of time is by the net present value (NPV), which represents
the value inflows in present currency.

Concerning the discount rate for the analysis, the ‘Guide to Cost Benefit Analysis
of Investment Projects’ proposed a 5.5% discount rate for cohesion countries and
3.5% for other countries for the 2007–2013 period. However, taking a 100-year time
horizon, the discount rate applied was 3.5% for all four basins. Similar values were
adopted in other studies [54]. All costs and benefits were assigned to three main
groups: (a) expected flood damage related to initial land use; (b) expected costs and
benefits related to initial land use; and (c) expected costs and benefits related to land
use change. These groups are presented in the following description.

(a) Expected flood damage for initial land use, including all the costs related to
potential damage caused by flood both before and after land use change.
Calculations (before land use changes) were conducted on the basis of global
flood depth-damage functions developed by Huizinga et al. [55]. The damage
curves depict fractional damage as a function of water depth as well as the
relevant maximum damage values for specific assets and land use classes.
Damage curves and maximum damage values were adjusted for local circum-
stances for each of the four analysed basins. Flood extent was attributed follow-
ing the flood maps. Equation (1) displays the formula for calculating expected
damage for initial land use.

T1 ¼ A � D �M ð1Þ

where: T1 ¼ total damage [€], A ¼ area covered by specific impact category
(Residential, Commercial, Industrial, Agriculture, Infrastructure) [ha],
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D ¼ damage function (adjustment for specific flood depth), M ¼ max damage
(according to EU flood depth-damage functions) [€/ha].

Flood damage after land use change was calculated, based on the assumption of
Salazar et al. [56] regarding the influence of afforestation on peak discharge
reduction. Specific peak discharges for each basin were compared to the function
defined by Salazar et al. [56] on the basis of case study analysis in different
European hydro-climatological regions. Then, the flood damage after land use
change was estimated, assuming the total damage would decrease by the same
percentage as the peak discharge. Although this method does not allow for costs
to be precisely specified, it is still possible to estimate the general tendency for
how afforestation influences flood risk and flood damage.

(b) Expected costs and benefits related to initial land use.

The total benefit of initial land use was calculated using the NPV, and by including
(1) potential benefit from harvested crops (Eq. 2) defined as a generalised benefit
from agricultural land, (2) costs of land cultivation (Eq. 3), and (3) subsidies for
agricultural activities. Equation (4) presents the formula for calculating the total
benefit from initial land use. All three equations consider the discount rate for
100 years period, including the first year for which the initial costs, benefits, and
subsidies were defined.

Costs and benefits were considered only for part of the area that is meant to be
afforested, located upstream.

T2 ¼ A � P � 1� 1= 1þ dð Þð Þ101
1� 1= 1þ dð Þð Þ ð2Þ

where: T2 ¼ total benefit from harvests [€], A ¼ area cover by agriculture [ha],
P ¼ price in 2020 [€/ha], d ¼ discount rate (3.5%)

T3 ¼ A � C � 1� 1= 1þ dð Þð Þ101
1� 1= 1þ dð Þð Þ ð3Þ

where: T3¼ total cost of cultivation [€], A¼ area cover by agriculture [ha], C¼ cost
of land cultivation in 2020 [€/ha], d ¼ discount rate (3.5%).

T ¼ T2� T3þ S ð4Þ

where: T¼ total benefit from initial land use [€], T2¼ total benefit from harvests [€],
T3 ¼ total cost of cultivation [€], S ¼ agricultural subsidies [€].

(c) Costs and benefits related to land use change.

The main assumption of the study is that the change of land use upstream would
reduce flood risk and limit flood damage downstream. To assess the positive
potential influence of land use change, the costs and the benefits were analysed,
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including (1) cost of land use change and land cultivation after change, including
one-off investment costs and land cultivation for the whole period of analysis
(Eq. 5); (2) subsidies for afforestation; and (3) benefits from harvesting (Eqs. 6
and 7). Equation (8) displays the formula for the total benefit from afforested
land. Equations (6), (7), and (8) use the NPV that was also used in Eqs. (2) and
(3). However, here the benefit flow total value of harvest is null during the first
years and increases steadily until reaching the optimal flow in 10 years’ time.

In just the same way as the case of initial land use, costs and benefits were considered
only for the area that is meant to be afforested. The subsidies were not included
for the Slovene case because afforestation is not governmentally supported. For
Germany, Poland, and Spain, national and regional government support is pro-
vided, which includes one-off support for afforestation either care or maintenance
bonus for a 5–20 year period.

T4 ¼ A � I þ A �M � 1� 1= 1þ dð Þð Þ101
1� 1= 1þ dð Þð Þ ð5Þ

where: T4 ¼ total cost of land use change and management [€], A ¼ area meant to
change land use [ha], I ¼ investment costs (once for the whole area) [€/ha],
M ¼ management costs [€/ha], d ¼ discount rate (3.5%).

T5 ¼ NPV A �W � P, dð Þ ð6Þ
T6 ¼ NPV A � P, dð Þ ð7Þ

where NPV(X,d ) is the function used to compute the NPV depending on the value of
the 100-year cash flow (X) and the discount rate (d ¼ 3.5%), and where:
T5 ¼ benefit from harvests for Poland and Germany [€], T6 ¼ benefit from
harvest for Slovenia and Spain [€], A ¼ area covered by forest [ha], W ¼ amount
of wood [m3/ha], P ¼ price of wood [€/m3] or [€/ha].

TF ¼ T5� T4þ S or TF ¼ T6� T4þ S ð8Þ

where: TF ¼ total benefit of land use change [€], T4 ¼ total cost of land use change
and management [€], T5 ¼ benefit from harvests for Poland and Germany [€],
T6 ¼ benefit from harvests for Slovenia and Spain [€], S ¼ subsidies [€].

6 Results

Due to defined flood risk in each of the analysed regions, the damage caused by flood
events were estimated as input data for the game theory model. The differences in
total damage values for each basin are related to the land use structure, the area of
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flooded land, and the depth of flood. The results of calculations for flood damage
before land use change (Eq. 1) are presented in Table 2.

The highest costs in the Vipava River basin (Slovenia) reflect the significant area
covered by residential and industrial buildings, for which the highest maximum
damage values were defined. The Stille Oder basin costs were mostly derived from
agriculture as this comprises almost 95% of land use. Relatively small damages
counted for the Lea river basin (Spain) are related to the area least endangered by
flood risk of all the analysed basins. The least damage quantified for the Pysznica
River basin (Poland) are the results of the small water depth and the high percentage
of land covered by agricultural areas.

The results of cost–benefit analysis are the payoffs of the game for each agent in
case of two undertaken strategies. The results of game theory model application and
payoffs for each agent in the four analysed basins are presented in Table 3.

Differences between the benefits from initial land use for each basin are related to
the area covered by agricultural land, the type of crop, and possible subsidies for
agricultural activities. The difference in the total benefit between Germany and the
other countries is mainly related to the fact that almost 95% of the basin area is
covered by non-irrigated arable land. However, this result is only achieved with the

Table 2 Flood damage related to initial land use

Damage class

Damage (million €)

Stille Oder
(Germany)

Pysznica
(Poland)

Vipava
(Slovenia)

Lea
(Spain)

Residential
buildings

0.091 0.143 50.315 0.244

Industrial buildings – – 26.916 1.242

Agriculture 10.719 0.323 0.246 0.071

Infrastructure 0.010 0.048 1.708 0.064

Total 10.820 0.514 79.185 1.621

Table 3 The share of costs and benefits (million €)

Stille Oder
(Germany)

Pysznica
(Poland)

Vipava
(Slovenia) Lea (Spain)

The benefit for agent 1 if does
not change the land use (A)

51.522 5.303 0.506 1.620

The benefit for agent 1 if does
change the land use (F)

30.955 12.667 �5.209 9.944

Benefit from flood damage
decrease if agent 1 change the
land use (B)

1.407 0.093 1.822 0.073

The worth of agent 1 without
cooperation (w1)

51.522 12.667 0.506 9.944

The worth of both agents when
they cooperate (w12)

51.522 12.760 0.506 10.017

Payoff allocation (x1) 51.522 12.667 + 0.093d 0.506 9.944 + 0.073d
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help of state payments (decoupled farm payment, compensation payments, and
subsidies).

Differences in the benefits of land use change are influenced by relatively high
subsidies for afforestation in Germany and a lack of them in Slovenia, which is
depicted in Table 4 (results of the application of Eqs. 2 and 3).

Possible benefit distribution was analysed to assess the possibility of land use
change. Table 5 presents the information about possible land use change and the
transfer that agent 2 should make to agent 1 for compensation for land use change.

According to the information presented in Table 5, it was assumed that land use
change in the Stille Oder (Germany) and Vipava (Slovenia) river basins is not a
probable scenario. For both upstream and downstream players, land use change is
unfavourable and no benefit is obtained. Therefore, the analysis of possible benefit
transfer was performed only for the Pysznica (Poland) and Lea (Spain) river basins.
In both cases, the benefit transfer direction from downstream to upstream agent is
presented and the compromise deal constitutes a transfer of 0.0465 and 0.0365
million € (for Poland and Spain, respectively), which would gratify both players in
the basin. Note that the compromise deal constitutes the half of the transfer more
favourable to agent 2 (from agent 1). It is also the half of the benefit from flood
damage decrease if agent 1 changes the land use. According to above the compro-
mise deal is directly related to avoided damages caused by flood that appears
downstream when upstream agent decides to change the land use.

Table 4 Benefit from land use change (million €)

Stille Oder
(Germany)

Pysznica
(Poland)

Vipava
(Slovenia)

Lea
(Spain)

Cost of land use change and land
cultivation

3.714 5.605 9.744 1.908

Subsidies 10.017 4.362 – 2.868

Benefits from harvesting 24.652 13.910 4.536 8.984

Total benefit 30.955 12.667 �5.209 9.944

Table 5 Benefit transfer and possible land use change (million €)

Stille Oder
(Germany)

Pysznica
(Poland)

Vipava
(Slovenia)

Lea
(Spain)

Land use change No Yes No Yes

Transfer more favourable to
agent 1

– 0.093 – 0.073

Transfer more favourable to
agent 2

– No transfer – No
transfer

Compromise deal – 0.0465 – 0.0365
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7 Discussion

The main aim of this study was to investigate the potential cooperation between
decision-making process participants to distribute the total costs and benefits related
to land use change that leads to flood risk reduction. The findings of the analysis
depict that in two of four analysed river basins it is possible to find a mutually
beneficial compromise among landowners for flood risk reduction if land use change
(afforestation) is economically reasonable for both agents.

This study offers a methodological contribution to establishing and applying
distribution rules for sharing the benefits and the costs related to flood risk reduction
and land use change.

The chapter presents the results of the application of a game theory model on four
European basins, offering the first empirical approach to the theoretical model.
Therefore, analysis was based on a number of assumptions. First, flood damage
(both before and after land use change) was estimated rather than precisely
modelled. Although the applied method does not allow direct specification of the
costs, it is possible to estimate the general tendency for flood damage change. This
simplification may influence the final result of the analysis; therefore, it is
recommended for future analysis to apply combined hydrological and hydraulic
models to accurately define the losses caused by flood events. Second, this work
applies to only one scenario and a 100-year time horizon. Multiple scenarios,
assuming different time spans, different land uses, or a different course of affores-
tation could enrich the analysis.

Third, this analysis relies on two players. As a future line of research, the number
of players included in the game theory model could reflect the number of landowners
in the basins, as this would imply a more complex model and consequently more
precise results. However, this would require detailed land ownership structure
analysis and adaptation of the model to account for local conditions. It should also
be underlined that subsidies play a crucial role in the structure of costs and benefits,
and local or national governments should be considered as a separate agent.

Fourth, cost–benefit analysis (CBA) could be extended by ecosystem co-benefits
or regulating services like water quality improvement provided by reforestations.
Game theory has significant potential in the field of water quality changes and
transportation of pollutants during flood events. For example, Alcalde-Unzu et al.
[41] use the clean-up cost vector to estimate the transfer rate of the waste in a
polluted river. They use estimation to share of cost of cleaning the river. On the other
side, Wei and Luo [57] focuses on how to reach a balance between the sustainable
development of local economy and the effective protection of water resources from
an ecological perspective for the local government, and how to maximise the profit
of the local firm in an ecological compensation system. Besides a reduction in the
risk of flooding, afforestation entails several other benefits, such as improving the
landscape and the environment, and providing a source of income for forest owners.
The payment for environmental services (PES) can be considered a method to
incorporate services provided by the environment into calculations of costs and
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benefits. Moreover, PES could encourage forest owners to maintain or implant
forests by compensating them at equivalent or better rates than other activities that
would otherwise provoke deforestation [58]. Thus, owners who are located in
strategic areas for flood risk reduction (such as upstream) may consider reforestation
as a viable alternative for land use. PES can be estimated through game theory and
can be considered a way to assess and plan an efficient forest policy.

A possible negative aspect is that if reforestations are carried out without planning
it is possible that the flow of a river is reduced (even disappearing) in regions where
there are water shortages. Therefore, it is important to consider the impact on
regional water availability. Bentley and Coomes [50] point out that afforestation of
lands previously degraded by agriculture helps to repair the soil, enabling it to retain
more water and reduce the flow of the nearby river. If this action were carried out in
natural grasslands where the soil is in good condition, the flow of the river would be
considerably reduced.

Within the planning and management of these reforestations, and taking into
account the criteria of improving the water quality, one strategy commonly advanced
to achieve this goal is the management of riparian vegetation [11]. Several studies
have documented that riparian forest can strongly influence the chemical content of
adjacent streams [59, 60], particularly through the removal of nutrients in runoffs
from agricultural uplands [61]. Therefore, vegetation restoration and management in
riparian areas is widely recommended and promoted, especially in agricultural areas
[62], but also in those areas of medium-high risk of flooding. In the four basins in
this study, a restoration of the riparian vegetation could be planned (both in forest
areas and in those lands for agricultural use) and framed within the proposed
reforestation. Accordingly, the ecosystem services of riparian vegetation can be
helped through the improvement of chemical water quality in streams, while reduc-
ing the risk of flooding in these areas. Conversely, the managed change of agricul-
tural land to forest cover proposed in this study is recommended to address the issue
of high nitrate in groundwater, ensuring good quality groundwater in the long term
[63]. This would lead to savings in the treatment of drinking water, since Lopez et al.
[64] have found a positive and significant effect of local forest cover on water
treatment cost savings. Although this study does not focus on the specific benefits
that changes in land use can generate in water quality, it implies that such effects can
be highlighted.

8 Conclusion

The chapter presents an application of the game theory concept to four catchments
located in parts of Europe with diverse climate characteristics. The investigation
revealed that in two of four cases (Poland and Spain) mutually beneficial compro-
mise between landowners to change land use (afforestation) could be detected, while
Germany and Slovenia would not benefit from such a change, due to the consider-
able influence of subsidies.
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Presented results reflect the possible direction for further actions in compensation
for establishing new flood protection measures, however the undertaken scope of
analysis, based on several assumptions such us limited number of agents and
simplified flood risk assessment could influence the results. We recommend further,
investigations using a larger number of agents and more detailed analysis (e.g. more
detailed definition of the flood risk before and after afforestation or investigation of
other measures) in order to enhance the knowledge about the upstream–downstream
relationship in the flood risk management.
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Abstract Nature-based solutions (NbS) are often framed positively in terms of
win–win options or no-regret measures. However, are NbS equally beneficial for
everyone? Are burdens and benefits of NbS really equally distributed and projects
embraced by everyone? Is the process leading to the implementation of NbS always
fair and inclusive? This chapter provides a broad overview of different environmen-
tal justice issues, critically reflecting on NbS through recognition justice, procedural
justice, and distributive justice. Whereas the current critical literature focuses par-
ticularly on urban NbS, this chapter focuses on the wider translocal consequences of
NbS projects. The theoretical reflections are illustrated with case studies of NbS from
various countries: the recognition of marginalised women in Vietnam in mangrove
restoration projects, the challenges when introducing procedural justice in
implementing NbS in Serbia, the legal injustices locals are faced in the Czech
Republic when they want to implement NbS, the trade-off between public collective
and individual economic interest when implementing a sand nourishment project in
the Netherlands, and the development of a beneficiary-pays based upstream–down-
stream compensation scheme in Austria.

Keywords Distributive justice, Environmental justice, Nature-based solutions,
Procedural justice

1 Nature-Based Solutions and Environmental Justice: An
Emerging Topic

Nature-based solutions (NbS), i.e. measures that ‘are inspired by, supported by, or
copied from nature’ [1], are highly endorsed by policymakers on various political
levels [2, 3]. The European Commission promotes NbS as a way to improve all three
dimensions of sustainability, as NbS can: ‘[...] simultaneously meet environmental,
social and economic objectives’. [1]. In general, NbS are often framed positively in
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terms of ‘solutions’ or ‘win–win’ options. By framing these measures as solutions,
we tend to ignore their potential adverse impacts on certain communities or consider
them to be apolitical and neglect the power dynamics at play during the decision-
making processes. Randrup et al. [4] confirm that many NbS projects start from an
expert-driven problem definition adopting an apolitical and technocratic top-down
approach, whereas Kotsila et al. [5] stress that ‘“umbrella concepts” like NbS are
inherently political, since they represent ideological commitments, inform institu-
tional practices, and produce certain imaginaries of nature and its functions’.
(ibid. p. 15). However, as observed with other flood management decisions
(e.g. [6–8]), NbS have the potential to cause procedural injustices and/or negative
outcomes which may lead to a redistribution of social and environmental
inequalities.

A critical literature on NbS is slowly emerging [5, 9, 10]. These scholars criticise
that NbS promote a utilitarian approach with neoliberal values (such as a focus on
quantifiable benefits, profit, quick economic returns, and growth), which, however,
ignores the inherent socio-environmental inequalities and injustices and related
adverse societal consequences [5]. For instance, studies have shown that NbS can
enhance the attractiveness of areas, which can result in increases in land and property
prices and subsequently in rents or values. In turn, this can lead to the displacement
of residents who cannot afford these costs anymore into areas of lower residential
quality, which eventually reinforces community segregation [9, 11]. These dynamics
are described under the terms: ecogentrification [12], ecological [13], or environ-
mental gentrification [14].

This critical literature tends to focus on NbS in urban areas. However, due to their
nature, the implementation of NbS has the potential to create both positive and
negative effects at a wider spatial scale. This contribution adds to the existing
literature on NbS by exploring those solutions implemented in rural areas and the
translocal justice issues arising in these dimensions, for example, between urban and
rural, upstream and downstream (Case 5) or coastal areas and their hinterland (Case
4), or within rural areas (e.g. different land-uses) (Cases 2 and 5). We focus on NbS
interventions in the context of flood risk management. The aim of this chapter is
explicitly to provide a broad overview of different justice issues in relation to NbS:
recognition, procedural, and distributive justice. Herein, we reflect on the existing
theory on environmental justice in the context of NbS, which are illustrated with
practical case studies on NbS. Case 1 illustrates the importance of recognising the
role of marginalised groups, namely women, when implementing NbS. Cases 2 and
3 zoom in on procedural justice issues, namely the difficulty of implementing public
participation in Serbia (Case 2) and the institutionalised injustices that aggravate
landowner’s possibilities to implement NbS on their private land (Case 3). Finally,
Cases 4 and 5 focus on distributive justice outcomes: Case 4 illustrates the negative
consequences of coastal NbS for local mussel industry, and Case 5 describes how
upstream retention basins are co-financed by the downstream communities that
benefit from this measure.
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2 Three Types of Environmental Justice

To reflect on NbS from a critical perspective, we are inspired by the literature on
environmental justice, which distinguishes three foci concepts: Justice of recogni-
tion, procedural and distributive justice [15].

2.1 Justice of Recognition

Justice of recognition focuses on (mis)recognition of or (dis)respect for particular
groups (see overview below) [15]. Recognition justice stresses that social differences
exist and are attached to both privilege and oppression. A lack of recognition of
group differences, with a focus on homogeneity, is considered to be part of the
reason for unjust procedures and unjust distribution of burdens and benefits
[16]. Stakeholders that are not even participating cannot voice their concerns,
hence they are unlikely to be considered in the final implementation. A general
principle is that ‘all those affected by a decision should be involved to some degree
in making that decision’ [17]. Of course, even though stakeholders have been
approached, they may choose not to participate. One may think of several reasons
for this non-participation but research in the context of NbS is missing:: genuine
disinterest; personal problems (e.g. health); lack of understanding about the potential
implications of a project for them; inappropriate communication channels
(e.g. digital media for elderly); or structural injustices that prevent people from
participating (e.g. because they have to work five jobs due to the socio-economic
system).

Research on recognition often focuses on the exclusion or inclusion of particu-
larly minorities or vulnerable groups. In the context of NbS this might include:

– Gender, particularly women, and their specific position are often excluded (Case
1 describes a case study on NbS where the position of women is recognised);

– Indigenous groups, whose traditional water rights are being constrained by NbS
or whose spiritual conception of nature is being ignored and in the worst case
violated [18];

– The inclusion or exclusion of deprived households who have to relocate due to
increasing house prices [11];

– The elderly as particular vulnerable groups, but also as groups with a potentially
strong relationship to the area [11];

– The youth as the future generation that have to carry the burden/benefits of NbS;
– Certain economic sectors (e.g. farmers, fishers, etc.) whose livelihoods are

influenced by NbS measures (see Cases 1 and 4);
– Ethnical minorities as research has shown that different ethnical groups use

natural areas differently [19] and would consequently have different demands
on the design of NbS.
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Case 1 emphasises the importance of recognising the vulnerable position of
women when restoring mangrove forests in Vietnam. It illustrates how women are
normally misrecognised, and how the ResilNam project consciously recognised the
marginalised position of women, so that they were more actively included in the
implementation process, which led to an alleviation of injustices.

Case 1 Recognition Justice: The Recognition of Marginalised Women
in Vietnam
This case study illustrates how NbS can be an avenue for community-based adap-
tation [23, 24], which can potentially address injustices if the concerns of
marginalised groups (e.g. women) are focused upon. The ResilNam project [25]
centred on improving flooding resilience via mangrove restoration in two coastal
communes along the Tam Gang lagoon (Thua Thien Hue Province, Vietnam). The
ecosystem services provided by the lagoon support about 300,000 individuals.
Mangroves increase resilience by offering flood protection, improving lagoon eco-
systems, and potential eco-tourism. In this project, mangrove restoration was com-
bined with the active engagement of residents, Women’s Union, local leaders, and
researchers to understand, enhance, and use local knowledge while mitigating
gender-influenced injustices and increase resilience. Involvement of local residents
defined the core ecosystem services and impacts to consider while building the
capacity of the Women’s Union to engage in disaster risk management (DRM)
and training local women in developing mangrove based eco-tourism. By
recognising the marginalised position of women, DRM decision-making embraced
a more holistic and comprehensive contextual understanding of the problems of
women and possible solutions. The ResilNam project can illustrate this with two
examples.

Example 1: There is preparedness training for rapid flood recovery leading to
(compounding) injustices. This is because the training participants have tended to be
male due to participant selection (e.g. physical labour expectations) or as (domestic)
responsibilities prohibit participation. This has led to differences in preparedness
confidence and capacities between men and women. Several community-wide
meetings saw men being more proactive and confident due to previous engagement,
thereby linking recognition injustices with flood preparedness. The ResilNam pro-
ject addressed this by boosting the recognition and prominence of the Women’s
Union in DRM (and women overall). This was through extensive stakeholder
engagement and building bridges boosting the Women’s Union’s DRM role directly
(e.g. an agreement to work with DRM) and indirectly by generating a women-
focused avenue for, previously underexploited, DRM networking. This addressed
the problem of who participates in, and is recognised, as part of DRM. A core
element of the successful engagement was to organise meetings in a way that
maximises the likelihood of women taking part. To promote women’s active partic-
ipation in capacity-building programmes, activities were scheduled according to
their schedules (e.g. overall free days, half-day workshops), involved active social
components (e.g. karaoke) to reduce the perceived burden of participation, and were
limited only to women for a more inviting atmosphere. Moreover, the Women’s
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Union stated that the key condition of improving women’s role in DRM is gender
equality. Therefore, communication efforts also aimed to increase awareness of
including both men and women in participation. Overcoming these injustices as
part of the ResilNam initiative created an environment for producing independently
organised DRM actions outside of the project [25].

Example 2: DRM tends towards a utilitarian framework. Decisions are made
when an action’s positive impacts outweigh its negative impacts to improve social
welfare. Impacts are often considered to be equal across stakeholders, an often-
incorrect assumption as disaster impacts are often gendered [26–29]. Therefore,
traditional approaches to DRM tend towards producing unjust outcomes due to
these differential impacts or conflicting DRM objectives. For example, the tradi-
tional Vietnamese focus on flood infrastructure magnifies negative social and envi-
ronmental impacts (such as the loss of ecosystems) for marginalised groups
[30, 31]. Maintaining the status quo as post-flood reconstruction focuses on infra-
structural but not environmental damage. Rather any environmental damage is left to
the lagoon’s natural processes. This recovery strategy increases (long-term) impacts
on those who are more reliant on the lagoon’s ecosystem and ecosystem service.
Local women, as discovered through community-engagement, tend to be more
heavily impacted by flooding for this reason. Therefore, improving lagoon ecosys-
tems begins to address this imbalance. Ecosystem services may not have a high
DRM priority due to prioritising on tangible outcomes.

In addition to improving the ecosystem services upon which women are more
reliant, the distributive imbalances need to be recognised and recorded to demon-
strate these impacts and progress in achieving just outcomes. One approach was to
link welfare and rates of flood recovery across genders with flood experiences and
the role of ecosystem services [32]. These results show that women suffered larger
welfare impacts from flooding combined with slower recovery rates and demon-
strated a positive link between welfare and ES quality. The second was a discrete
choice experiment valuing the respondents’ willingness-to-pay towards mangrove
maintenance. This increased policymaker tangibility of the value of these ecosystem
services. Women’s willingness-to-pay for the mangroves was (overall) significantly
higher [25]. These approaches indicated that women benefit more from this partic-
ular NbS creating more inclusive DRM strategies. Therefore, considering impacts as
gender-equal ignores the potential to empower women through ES that benefit them
relatively more, especially if tied to tangible alternative livelihood sources
(e.g. eco-tourism).

The type of NbS also led to different social conflicts due to gender differences in
fishing techniques. The communities revealed that in their perception women tended
to use traditional methods, while men tended to rely on more extractive/destructive
approaches. This generates conflict as the traditional methods benefit more readily
from the project’s long-term ES improvements, while the extractive techniques
negatively interact with the mangroves over the short term. This is because the
area given over to the mangroves will no longer be suitable for their fishing
techniques, limiting short-term fishing potential. Developing alternative ES-linked
incomes sources (e.g. eco-tourism) create incentives that could mitigate these
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conflicts through tangible immediate economic value. Furthermore, the benefits
from eco-tourism are more valued by women, further addressing distributive injus-
tices, especially when combined with the training events to boost their capacity to
exploit future opportunities. This case highlights the influence of recognition justice
on procedural and distributive justice outcomes of NbS.

2.2 Procedural Justice

Procedural justice focuses on the fairness of decision-making [15]. In the following,
we will discuss three main issues of procedural justice: information, participation,
and access to legal processes (for an overview, see [17]).

The availability of appropriate, sufficient, and accurate information for all par-
ticipants is often considered crucial for procedural justice as it helps to ensure
transparency, effective participation, and informed consent [17]. Of course, as
Simcock [17] argues, terms like ‘appropriate’, ‘sufficient’, and ‘accurate’ informa-
tion are contested. Issues that need to be considered hereby are, for example, whether
information are provided in an understandable language that is also appropriate for
lay people; or whether information events are organised at times that consider
people’s working hours or other periods (e.g. holiday period) and at locations that
are easily accessible for the stakeholders with different economic capabilities,
e.g. accessible by public transport.

Participation relates to the extent that different participants’ opinions, sugges-
tions, and concerns are considered in the decision-making process [17]. A person or
collective can exercise different degrees of influence in a decision-making process
(see also [33]). Simcock [17] broadly distinguishes ‘listen as a spectator’, i.e. a
stakeholder receives information about a decision, but has no influence over that
decision; ‘consultative influence’, i.e. a stakeholder is able to give their opinion on
an issue but the final decision is ultimately made by others; and ‘direct authority’,
i.e. a stakeholder is able to formally shape the outcome of the decision-making
process – either by taking the decision individually or by sharing power with others
in a democratic process (such as voting). These different degrees of influence are
similar to Rowe and Frewer’s [34] forms of public participation. They distinguish a
communication mode, which is a one-way flow of information from public author-
ities to stakeholders; a consultation mode, where stakeholder provides feedback to
the plans of public authorities, and finally a co-productive mode, where goals and
outcomes are jointly formulated. Public participation, however, is also influenced by
historical and cultural developments, some countries have a long tradition with
public participation with experienced public authorities and emancipated citizens,
whereas other countries have less experience. Case 2 describes the challenges related
to introducing public participation in Serbian water management. The case illustrates
that public participation is influenced by cultural norms and tradition and that
countries where such a tradition is missing, procedural justice is difficult to achieve.
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Research has demonstrated the advantages of stakeholder participation. Short
et al. [35] describe the implementation of NbS in the Stroud Valleys, UK. They
concluded that involvement of local stakeholders through regular and directed
interactions (also in form of field visits) resulted in collective learning and enabled
the project to better deal with complex issues ‘through a shared repertoire of
resources and practices’ (ibid. p. 244). Local citizens formed four flood action
groups that had been actively involved in the implementation of NbS. For example,
they were involved in the recruitment of the Project Officer and citizens had a
representative in the strategic group overseeing the planning and implementation.
The Project Officer approached each landowner or land manager one by one to plan
the details of the NbS. The landowners could also choose (if feasible) the
contractor [35].

An important issue underlying procedural justice are power imbalances between
stakeholders and the government authorities, but also between stakeholders. A
prominent problem is ‘elite capture’ [36] that means only interested (often highly
educated) stakeholders participate (see Case 2). Additionally, it is important to
consider whether the same weight is given to participants’ opinions or whether
certain stakeholders are privileged [37, 38]. In the context of NbS the balance of
power over decision-making may be even more complex than other flood risk
management situations. The implementation of NbS will often involve the use of
private land (e.g. for flood storage) and, as such, require the engagement and
negotiation with (often) multiple landowners. This challenging process of negotiat-
ing the acquisition or temporary use of private land will likely exacerbate power
imbalances, with some able to exert greater power over decisions than others. The
legal framework plays hereby an important role as it creates certain rights and
obligations, which can alleviate or create injustices. Case 3 illustrates how private
landowners in the Czech Republic want to implement NbS on their private land and
the justice issues arising from these approaches. On the one hand, it describes how
landowners are faced with increasing costs and high administrative burdens when
due to bureaucratic regulations and rules. On the other hand, it also illustrates how
these bottom-up, self-governance approaches can exclude stakeholders that are
affected by these private measures from the decision-making processes.

Access to legal process describes the availability of independent grievance
mechanisms that are accessible, fair, transparent, and effective. In other words, the
ability of stakeholders to appeal certain plans [37, 38]. That implies also adequate
and fair negotiations for compensation arrangements to restore livelihoods or com-
pensate for particular burdens or services. The cases presented in Case 4 and 5 touch
upon grievance mechanisms and compensation regulations in the Netherlands and
Austria, respectively. In both cases, NbS conflicted with economic interests of
individuals but eventually the courts decided in favour of the collective public
interest.

Whether recognition and procedural justice are distinct is contested. Whereas
Young [20] and Schlosberg [21] see recognition justice as a separate feature of
justice that cannot be solely assumed and the lack of recognition as a reason for
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injustice, Miller [22] considers recognition an integral part of procedural justice.
Either way, recognition is closely linked to procedural justice (see also [17]).

Case 2 The Challenges in Introducing Procedural Justice in the Context of NbS
in Serbia
Serbia is threatened by floods from large international rivers such as the Danube.
From 1960 to 2012 there were 73 floods in Serbia, of different intensity and spatial
impact [39], followed by 3 more catastrophic floods in 2014, 2017, and 2020.
Therefore, the hydrological status of rivers is continuously monitored, and special
attention is paid to flood defences. Experiences gained during the floods of the
Danube in 1965 influenced the strengthening and upgrading of grey infrastructure
(e.g. dams, dikes) on all great rivers. The defence infrastructure mitigated numerous
floods; however, in 2014, the hydrological situation was such that neither the
retention basins nor the embankments could retain the complete flood wave to
mitigate adverse effects.

After the flood in June 2014, the Government of the Republic of Serbia launched
the Program for the Reconstruction of Damaged Water Facilities and Elimination of
the Consequences of Floods. Within this programme, the consequences of the flood
were surveyed. Additionally, the Republic of Serbia became an official candidate for
the membership of the European Union; thus, it had to transpose EU-legislation into
domestic law, including the principles of the EU-Water Framework Directive
(WFD) and the EU Floods Directive. The EU-legislation forced Serbia to prepare
flood risk maps [39] and broaden its flood risk management measures, considering
now, among others, also nature-based solutions (NbS). The legislation also required
Serbia to adjust its flood risk governance by introducing public participation pro-
cesses; a requirement which had largely been missing [40]. This case explores
Serbia’s efforts to deliver effective procedural justice for NbS.

As the Kolubara catchment area was most affected from floods in 2014. It was
decided to prepare a study to analyse flood risk and management options in the
catchment [41]. This study aimed to develop the concept of integrated flood protec-
tion, including structural measures (e.g. technical measures, such as upgrading and
reconstruction of flood defence facilities) and non-structural measures (e.g. anti-
erosion watershed management, NbS for water retention). It also was one of the first
efforts in Serbia to introduce public participation in the construction process and
flood risk management process.

Public participation was undertaken in cooperation with representatives of local
governments and the appointed commissioners for public relations. Meetings were
organised with stakeholders that were potentially affected by floods: holders of
social functions, businessmen, representatives of political parties, nongovernmental
organisations, citizens, and socially vulnerable population (unemployed and
elderly). These stakeholders have been contacted by the appointed commissioners
for the public relations who were trained to distribute the questionnaire to the
targeted public. The method of data collection was adapted to the real circumstances
in the field, even though workshops with local governments and stakeholders were
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organised, the questionnaire was considered most appropriate to collect and analyse
data. The questionnaire was analysed by experts using a multi-criteria evaluation.

A number of observations can be made with regard to procedural justice. The
participating respondents were mostly highly educated respondents and representa-
tives of local self-governments, which hints at elite capture. These respondents were
not familiar with the flood risk maps and the maps of retention areas generated by
‘the Study for the Improvement of Water Protection in the Kolubara Basin’
[41]. This illustrates the challenges of communicating often complex concepts
with lay people, and, as such, communication needs careful preparation by public
authorities. Slightly less than half of the respondents agreed that uninhabited parts of
the territory as future retention areas could be flooded (probably they were not
farmers). This illustrates that public participation processes can potentially create
new injustices for individuals not involved but still potentially affected by measures,
like in this case the allocation of burdens between rural and urban areas. The
respondents believe that their personal influence and power in solving problems in
the city is very weak. They see politicians and powerful businessmen as the most
influential in decision-making. This might also explain why public participation
conducted by the local communities had a weak response. Neither local government
nor members of the public were used to these kinds of public participation processes
and therefore did not understand its benefits or relevance.

The introduction of public participation and activities has been envisaged by the
Serbian Waters Law [40] since 2010. Previously, the public had only been engaged
in flood risk management in relation to post-event compensation with limited
planning or pre-implementation consultation or participation. The novelty of this
engagement is, in part, a barrier to its success and for the Serbian authorities to
discharge responsibilities for ensuring procedural justice. Local communities, enti-
ties, or stakeholders were not sufficiently aware of the possibilities of influencing the
planning and implementation of flood defences [41]. Additionally, NbS are new
measures to be applied in the Kolubara river basins and as such, experience of these
measures by both the public and professionals is limited. Therefore, the public are
even less likely to appreciate any benefits or challenges caused by their use. It may
be concluded that there is no culture of public participation in water management,
which is reflected in a low awareness of citizens and limited expectation to be
consulted, as well as limited experience of local governments (and a lack of qualified
staff) with engaging public participation and experience with processing the
findings.

Although efforts to ensure procedural justice within this case studied have been
met with limited success, as public participation becomes more common and a
mainstream for flood risk management, the public may become more and more
interested and emancipated in water projects. Internet technology is increasingly
influencing the population to be informed in time and react to plans and events that
are made in their environment. A good example are the volunteers that protested
against the construction of mini-hydropower plants on small rivers [42, 43], and their
voice has been adopted. The government recognises the importance of public
participation and is taking steps to improve this process, including organisation of
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events in the water sector. One such meeting where stakeholders had the opportunity
to express their opinions, views, and concerns was held in the National Assembly on
the topic of ‘Public listening – State of water in Serbia’ [44]. However, there is still a
lack of experience in the joint work of state bodies and the public in general public
interest and engagement, requiring skills and capacities to be improved before public
participation in Serbia is able to deliver effective procedural justice.

Case 3 Legal Injustices Faced by Private LandownersWhen Implementing NbS
in the Czech Republic
The last three decades have been marked by severe riverine and flash floods in
Czechia [45, 46]. Although the current political discourse has turned to alarming
droughts, the very recent flash floods in eastern and northern Czechia in June 2020
[47] reminded us that floods and droughts must be considered a hydrological
continuum, and that these extreme events should be managed by improving the
overall water retention capacity of the Czech landscape. Among the measures
favoured by the research community and promoted by governmental authorities
and NGOs are NbS in the form of natural water retention measures, which consist of
small pools and other water bodies dispersed in upper catchments. Despite uncer-
tainties about the upscale effects of these measures on flood wave attenuation [48],
they are generally believed to positively affect water recharge and mitigate extremes
by increased water retention, alongside other functions, such as biodiversity conser-
vation. For this reason, the establishment and restoration of pools and other small
water bodies in Czechia is supported by environmental strategies and financed by
EU funding and state budgets under the umbrella programme ‘Establishment and
Restoration of Pools, Wetlands and Peatbogs’ [49].

Yet, the recent experience gathered by multiple case studies in the Czech coun-
tryside reveal key institutionally embedded barriers in planning and decision-making
which can add to the ongoing debate in flood risk governance. The studies were
conducted by researchers from J. E. Purkyně university in the last 5 years and were
based on semi-structured interviews with various actors initiating establishment of
pools, on in situ observations, and on analysis of recent policy documents and
legislation. The revealed barriers record unequal distribution of implementation
burdens among stakeholders and identify the institutional conflicts resulting from
mismatched procedural arrangements and value incommensurability. In this respect,
these barriers serve as narratives of injustice related to legally anchored imbalance of
capability to co-produce and co-decide about the NbS. The issues of unequal
distribution of implementation burdens will be shown referring to the availability
of land (privately or state-owned), funding (from EU, municipality or private), and
the intentions/benefits (common environmental goods or individual benefits). The
injustices emerge at or between these three issues.

The first study reports the effort of a private farmer (see also [50]), who decided to
establish a number of pools and wetlands on his private pastures and meadows (land)
in a legally protected landscape area and using his own financial resources ( funding)
in order to improve water recharge and landscape water retention capacity (inten-
tion). In respect of procedural justice, the scheme has resulted in a rather limited
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community participation as it was initiated and supervised by the farmer. Although
the measures could have potential broader environmental effects outside of his land,
it was the farmer who decided who to invite to participate and how to address the
results of eventual negotiations. This indicates that bottom-up initiatives are not
necessarily more inclusive as they may either leave out locals or limit their partic-
ipation. While this approach allowed the farmer to effectively avoid complicated
funding procedures while still contributing to overall environmental quality of the
land, he was also burdened with additional procedural costs to designate adminis-
tratively the pools and wetlands as ecologically significant elements. Without under-
taking this, these areas would have been excluded (as payment is allocated per area
of cultivated land and only designated ecologically significant features) and he
would have received proportionally lower funding based on the Single Area Pay-
ment Scheme of the Common Agricultural Policy. Taking into account Wilkinson’s
[51] note that a larger volume of diffused water bodies must be established should
they have profound effect on water retention and attenuation of peak discharges, the
case study indicates that such costs and burdens may disincentivise minor land-
owners with lower financial resources and social capital acting as initiators of NbS.

The second study documents a collaborative effort of a governmental environ-
mental agency � National park Czech Switzerland (intention) with private land-
owners (land) to establish pools and wetlands upstream. Here, the efforts recognised
a variety of stakeholders. The intention was primarily motivated by conservation
efforts and was realised when an agreement to apply for funding was reached with a
landowner (in other cases the intention failed due to landowner’s request for costly
buy-outs of the land). The major reported barrier concerns procedural arrangements
infringing upon the landowner, who is obliged to provide all documentation for
funding. Depending on a type and size of the water body, this documentation may
include confirmations issued by Building Authorities, Water Catchment Authorities,
Forest Agencies, and other subjects. If applying for funding, the landowner is
obliged to follow the procedure regarding the design of the pools (e.g. [52]),
which itself refers to more than 10 legal acts or legally binding standards. Also,
after completion, the landowner is responsible to comply with restricted uses of the
pools that may affect the distribution of economic, social as well as aesthetic values
of their own land (the pools cannot be used as biotope swimming pools, or as water
source for cattle, for example). Such restrictions are considered by some landowners
as disproportionate burdens compared to their willingness to implement NbS for
sake of common environmental good. For these administrative burdens, some of the
intended projects that originally found a common support from environmental
agencies and private landowners failed to be completed.

The last case study traces an emerging plan of a private landowner, acting also in
charge as a municipal representative, to restore and establish pools on his own land
(land). His motivation is rather complex � to increase landscape diversity, water
retention capacity, and also provide a sustainable water resource for gamekeeping
(intention/benefit). According to in situ observations, the proposed measures will
improve the environmental status of the land if realised. While funding is not a key
issue (may either be private or public), the case indicates a disproportionate
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capability of locals to conduct such plans depending on their social capacity and
power. The results of this particular project cannot be anticipated, but generally the
formal status seems to favour this initiator over the other locals in terms of
co-decisions about location of pools and therefore their environmental effects on a
particular piece of land (thus also the distribution of benefits from such NbS). In
addition, the initiator who is in a formal position could be in advantage to distribute
the time, and eventually financial costs, for related administrative procedures
between his own private resources and the municipal budget. This implies that
NbS are more feasible for elites endowed with formal power. Despite overall
environmental benefits of the proposed measures, such situations may imply conflict
of interests.

Summing up the presented cases, they indicate that reaching the public goods
provided by NbS requires accordance among sound intentions, available land, and
funding. The eventual discrepancies among these issues may induce a lack of
governmental support for grassroots efforts or raise procedural barriers among the
public sector organisations and authorities. These barriers are legally anchored and
seem to result from complex, yet fragmented environmental and planning policy and
legislation (cf. [53]) causing disproportionate administrative costs to initiators of the
NbS and to landowners.

Conversely, increasing agreement among the inputs, which may facilitate estab-
lishment of pools, may have other potential adverse impacts. First, they may cause
recognition and procedural injustices by leaving out some of those, who might have
benefited from participation on establishment or restoration of pools. Second, the
facilitating effect of accordance among the inputs advantages those who have
sufficient financial resources, have social capital (ties with experts and officers,
formal positions, etc.), and intend to perform the NbS on their own land (primarily
for their environmental benefit).

2.3 Distributive Justice

Distributive justice describes the allocation of burdens and benefits [15] of particular
NbS projects. The main benefits of NbS are, ideally, reduced flood risk, but also an
increase in recreational space with the associated amenity values [35], as well as
increased habitat and biodiversity (ibid). Carnelli [54] argues that NbS projects can
have substantial social and cultural benefits as well and, when the community is
actively involved, they can become owners of the NbS project and foster synergies
between various interests (e.g. flood management and biodiversity conservation)
[35]. Additionally, NbS projects can have economic benefits. Short et al. [35] stress
that by using local materials and local companies to implement NbS, the economic
benefits feed back into the local community and the environmental impacts are
reduced. This approach, according to Short et al., also strengthens the local knowl-
edge capacity to work on NbS in the future.
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However, NbS projects can also cause substantial burdens, such as: relocation of
houses and displacement of inhabitants, which can have negative consequences on
people’s identity and social networks, loss of land (reserved for retention) or reduced
property and land value, loss of access to livelihoods (e.g. reduced crop yields, other
natural resources), or increasing flood risk for certain groups (e.g. farmers whose
land is used for retention). Next to the burdens/benefits related to the outcome of an
NbS project, there could also be burdens related to the process of its implementation
(e.g. temporal disruption and air pollution for citizens caused by lorries that transport
material), these burdens are often overlooked. The distributional effects can take
place on different levels: between rural and urban areas, between upstream and
downstream, within rural areas, etc. Case 4 focuses particularly on the negative
impacts of NbS on individual coastal livelihoods for the protection of the hinterland.
It illustrates how mussel farmers might be financially burdened by a sand nourish-
ment project, which might negatively impact their mussel grounds. It also empha-
sises the difficulties to arrange compensation for the negative consequences of NbS
as the causality of effect and damage might be difficult to prove.

The distribution of burdens and benefits is influenced by the underlying domi-
nating rationale. In the political philosophy literature, a number of ideal typical
rationales can be distinguished:

– Elitist/libertarian justice focuses on the principle of ‘maximum liberty’. It is based
on the idea that people are entitled to what they have achieved individually due to
their merit or rank and that the government should not intervene [55, 56]. It often
is associated with the beneficiary pay’s principle (ibid.). The principle can be
applied on an individual level, but also on the collective level within the imple-
mentation of NbS (see Case 5 as an example). It can be exemplified by a
downstream community (who would benefit from the risk reduction) paying, or
at least contributing towards, the costs of implementation of NbS in the upstream
environment.

– Utilitarian justice is based on the principle of ‘maximising utility’, that is,
redistributing collective resources to achieve the maximum societal benefits
[56, 57]. The focus here is on preventing the most damages; therefore, NbS
should be implemented on the basis of pure benefit–cost analysis, with lower
value land being used to protect higher value land/assets. An example might be
poor quality agricultural land being used for flood storage to reduce damages to
an adjacent heavily populated urban area.

– Rawlsian ‘maximin rule’ states that: resources should be distributed so that they
favour the most vulnerable, i.e. this principle focuses on absolute vulnerabilities
and neglects that people can be vulnerable to different degrees [56, 58]. NbS
implementation should be used to reduce the risk to the most vulnerable (although
there would be the need to clarify who the most vulnerable are). This could focus
on those areas with the lowest income or social capital (i.e. those less able to help
themselves).

– The egalitarian principle builds on the notion of equal opportunity for every
citizen in terms of distributional outcomes. It implies a public responsibility to
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provide a certain level of safety or well-being [56, 59]. NbS should be used to
even out flood risk and to ensure that where possible all have a flood risk below a
certain level.

Case 5 is an example of a beneficiary-pays approach. It focuses on the upstream
burdens caused by NbS in form of land reserved for flooding and how this is
compensated by the downstream community. It describes how an innovate corpo-
rative was set up to organise that the downstream beneficiaries are compensating the
farmers carrying the burdens upstream.

Case 4 Distributional Trade-Offs Between Public-Collective
and Private-Economic Interests When Implementing NbS in the Netherlands
The Roggenplaat sand nourishment project is NbS implemented in the western part
of the Netherlands. It reflects the distributional trade-offs between public-collective
and private-economic interests in the context of NbS.

The Roggenplaat is a sandbank of high ecological value (e.g. stop over for
migratory birds, and resting spot for seals) in the Oosterschelde. The island contrib-
utes to the safety of the coast as it breaks the waves and reduces the impact on nearby
dikes [60, 61]. Sand nourishment (a total of 1.3 million m3) was applied on seven
different parts on the 1,460 ha big island [62]. The sand nourishment project has
been mainly financed by European and national taxes [62], but it was co-funded by
crowdfunding (300 donors raising 13,500 euro), which highlights the public support
for the project [63]. Nevertheless, despite the wide support, the project is not
endorsed by the 89 mussel growers in the Oosterschelde, represented by the PO
Mosselcultuur (in Dutch: Producentenorganisatie van de Nederlandse
Mosselcultuur), due to potential negative impacts on their economic activities. The
companies are renting plots from the government and use those to grow mussels for
consumption. Together with import and processing facilities, the average annual
turnover is 200–250 million euros, making it an important economic sector for the
province of Zeeland. Moreover, next to the financial importance of the sector, it has
cultural significance as a ‘characteristic’ sector for Zeeland, contributing to a positive
image [63].

The sand nourishment project could potentially negatively affect the quality of
the mussel growing plots in two ways. First, the nourishment could lead to the
relocation of the sand on the plots. If sand coverage on the plots is too high, the
mussels would suffocate and die. This could be disastrous for plot owners due to the
impact on annual turnover [63]. Second, the current coming from the Roggenplaat
brings important nutrients for the mussels on the plots, enhancing their quality. The
nourishment of the Roggenplaat could lead to a change in currents and therefore
negatively affect the growth of the mussels. This would result in a reduced mussel
volume, quality, and value [63, 64].

This situation is normally covered by a compensation regulation (in Dutch:
nadeelcompensatie), i.e. citizens and companies who encounter temporary or per-
manent disadvantages from state-implemented measures have the right for reim-
bursement of damage (e.g. loss in turnover) [61]. This compensation regulation
would also be applicable for the NbS project. However, the mussel growers argued
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that this compensation arrangement was not appropriate to compensate for losses. In
a regular situation, the causality between the state-implemented measures and the
negative effects needs to be visible in order to determine if the measure taken is
really the cause of the negative effect. In the case of the Roggenplaat, this causal link
can be difficult to prove due to the dynamic character of the natural system, that is,
the link between the economic damage and the sand nourishment. They were
concerned that the organisation implementing the project would contest any com-
pensation and argue that the damage or the reduced mussel yield could also be
caused by other issues. Hence, the mussel growers called for a new, customised
arrangement that would ensure their compensation. They filed an objection for the
issuing of these permits, not with the intention of preventing the project, but to
ensure that they would be adequately compensated. They argued that the initiator of
the project is also morally responsible for any negative consequences and should
financially compensate them, considering that many mussel farmers are small family
businesses and that economic loss could be disastrous for these families and their
livelihood. Despite these concerns, however, the Ministry of Infrastructure and
Water Management and the Province of Zeeland rejected their objections. The
mussel sector did unsuccessfully appeal against this at the Council of State, the
highest court in the Netherlands. The Council of State argued that the chances of
damage were very small and that if damage should occur the current regulations
would offer enough room to implement measures or ask for compensation [62, 63,
65].

Finally, a part solution was found and the Ministry agreed to provide exchange
plots, so that in case the current plots are damaged by implementing the sand
nourishment project, the mussels can be relocated. However, the mussel growers
never saw this as a real possibility as the quality of these exchange plots is not as
good as the nutrient-rich current plots. Hence, the usefulness of these plots remains
uncertain: Can the potentially negative impact be identified in time to move the
mussels?, How to prove the negative impact stems from the sand nourishment
project?, Is the quality of the new plots really appropriate?, Are sufficient plots
available for all mussel farmers? [63]. This case highlights that the increased
uncertainty related to NbS projects, which stems from the dynamic and
unpredictable effects of NbS measures, can cause new challenges for compensation
arrangements. The case illustrates the distributional trade-offs: collective interests
are put above individual economic livelihoods as well as illustrative of legal
processes that procedural justice in the Netherlands allows. Particularly the temporal
scale is interesting as the effects might only be visible in the future, also raising the
issue of inter-generational equity.

Case 5 The ‘Beneficiary-pays’ Approach for Upstream–Downstream Flood
Protection in Austria
Given its location along the Alpine ridge and the topographic confinements for
settlement and infrastructure development, Austria is highly prone and exposed to a
range of gravitational and hydro-meteorological hazards. Flooding constitutes by far
the most frequent and damaging type of hazards, ranging from small scale fluvial and
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pluvial flood events connected mainly to extensive local precipitation to large-scale
events along the country’s major rivers, first and foremost at river Danube. The
necessity to mitigate flood damage and provide flood-protected areas for land
development led to the emergence of a complex flood risk management system.
Relying traditionally on grey infrastructure [66], over the years and in response to a
sequence of disastrous flood events in the late 1990s and early 2000s, protection
schemes have become more versatile, integrating spatial planning and NbS in a more
anticipatory flood risk management [67]. Today, flood risk management in Austria is
characterised by the aim to prevent flood damage (rather than responding to disas-
ters) and, where possible, a stronger emphasis on controlled flood storage on open
land to complement linear flood defence measures.

Accordingly, the combination of structural and non-structural risk reduction
measures based on established evaluation methods (a utilitarian-based cost–benefit
analysis) has been a recent focus of state-led flood prevention. The costs of flood
prevention/protection measures (initial investments and maintenance costs) are
typically split among the different levels of government, with the possibility to
also involve local beneficiaries. This distribution is regulated in a separate federal
legal Act [68], which allows project-specific amendments and adaptations in financ-
ing actual schemes. Normally, costs are shared among the federal government, the
provinces, and the municipalities, while in some cases private beneficiaries, includ-
ing infrastructure operators (e.g. rail, road), can also be committed to contribute to
the funding. Further, the Federal Water Act [69] importantly provides the possibility
to organise private contributions (i.e. from the land and property owners) to finance
flood protection via water cooperatives. Depending on the specific project design
and the statutes of the cooperative, its members can be committed to cover a share of
the investment and the maintenance costs of the flood protection scheme. Once such
a cooperative is established, it is possible to declare mandatory membership for
beneficiaries, but voluntary membership normally prevails.

Although the possibility to establish water cooperatives exists in the Water Act
since the 1950s, it only quite recently has been applied for the purpose of flood risk
management, specifically to balance upstream/downstream interests between the
providers and the beneficiaries of flood protection measures [70–72]. One prominent
case where a flood protection scheme has been realised via a cooperative, using
elements of the ‘beneficiary-pays’ principle is in the municipality of Altemarkt im
Pongau in the Austrian state of Salzburg. The alpine municipality – a popular
(winter) tourism destination with approx. 4,500 inhabitants located in the upper
reach of the river Enns – was repeatedly affected by smaller flood events but has
been spared from some of the major floods which affected other parts of the country
during the past decades. However, a comprehensive flood assessment revealed an
extensive flood exposure even to more frequent events (1-in-30 years), which
implied prohibiting development for large parts of the central village located in the
valley basin.

With the need to instal flood protection measures, a discussion and planning
process started leading to negotiations on project implementation and financing.
Based on the results of flood hazard analysis, local action started with awareness-
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raising measures and a town meeting, recognising the need to include public
participation as part of procedural justice efforts. The outcome was an agreement
to develop a flood risk reduction project to protect the municipality’s settlement area
(including more than 1,200 residents and a total of 350 buildings) against a 100-year
design flood. In addition to linear measures (levee, river widening) the project
features a large retention basin in an agricultural grassland area to store flood
water upstream and reduce damage in the downstream settlement area. Given its
past experiences with funding flood protection measures along a smaller tributary of
the Enns river, the municipality decided to cover only part of the costs for the flood
protection scheme along the river Enns transferring the remaining share of the costs
to the beneficiaries of the flood protection measures.

In terms of risk communication, the municipality physically pegged and marked
the inundation lines of the 30-/100-year flood and continuously informed the public
on the progress in planning a comprehensive protection scheme. The actual technical
planning was conducted by the responsible state authority and local communication
carried out together with representatives of the municipality (esp. mayor, municipal
council, head of office) [73]. With regarding to realising the flood protection scheme,
the first challenge was to acquire the land needed for a river widening and a
controlled retention basin. The negotiation with the agricultural landowners in the
planned retention basin turned out to be very difficult as they had to accept controlled
and potentially more damaging flooding on their land (higher flood depths, longer
duration of flood storage). Some of the affected farmers were, therefore, initially
unwilling to provide any land for flood protection. Their resistance was overcome
after long negotiations with a generous offer that guarantees farmers annual pay-
ments for the next 100 years (irrespective of any flooding) in addition to flood
damage compensation in an actual event. Additionally, a farm had to be relocated
and the buildings and land compensated [74]. Overall, these negotiations increased
the project costs significantly. The second challenge was the implementation of the
‘beneficiary-pays’ principle by establishing a water cooperative with more than
1.200 members in 2018. The individual contributions of local beneficiaries were
calculated according to the existing real estate value and exposure [73]. Furthermore,
the initial investments and maintenance costs for the implemented measures are also
covered by the annual contributions.

Establishing the cooperative with beneficiary contributions was a time-
consuming act and was not based on necessity, but rather the local political convic-
tion that beneficiaries should contribute to the risk reduction they experience from
the planned measures. Due to the large number of beneficiaries, it took more than
2 years to formally establish the cooperative. While the majority of beneficiaries
voluntarily joined the cooperative, several designated members of the cooperative
resisted the payments and formed a citizen initiative with the aim to reduce the
contributions of beneficiaries. Given the provisions of the Federal Water Act and the
overwhelming support for the cooperative, the opposing beneficiaries were legally
obligated to join and contribute their share to the flood protection scheme.

The case study presents an interesting flood risk governance approach that seeks
to actively involve the beneficiaries of a protection scheme also relying on NbS to
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achieve distributive justice. Nevertheless, the cooperative only includes
homeowners located within the calculated 100-years flood sparing future developers
and investors in the former flood area from contributing (which may lead to future
distributional injustices) and also excluding other benefits (recreational value, etc.).
Additionally, the integration in the scheme was exclusively based on the calculated
risk reduction. Overall, a distributive effect among upstream and downstream
landowners was achieved based on a long and exhausting participation process
that, in the end, only accounts for a small share of the initial project costs. Never-
theless, a feeling of shared ownership and responsibility was established among the
affected inhabitants.

3 Concluding Remarks

The reflections and cases presented in this chapter illustrate that even though NbS are
often framed as apolitical, do-no-harm ‘solutions’, justice issues play a role in all
stages of NbS from planning over financing to implementation. NbS are not signif-
icantly different from other climate adaptation or flood risk management strategies in
terms of justice [75–78], but similar justice issues arise and need to be considered.
Hence, the cases presented reinforce the need for paying increased attention to issues
of justice in the context of NbS to ensure fairness in processes and outcomes. NbS
have the potential to benefit, as well as disadvantage, stakeholders at various levels
and temporal and geographical scales.

Table 1 summarises the different issues of justice (distributive, procedural, and
recognition justice) specifically relevant for NbS that were identified in the cases.
Whereas Case 1 focused much more on recognition justice, Cases 2 and 3 zoom
more in on procedural justice issues and Cases 4 and 5, in turn, concentrate on issues
of distributive justice. Of course, to some degree all justice dimensions come back in
all of the three cases.

The various dimensions of distributive justice are not mutually exclusive, but can
overlap, meaning multiple types of distributive injustice need considering for each
NbS measure implemented. Two issues of distributive justice seem particularly
relevant in the context of NbS. First, the impact of NbS implemented in rural (and
maybe also in certain urban) locations needs to be considered at a much broader
spatial scale as they may lead to translocal distribution of burdens and benefits. All
stakeholders that have an interest or who might be (directly or indirectly) affected
should ideally be included in the decision-making process. Second, the dynamic and
(partly) unpredictable nature of NbS (i.e. including unforeseen impacts or ineffec-
tiveness) demands the longer-term consideration (and monitoring) of distributive
outcomes as burdens and benefits might only emerge some years after implementa-
tion. Additionally, many NbS are novel and therefore untested over both the longer
term and in different biophysical and social contexts; hence, the breadth of evidence
of the impacts and efficacy is lacking. This reinforces the need for monitoring not
only their effectiveness but also the distributive outcomes over the longer term.
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Table 1 Overview of environmental justice issues in the context of NbS

Type Example(s)

Recognition justice

Recognition • Excluding certain groups in public partici-
pation (e.g. less highly educated, Case 2) or the
economic concerns of certain groups (mussel
growers, Case 4)
• Romanticising and preference of nature-
based practices or lifestyles in contrast to
more-invasive (but potentially widely spread)
practices (Case 1)

Procedural (in)justice

Information • NbS dynamics and impacts often uncertain
and difficult to provide reliable information
(e.g. the causality between NbS and impact is
more difficult to demonstrate) (Case 4)
• The (positive and negative) impacts may be
less tangible and therefore difficult to articulate
(Case 1)

Participation • Offers possibilities for co-creation and
co-financing due to synergies of NbS projects
(eco-tourism) (Case 1; Case 5)
• Danger of elite capture due to complexity
of NbS projects (Case 2)
• Potential exclusion of people that cannot
financially participate in beneficiary-pays
approaches (Case 5)
• Bottom-up initiatives of private landowners
can exclude other potentially affected stake-
holders (Case 3)
• Newness of measure and complex dynam-
ics of some NbS hampers recruitment of the
public (Case 2)

Access to legal processes • More difficult to prove causality (e.g. link
between NbS and negative impact) in the con-
text of some NbS, which may limit opportuni-
ties for accessing justice by legal processes
(Case 4)
• Courts may give preference to collective
interests above individual interests
(e.g. economic interests (Case 1, Case 4)) and
land-use rights (Case 5)
• Existing regulations might
disproportionally burden landowners who
want to implement NbS on their land (Case 3)

Distributive (in)justices

Spatial geographical (in)justice, i.e. the benefits
and burdens vary spatially

• Rural-urban differences (Case 2)
• Coast and hinterland (Case 4)
• Upstream–downstream (Case 5)

Social (in)justices, i.e. the benefits and burdens
vary socially and economically

• Some groups favoured/marginalised over
others [e.g. gender, Case 1; level of education,

(continued)
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In the context of procedural justice, four issues seem particularly relevant for
NbS. First, it may be more difficult to prove the causality between a negative impact
and the implementation or ineffectiveness of NbS in comparison to grey infrastruc-
ture (see Case 4). Therefore, opportunities for accessing justice by legal processes
may be limited in some cases. Second, NbS seem to have the possibility to provide
synergies with other interests (e.g. tourism, recreation, or biodiversity), maybe more
so than traditional technical flood defence infrastructure. Hence, there are –

theoretically – more opportunities for co-creation or co-financing. But these need
to be actively sought out and the pitfalls of public participation, e.g. elite capture,
avoided. Additionally, these indirect benefits need to be fully included in cost–
benefit analyses. Third, the communication of reliable information to stakeholders
can be hampered by uncertainty of the effectiveness and intangibility often associ-
ated to NbS. Fourth, landowners may choose to implement NbS on their private land
using private resources, but these bottom-up initiatives might still have positive or
negative consequences for other stakeholders. Representative engagement of all

Table 1 (continued)

Type Example(s)

Case 2; economic livelihoods (e.g. fishers,
Case 1; mussel farmers, Case 4; or farmers,
Case 5); access to (administrative) power or
influence, Case 3]

(Private) individual vs. collective (in)justices,
i.e. distribution of burdens between those
benefiting from measures and those burdened

Collective above individual
• Compulsory purchase of private land for
good of the community (farmers Case 5)
• Potential negative consequences of NbS on
certain individual’s livelihoods (fishers, Case
1; mussel farmers, Case 4)
• Potential negative consequences of NbS on
private land for the collective (Case 3)
• National taxpayers funding NBS with only
a few benefitting (Case 4 – despite some
crowdfunding)

Temporal (in)justices, i.e. distribution of bur-
dens and benefits varies in time

• Future generations benefitting from eco-
system services once nature-based solution
established (long-term) (Case 1) or having to
carry the burden of negative effects (Case 4)
• Future generations: lost opportunities
because land is used for NbS and not available
for farming
• Degree of potential disruption to activities –
temporarily during implementation or perma-
nent or temporary impacts of NbS
(e.g. temporary flooding of land or permanent
land acquisition) – linked to this is whether
‘compensation’ is applied proactively or retro-
spectively (Case 4)
• Uncertain long-term effects of NbS
(Case 4)
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stakeholders may be lacking, which suggests that often-praised bottom-up initiatives
are not necessarily inclusive. This is of course particularly relevant, if the measures
on private land are financed wholly or partly by public money. Here, the individual
could potentially place burdens on the collective, whereas other examples show that
the individual has to carry the burden for the collective (e.g. mussel farmer case –

Case 4, or farmers in Austria/Czech Republic – Cases 3 and 5). Hence, the relation
between collective and individual is not straightforward in the context of NbS.

With regard to recognition justice, NbS also seem to face similar problems to
other flood risk management approaches. However, what might be particularly
relevant for NbS could be a potential tendency to romanticise nature-based practices
and livelihoods. As such, these may neglect the socio-economic contexts that
potentially force (the majority of) people to adapt more-invasive practices (e.g. in
the context of fishing) and their worsening their socio-economic position even more.

The cases show that some injustices are recognised, for example, the position of
women in the Vietnam case or the burdens carried by upstream communities in the
Austrian case; however, there are certainly injustices that remain hidden as they are
not yet discussed either in the literature or in practice. That emphasises the need of
actors responsible for the planning and implementation of NbS to be sensitive to
issues of justice and to map the various (potential) injustices emerging in their NbS
project in a participatory way. Even though injustices cannot always be completely
avoided, being aware of them and open to them, helps to identify potential solutions
or mitigations (e.g. beneficiary-pays compensation in the Austrian case or gender-
targeted participation as shown by the Vietnam case) to alleviate existing injustices.
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Abstract Nature-based solutions (NBS) can be used as alternatives to technical
measures for mitigating the landscape impact of increasingly frequent and severe
floods. This chapter aims to fill the existing knowledge gap regarding public
preferences and awareness of the implementation of NBS and types of cultivated
crops (TCC) that may be used to mitigate pluvial floods by exploring preferences of
the residents in the Oleška river basin in Czechia. An image-assisted questionnaire
survey and a discrete choice experiment were used, with focus also on residents’
willingness to pay. Data were collected through face-to-face surveys (n ¼ 256) with
residents of the Oleška river basin.

Among the 9 examined NBS (linear and point) and 3 TCC, afforestation and
grassing along the stream were best perceived by residents from the purely aesthet-
ical point of view and, together with dry polders, they were considered the most
relevant solution for flood mitigation. Based on the discrete choice experiment,
linear and point NBS are preferred over TCC measures. However, implementation
of any studied NBS was perceived better than a situation without any NBS. Local
residents’ preferences should be reflected as one of the criteria in planning and
selecting the available efficient measures that may be implemented in response to
climate change.

Graphical Abstract

Keywords Aesthetic preferences, Choice experiment, Floods, Nature-based
solutions, Public perception, Willingness to pay
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1 Introduction

With respect to the projected increasing impact of climate change, especially rising
frequency and severity of floods [1, 2], it is reasonable to expect that various
measures including nature-based solutions (NBS) and change of type of cultivated
crops (TCC) on agricultural land will play an important role in flood protection in the
future. NBS are increasingly recognized in river basins as a viable alternative to
technical flood management solutions or as their complements on agricultural land
[3–5].

To ensure that NBS will be well-perceived by different stakeholders, their
preferences need to be integrated into NBS planning and implementation. Although
previous research has found that public support plays a crucial role in flood man-
agement planning, there are still many unknowns regarding the public preferences
towards NBS [4–7]. Consequently, the implementation of NBS is often dependent
on decision makers and less on consultation with other affected stakeholders [8].

The importance of public preferences is thus often overlooked and not fully
reflected in flood management planning. Understanding people’s perceptions of
various NBS could be a crucial baseline for decision makers to identify the best
possible flood mitigation plan. Ensuring inclusion of public preferences makes these
flood mitigation processes more acceptable to public and hence better supported
[1, 3, 7]. Moreover, evaluation of effectiveness of flood risk management strategies
is strongly influenced by public perceptions and attitudes [5, 9].

However, flood risk protection and level of provision of additional ecosystem
services differ among various NBS. Due to the need for adaptation to climate
change, the emphasis is usually on regulatory and provisioning ecosystem services
such as flood risk mitigation, water retention, erosion protection, water purification,
and soil fertility rather than on cultural ecosystem services [10]. The importance of
aesthetic value as a part of cultural ecosystem services of NBS is consistently
deemed less important on agricultural land and not often fully reflected in flood
mitigation planning, even though unfavourable aesthetics can be considered the
most commonly voiced complaint about NBS projects [4]. In addition, flood miti-
gation planning seems often to be driven by factors such as project costs, pressing
need for action, technical capacity, previous experience, or availability of funds
[3, 4]. What may be a clear objective for decision makers may not necessarily be
perceived as aesthetically positive, and therefore might be less accepted by the
public [11]. Aesthetically pleasing solutions will ensure public support, which is
important for implementation of consistent and sustainable flood protection [12, 13].

Based on literature review, there also seems to be a gap in empirical studies that
investigate public preferences across more than just a few alternatives of NBS
[14, 15]. The main focus of the existing studies is either on general functions of
NBS and benefits provided [16–18], or the studies do not examine in detail which of
the commonly considered NBS are best perceived by people [4].

Therefore, the aim of this chapter is to analyse public preferences regarding
various NBS measures commonly considered in Czechia for flood mitigation.
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Besides, implementation of these measures is technically possible in the studied river
basin. Additional focus was on what agricultural landscape functions are perceived
as the most important. For easier implementation and public acceptance of flood-
related NBS, it is important to know whether people associate floods with agricul-
tural functions. If not, it shows a higher need to communicate their more frequent use
to the public.

2 Study Area

The Oleška river is a left-side tributary of the Jizera river in the northern part of
Czechia (Fig. 1). The length of the river is 36.4 km. The river basin, which is
oriented in the SE-NW direction, has 221.5 km of streams and covers about 171 km2

with an elevation ranging from 541 to 315 m above sea level. It is the most important
tributary of the Jizera. This area was chosen as a case study within the Czech-
German cross-border project STRIMA II: Saxon-Czech Flood Risk Management II,
and was selected as an appropriate basin to show a multidisciplinary approach to
identifying, analysing, and selecting suitable flood mitigation solutions that are, at
the same time, technically feasible and effective, and correspond to local residents’
preferences. This chapter presents the project results related to the residents’
preferences.

Fig. 1 Location of the Oleška river basin study area in Czechia
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Based on Liberecký Kraj [19], the Oleška flows through the upland area of the
Krkonoše foothills with rural development and discontinuous forestation, especially
on the steeper slopes above the river. The area belongs to the Liberec region on the
border of the Semily and Jičín districts around the towns of Lomnice nad Popelkou
and Nová Paka. It features watercourses up to the fourth order, so the river network
can be considered developed. This is also confirmed by the great dynamics and rapid
course of erosion processes in the whole catchment, which has an impact on
sediment transport to the river network. In total, there are 136 water reservoirs in
the area.

Significant tributaries of the Oleška itself are the Tampelačka, which drains
approximately 28.2 km2 of the sub-basin, and the Popelka, which drains 27.7 km2

of the sub-basin as a left-hand tributary. The slope curve of Oleška and its main
tributaries can be considered balanced, without major fractures and gradients [20].

Regarding land use, the Oleška river is surrounded mostly by agricultural land
and partly by urban areas, including the towns of Nová Paka, Semily, Lomnice nad
Popelkou, Stará Paka, comprising 9094, 8367, 5541, and 2081 residents, respec-
tively, and several small villages with up to 1,000 residents. There are in total
16 municipalities located directly in the hydrological basin with a total of 26 thou-
sand residents. In the wider interest area, there are another 11 municipalities with
additional 17 thousand residents [21] which are not located in the hydrology river
basin but are in a close proximity and the residents often visit or own the land in the
river basin. The study area is characterized by a relatively low population density
(4.1 residents/ha in the river basin and 4.5 residents/ha for areas of interest, also
including Semily and other border municipalities). The population is very unevenly
distributed and concentrated especially along rivers. The age structure of the popu-
lation corresponds to the age structure for Czechia as a whole [21]. The demographic
ageing is present mostly in villages and not as significantly in larger towns [21].

In terms of land use, based on Czech Technical University in Prague [22], the
catchment comprises mainly five categories: forest and scrubs (34%), permanent
grassland (29%), arable land (almost 26%), built-up land (5%), and gardens (5%)
(Figs. 2 and 3).

The shape of the river is mostly natural in the upper reaches, whereas the lower
reaches were partly regulated in the last century, including regulation and straight-
ening in the urban areas [19, 20]. Based on Liberecký Kraj [23], historically the
biggest fluvial flooding events recorded in the Oleška river basin were in the 1940s.
As one of the major tributaries of the Jizera river, the Oleška contributes to the fluvial
floods in the lower reaches of this river. Water from the snow that melts in the
Krkonoše mountains can raise the water level in spring, but summer storms are also
an important source of floods [23]. A rise in the water level can cause damage to
residential homes and infrastructures. In the last two decades, this occurred in 2000,
2013, and 2017 [24]. In terms of fluvial floods, structures in the immediate vicinity
of the stream in places with a low unregulated bank are endangered by floods,
especially in the municipalities of Stará Paka, Libštát, Košťálov, and Slaná
[19, 25]. According to the flood protection plan of the town of Semily [26], the
whole Oleška valley is flooded one to three times a year, including flooding of
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houses in Košťálov. The reason is insufficient riverbed capacity. Based on the
document that characterizes floods in the area [27], the most common flood damage
in the Oleška river basin is caused by pluvial floods, driven by shorter periods with
heavy rainfall that cause flash floods and soil erosion. Therefore, soil loss and
sediment transport to the river represent a major issue [22, 28].

Current flood protection is mainly associated with the current water reservoirs,
strengthening of the banks in the municipalities located along the river, and land
consolidation. According to field research, agricultural measures arising from zoning
plans of flood-affected municipalities include numerous measures which should
complement the existing ones (e.g. grassing along the stream, grassing of fields
with higher slope, and contour tillage implemented on part of the land) in the form of
a flood protection system for the whole Oleška river basin [29]. This system of
measures covers not only landscape revitalization, but also design of new water
retention measures (polders) and increasing of capacity of culverts and bridges. As
stated in the zoning plans [28, 29], the current agriculture and forest management
affects flood hazard. A range of measures and agricultural technologies are men-
tioned in the plans as suitable for implementation. The following measures are
specifically mentioned in relation to soil erosion and flood protection: grassing,
contour tillage, composition and types of cultivated crops, tree species composition,
swales, and grassing along the streams [28, 29]. Due to the hilly terrain, attention
should be paid to growing crops on sloping land according to the zoning plans.

Fig. 2 Spatial distribution of land use categories in the Oleška river basin [22]
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Given the current land use (Fig. 2), the implementation of technical measures
located on the stream and measures on agricultural land must be considered. With
regard to pluvial floods and to reducing both flood damage and erosion processes
[22], the emphasis of this chapter is on NBS and TCC on agricultural land.

3 Methodology

Local residents’ preferences regarding NBS and TCC used for flood mitigation were
investigated using anonymized questionnaire-based interviews. Apart from ques-
tions covering information on the respondents’ sociodemographic characteristics,
the following topics were studied: respondents’ opinions on the most important
agricultural functions, evaluation of nature-based flood protection solutions from the
aesthetic point of view using an image-assisted questionnaire survey, analysis of
respondents’ preferences using a choice experiment, and eliciting respondents’
previous experience with floods.

Fig. 3 Land use in the Oleška river basin
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3.1 Most Important Agricultural Landscape Functions

The respondents were shown nine preselected agricultural functions: growing crops;
living space for animals; living space for plants; climate protection; flood protection;
recreational and leisure time; landscape cultivation; contribution to local economy;
and crops for energy use. These functions were described, and the respondents were
asked to select the three functions that are the most important in their opinion.
Evaluation of this part of the questionnaire was based on the percentage of an
agricultural function being selected among the three most important.

3.2 Design of Image-Assisted Questionnaire Survey

Based on literature review, on recommendations included in zoning plans [28, 29],
geographical conditions of the study area and authors’ previous research on flood
protection and agricultural measures [17, 30, 31], 12 types of measures (9 different
NBS and 3 TCC) were selected for further identification of public preferences (see
Table 1). The emphasis was put on NBS that are suitable for implementation in the
studied river basin and are commonly considered and used in Czechia and Central
Europe in general [22].

To support the assessment of public preferences regarding various NBS and TCC,
an image-assisted questionnaire survey [32–34] was developed. At the beginning of
the interview, the different types of measures and their functions were introduced to
randomly selected respondents. Considering a possible bias due to disparities in the
quality of drawn images, illustrated images of NBS and TCC were created in
cooperation with a graphic designer (see Fig. 4). The main focus was on the use of
the same colours, the same backgrounds, and elimination of factors that can bias the
perception.

Trained interviewers then asked the respondents to rate every NBS and TCC from
1 (lowest value) to 10 (highest value) according to how much they would personally
enjoy the solution in landscape from the aesthetic (visually pleasing) point of view.
This part of the survey was therefore focused exclusively on aesthetic perception of
various NBS/TCC. Respondents were then asked to pick three measures from the

Table 1 List of possible measures (NBS and TCC) investigated in this study to mitigate floods

Nature-based solutions (NBS) Types of cultivated crops (TCC)

Grassing Afforestation Grain field

Contour tillage Baulks Maize field

Pools Wetland Strip crop rotation

Swale Dry polders

Grassing along the stream
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same list of measures that they thought are the most important solutions for flood
protection. Simple statistics were used to evaluate this part of the questionnaire. An
average score was computed for each NBS and TCC in the aesthetic part and the
percentage of a flood mitigation measure being selected among the three most
important was used to evaluate the importance.

3.3 Design of Discrete Choice Experiment

To learn more about residents’ preferences regarding NBS and TCC, an image-
assisted discrete choice experiment was additionally used in the interviews. The
method allowed us to discover what type of NBS and TCC residents enjoy in their
neighbourhood and prefer over others. This analytical tool is based on consumer
behaviour theory [35] and random utility theory [36]. That implies that people view
each good not as a whole but as described by several attributes that characterize the
good and these attributes are also the source of utility. The approach allows
consumers to compare different types of NBS and decide which NBS they prefer
over the others.

Therefore, respondents were asked to make choices between two options describ-
ing a hypothetical landscape using the same set of attributes but differing in the
levels of the attributes. In these experiments, respondents express their preference by
choosing such a combination of measures that brings them the highest possible
utility [37], and their choices can be used in econometric models to find out more
about general preferences of the public.

Respondents were first introduced to the design of the choice experiment and
were provided with a thorough description of the selected attributes and their levels.
The selected attributes were (1) TCC (i.e. maize field, grain field, and strip crop
rotation); (2) a point NBS (i.e. none, dry polders, and pool); (3) a linear NBS
(i.e. none, baulk, and grassing along the stream); and (4) an annual financial
contribution (Fig. 5). Based on consultation with project partners from STRIMA
II, the measures were selected from a catalogue of NBS flood protection measures

Fig. 4 Example of illustrated images used in the image-assisted questionnaires: Dry polders (left)
and strip crop rotation (right)
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[31] as appropriate measures for flood mitigation, technically feasible, and
corresponding to local conditions of the Oleška river basin.

Money raised from the financial contributions would be used by a regional
authority to invest in flood-mitigating NBS or TCC. The contribution was explained
to the respondents as a new form of a local tax, similar to other local taxes that are
paid directly to municipalities such as property tax and unlike most of the taxes that
are paid into the national budget. The financial contribution form was chosen
because the money raised should be used at the local level for covering flood
mitigation measures directly in the region. Respondents were instructed to act as if
the payment was required and had a real impact on their personal/family budgets.
The inclusion of the payment vehicle allows us to express respondents’ willingness
to pay (WTP) for moving from one level of a specific attribute to another.

Using an orthogonal design, 18 combinations of various attribute levels were
generated and paired into 9 choice cards such as the one shown in Fig. 6, which gave
the respondents a choice between options described as Landscape A and Landscape
B. Each respondent was asked to choose one of the options from each of the 9 choice
cards or was allowed to opt out and choose neither if he/she felt that the combina-
tions of attributes on the presented card do not provide enough value for the financial
contribution or are simply not appealing enough. To ensure consistency of the
results, all respondents were shown the same cards in the same order and the answers
were recorded by trained interviewers using tablets. After proper recoding, the
answers were used as inputs for a conditional logit model [37]. This model

Fig. 5 Landscape with
possible attributes used in
the discrete choice
experiment – measures
include strip crop rotation,
dry polders, pools, baulks,
and grassing along the
stream
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determines the probability of a choice of a given alternative from the pool of all
available alternatives based on the attribute levels used to describe such alternative
[38] using Eq. (1):

πij ¼
exp x0ijβ

� �

P
j
exp x0ijβ

� � ð1Þ

where x0ijβ represents the observable part of respondent’s utility, which together with
unobservable random element form the total utility. The outputs of the logit model
allow to determine a marginal rate of substation between any of the attributes
involved in the design that keeps the respondent’s utility level constant. That implies
that one can learn about the trade-off between attributes and consequently about the
importance the individual attributes play in the decision-making process. For an
overview of various models see [39].

Latent Gold software was used to estimate the model which determines the
relationships between the individual levels of each attribute. These levels are ranked
based on respondents’ preferences. The respondents’ WTP was calculated by divid-
ing the coefficient of an attribute by the cost coefficient. This allows to determine

Fig. 6 Example of one set of cards used in the discrete choice experiment
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how much people are willing to pay for moving from one attribute level to another,
other things constant, meaning that the change predicted by a model will be of the
estimated magnitude if there are no other changes happening at the same time.

3.4 Data Collection

The interviews were performed in three municipalities within the case study area
along the Oleška river (one in the upper reaches of the Oleška river, one in the lower
reaches, and one in the middle), where 126 interviews were made. Another
130 respondents were interviewed in the Jizera river basin past its confluence with
the Oleška in three more towns (Železný Brod, Turnov, and Mnichovo Hradiště) to
cover preferences in a wider catchment area. Respondents were randomly selected
residents of the above-mentioned municipalities. The questionnaire survey was
carried out using the face-to-face interview method with trained interviewers record-
ing answers using tablets. The participation rate was 29%, as 877 people were asked
to participate, but only 256 agreed to do so, which is a rather low outcome [40, 41],
but it could be considered a standard outcome in comparison with other studies
[42]. Interviews lasted between 10 and 15 min in most cases.

The data collection process was divided into three phases. During the develop-
ment and testing of the survey (first phase, June 2019), the clarity of the questions,
pictures, and choice experiment was verified and adjusted as necessary, both outside
and inside the case study area. Respondents (n¼ 30) from this early survey stage are
not included in the number of respondents presented above. In the second phase of
data collection (July 2019), it turned out that the financial contribution had previ-
ously been set too low and the respondents (n ¼ 15) did not view the attribute as
binding and did not consider it at all. Therefore, the levels of the attribute were
adjusted while the other attribute levels or parts of the survey were not modified. For
that reason, the choice experiment is evaluated only on responses from the adjusted
questionnaire (third phase, August 2019), which accounts for 241 responses. The
results on agricultural landscape functions, and perceived aesthetics and importance
of NBS are based on the complete set consisting of 256 responses (second and third
phases).

4 Results

4.1 Sample Characteristics of Respondents

Women accounted for 62% of the respondents. The average age was 42, with
39 being the median value. Approximately 42% of the respondents were full-time
employees, 7% were self-employed, 17% were pensioners, and 14% were on
parental leave. The remaining 20% were part-time employees, students, working
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students, working pensioners, unemployed, and homemakers (listed in the order of
frequency).

Approximately 29% of the respondents had a university degree, 66% had grad-
uated from secondary school, and 5% had only primary education. Roughly 28% of
the respondents had a monthly income lower than the minimum wage in Czechia in
2019 (520 EUR), 40% of the respondents had an income between the minimum and
median wage for Czechia in 2019 (approximately 1,100 EUR). Income higher than
the median wage was reported by 18% of the respondents and 14% refused to state
their income. The low proportion of respondents with incomes higher than the
median is probably due to the fact that the survey was conducted in smaller
municipalities far from larger cities, where incomes are generally lower.

Almost 54% of the respondents stated that they had personal experience with
river floods and 44% had encountered mud washed off adjacent fields.

4.2 Agricultural Landscape Functions

Only 23% of the respondents ranked flood protection among the three most impor-
tant agricultural landscape functions, which means it was chosen significantly less
frequently than the four other agricultural functions listed in Table 2. Almost three
quarters of the respondents associated the basic function of agricultural landscape
with growing crops, and selected this function as one of the three most important
functions. Living space for animals is important for more than 50% of the respon-
dents. Living space for plants and climate protection almost tied at third place (38%
and 37% of the respondents selected these functions). The other functions were
perceived as even less important than flood protection (<20%). The complete
ranking can be seen in Table 2.

Table 2 Importance of agricultural landscape functions identified by respondents in questionnaires

Functions Perceived importance selected as top three [%]

Growing crops 73.4

Living space for animals 56.6

Living space for plants 38.3

Climate protection 37.5

Flood protection 23.1

Recreation and leisure 20.0

Landscape cultivation 19.9

Contribution to local economy 16.8

Crops for energy use 14.1
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4.3 Perceived Aesthetics and Importance of Measures

As can be seen in Table 3, afforestation received the highest average score in the
aesthetic evaluation. Many measures got scores between 7 and 8, including grassing
along the stream, baulks, pools, dry polders, wetland, grassing, and swales. Less
popular were contour tillage and strip crop rotation, which scored between 6 and
7. The other TCC (i.e. fields of grain or maize) appeared to be the least favourite with
an average score around 5. These results imply that respondents prefer aesthetics of
solutions that are not directly related to agricultural techniques and types of growing
crops.

When asked which of the measures respondents consider to be the most important
solutions for flood protection, the top three measures selected were afforestation
(selected by 53% of the respondents), dry polders (41%), and grassing along the
stream (35%). Pools and wetlands were ranked at the bottom despite being quite
popular in the previous question. Similarly, contour tillage did not receive a high
aesthetic score but was considered quite important for flood mitigation. These results
suggest that the respondents do not perceive aesthetics and importance for flood
mitigation as equal, but rather distinguish between them. Afforestation seems to be
the only measure viewed both aesthetically appealing and important for flood
mitigation; this possibly also applies to grassing along the stream and dry polders.

4.4 Preferences and Willingness to Pay for NBS and TCC

A conditional logit model was estimated based on the data collected from the choice
experiment. Only a sample of 203 respondents was used as not all information were

Table 3 Evaluation of investigated NBS aesthetics and importance for flood protection, based on
questionnaire survey

Nature-based solution
Average aesthetics score
(1: lowest–10: highest)

Importance for flood mitigation –

selected as top three [%] (rank)

Afforestation 8.3 52.7 (1)

Grassing along the stream 7.9 34.8 (3)

Baulks 7.8 25.4 (6)

Pools 7.6 18.0 (9)

Dry polders 7.3 40.6 (2)

Wetland 7.3 23.8 (8)

Grassing 7.2 26.2 (5)

Swale 7.1 16.8 (10)

Contour tillage 6.9 30.9 (4)

Strip crop rotation 6.6 25.0 (7)

Grain field 5.6 6.6 (11)

Maize field 4.6 2.3 (12)
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available for thirty-eight of the respondents (mainly socio-demographics). Approx-
imately additional 9% of the respondents were then filtered out because their choices
were recognized by the model as rather random and not based on the levels of
presented attributes. Also, respondents quite often did not choose any of the two
offered options and used the possibility to opt out and choose neither. The results of
the choice experiment (coefficient and WTP) for the remaining 91% of the respon-
dents (n ¼ 185) are shown in Table 4.

All the coefficients of the conditional logit model are statistically significant at the
5% confidence level and reflect the respondents’ true preferences. The payment
coefficient is significant and negative as expected since paying more money is
associated with negative utility. The remaining coefficients express respondents’
relative opinions on various NBS. When it comes to TCC, it is quite obvious that the
respondents liked strip crop rotation the best. The coefficients for grain field and
maize field are negative with maize being disliked even more than grain. The
situation regarding point measures is not as clear with only a small difference
between coefficients for pools and dry polders, but both options are clearly superior
to having no measure implemented. In a similar fashion, no measure is the least
preferred among the linear NBS. However, in this case baulks were preferred over
grassing along the stream.

Comparing attributes according to the importance attributed to them by the
respondents in the decision-making process (Fig. 7), it was found that people mostly
cared about situations with no linear measures, strip crop rotation, baulks, maize
fields, and a financial contribution. Strip crop rotation and baulks had a positive
effect on the respondents’ decisions, meaning they were more likely to pick a
landscape with these attributes. On the other hand, no linear measures, maize fields,

Table 4 Coefficients of the conditional logit model for individual levels of attributes investigated
in the choice experiment (n ¼ 185)

Attribute Attribute level
Coefficient (standard
error)

WTP [EUR] (standard
error)

TCC Strip crop rotation 0.9151*** (0.2025) 50.7*** (11.7)

Grain field �0.1899*** (0.0699) �10.5* (5.7)

Maize field �0.7252*** (0.1925) �40.2*** (7.5)

Point NBS No point measure �0.477*** (0.0883) �26.4** (12.1)

Pool 0.3018*** (0.0901) 16.7* (8.7)

Dry polder 0.1752*** (0.046) 9.7** (4.6)

Linear NBS No linear measure �1.1122*** (0.203) �61.6*** (16.6)

Baulk 0.8945*** (0.2026) 49.6*** (11.3)

Grassing along the
stream

0.2177*** (0.051) 12.1** (6.1)

Financial
contribution

�0.0007** (0.0003)

Optout �5.0517*** (0.5387) �280*** (96)

R2 0.1204

Significance levels: *** 0.01; ** 0.5; * 0.1
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and the financial contribution had a negative effect on the decisions as it was rather
important for the respondents to choose a landscape without these attributes (or with
a lower price). Compared to attributes stated above, no point measures, pools, grain
fields, grassing along the stream, and dry polders were less important in the decision-
making process. The described importance is shown in Fig. 7.

The findings are similar to the respondents’ preferences based on the image-
assisted questionnaire survey, except strip crop rotation. The right-hand part of
Table 4 also shows that respondents are willing to contribute financially to have
the preferred measures implemented. It is possible to determine the WTP based on
the difference between the WTP estimates for the individual related attribute levels.
Differences between the attributes are shown in Fig. 8. Each column in Fig. 8
compares differences in WTP for selected attributes. For example, it can be seen
from column 2 (point NBS) that respondents are willing to pay 7 EUR each year to
have a pool (most preferred attribute level) over a dry polder, 36 EUR each year to
have a dry polder over no point measure (least preferred point NBS), and 43 EUR to
have a pool over no point measure.

Fig. 7 Ranking of importance of attributes and their effects in decision-making process

440 J. Macháč et al.



5 Discussion

Public acceptance is very important for effective implementation of NBS in a flood
mitigation strategy. That is closely related to two aspects: aesthetic evaluation and
perceived importance when it comes to actual flood mitigation. From 12 various
commonly implemented NBS, the participants selected afforestation, dry polders,
and grassing along the stream as the three most important and effective solutions for
flood mitigation (Table 3). Especially afforestation and dry polders are widely used
in Czechia, which indicates that the views of the public agree with the Czech
implementation strategy. The respondents’ ranking of NBS measures is based on
awareness of flood mitigation effectiveness, which may not correspond to the actual
effectiveness of these solutions. As some studies show, people tend to underestimate
effectiveness of NBS and trust them to a lower extent than to traditional protection
Schemes [43, 44]. However, it turns out that in a direct comparison, NBS are still
preferred over grey infrastructures [45]. The real effectiveness of each individual
NBS for flood mitigation is influenced by many local conditions and factors such as
soil type, slope, crop type, measure extent, position in the river basin, and distance
from a water body [22, 30, 46]. The perceived importance of flood protection
measures depends also on respondents’ education, personal experience with a

Fig. 8 Differences in respondents’ annual willingness to pay for TCC and two types of NBS
attributes (columns) and associated attribute levels (lines)
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specific solution, and media influence (scope and frequency of information about the
implemented NBS in the mass media such as newspapers or television) [47–
49]. However, as presented in Table 2, other functions of agricultural landscape
are identified by residents as more important than flood protection, namely growing
crops, living space for animals and plants, and climate protection. Thus, although
other functions of the agricultural landscape such as flood protection are also
perceived positively, growing of crops and the provision of habitat for animals and
plants dominate significantly in the respondents’ choices.

When it comes to aesthetic valuation, afforestation and grassing along the stream
were also ranked among the three best options. Interestingly, dry polders, grassing
and especially contour tillage were not perceived so well in the aesthetic ranking as
opposed to the perceived importance ranking. However, it looks like any NBS is
better than none as the absence of NBS lowered the probability of selecting such an
option in the choice experiment (see Fig. 8). As in other studies of perception of
flood protection measures [50], our results confirm that local residents support NBS,
e.g., for capturing water in the landscape. However, there seems to be an imbalance
between preferences related to TCC and other flood mitigation NBS. TCC (grain and
maize, strip crop rotation) together with contour tillage seem to be less preferred in
comparison to NBS such as pools and baulks. This may imply that respondents in the
case study area value diversity of elements in the agricultural landscape. People
value adding those elements that are already in use in Czechia. These elements
complement the not-so-popular TCC (crop diversity), which corresponds to the
results of a study that assessed landscape preferences in northeastern Germany
(except livestock, which is not considered in this study) [51]. The landscape prefer-
ences were the lowest for livestock, followed by crop diversity and linear NBS. Point
NBS were preferred the most [51]. Unfortunately, methods used in this case study
(choice experiment) do not allow us to perform a cross-comparison between attri-
butes and therefore to conclude whether point NBS are also more preferred than
linear NBS or TCC. The preferences for individual measures in both attributes differ
based on aesthetic perception and perceived importance. It may only be concluded
that diversity and the addition of NBS elements are preferred over TCC.

It should be noted that the survey of people’s preferences reflected all potential
solutions without analysing any implementation barriers in the case study area. As
stated by Spegel [52], residents’ preferences may not reflect technical and other
feasibility of a solution and therefore their preferences may be unreasonable/difficult
to implement. In practice, it is often better to define a smaller number of solutions
that are feasible and enforceable with regard to landowners and farmers, which may
not be the most preferable solution by residents. If the measures are to be
implemented, it is also necessary to know whether there is at least some overlap in
the aesthetic preferences related to specific NBS with the actual effectiveness and
other ecological and hydrological impacts of these NBS [11].

Although residents’ preferences and their aesthetic evaluation should be included
in NBS planning for flood mitigation, preferences of other stakeholders such as
landowners, farmers, or local governments should be considered as well. What is
perceived the best by residents may not necessarily be best perceived by farmers, for
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whom measure implementation may reduce the revenues and increase maintenance
costs. As stated by Nesshöver et al. [7], the final output of the planning process
(implemented solutions) should be the result of a broad set of societal trade-offs and
compromises. As stated by Janssen et al. [6], implementation of NBS is also
connected to making trade-offs between other functions and levels of benefits
(private vs. societal). The involvement of residents and other stakeholders in plan-
ning is important not only in the form of examining their preferences, but also in the
design of solutions and supporting a decision which reflects the diversity of the
community [4]. However, the implementation of NBS and TCC in the Oleška river
basin cannot be based solely on the preferences presented in this study, and should
also reflect their potential efficiency for mitigating floods and other environmental
and social aspects and trade-offs (e.g. hydrological impact, preferences of other
stakeholders).

6 Conclusion

This chapter analysed the perceived importance and aesthetic value of 12 different
types of NBS and TCC in the context of their flood protection function. A multi-
method approach was introduced to explore residents’ preferences related to NBS
and TCC, specifically aesthetic evaluation and perception of effectiveness of indi-
vidual NBS regarding flood protection. Using a choice experiment, we combined
these aspects to determine the residents’ willingness to pay for some of the individ-
ual NBS and TCC.

The study revealed that aesthetic preferences and importance for flood mitigation
match for the most popular NBS. Afforestation, dry polders, grassing along the
stream and possibly baulks were viewed as both aesthetically appealing and effective
solutions. The opposite may be said about TCC (maize field, grain field), which were
unpopular from the aesthetic point of view and also perceived as less effective than
NBS in mitigating floods.

The results of the choice experiment confirm the above-mentioned findings. With
the exception of afforestation (not studied), the same exact measures were found
most popular when respondents were asked to choose between landscapes described
by hypothetical combinations of NBS and TCC. It is also clear that people are
willing to pay to have additional NBS implemented in the landscape. WTP is
positive and (mostly) significant when comparing an individual NBS with a situation
without the measure or with a TCC measure.

It is clear from the analysis that there is a good basis for acceptance of NBS
among the residents in the Oleška river basin. Although flood protection is not
viewed as one of the crucial agricultural functions, and growing crops or living space
for animals and plants were viewed as more important, the preferences show
people’s positive attitude towards NBS, which should ensure their easier implemen-
tation in future.
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Abstract Floods are a reoccurring global phenomenon. Practical implementation of
flood risk management relies heavily on grey infrastructure with a lesser focus on
nature-based solutions (NBS). With the rising awareness about ecosystem services,
natural flood management measures are getting more attention from scientists and
policymakers. Lithuanian authorities in the national flood risk management plan
provide four NBS for flood management: afforestation, wetlands restorations, agri-
environmental measures, and water retention in urban areas (e.g., ponds). However,
implementation of the NBS requires more land than grey infrastructure. In the case
of Lithuania, in some instances, the NBS require a change of the land use or impacts
upon the private land. Therefore, it can be influenced by the legal regulations related
to land use planning and protection of private property rights. The problems may
occur in case of the insufficient, incomplete, incoherent, or contradictory legal
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framework. The analysis revealed that the Law on the Land, the Law on the Special
Land Use Conditions, and the Law on the Territorial Planning are insufficiently
coordinated, which may influence implementation of the NBS on the private prop-
erty. The afforestation is foreseen only for the public land. However, those lands are
mainly used for the agriculture, and in this case possibilities to change the land use
are restricted. A similar problem may occur if the area for the afforestation lays
within the protected area. The Law on the Protected Areas allows land use changes
only in exceptional circumstances; the flood mitigation is not one of them. The
incoherence or incompleteness of law, which can hamper implementation of NBS,
can occur not only in Lithuania. Therefore, the study can be a starting point for
further investigations and solutions in this regard.

Keywords Afforestation, Agri-environmental measures, Land use planning, Legal
regulations, Natural flood management

1 Introduction

Floods are natural phenomena and cannot be entirely prevented. At the same time,
they significantly impact societies, the environment, and the economy. There is
considerable evidence that the number of extreme events will increase in the future
[1]. Different measures can be taken in order to reduce flood risk and its adverse
consequences. Flood risk management measures include primarily grey infrastruc-
ture (GI) such as pipes or dikes [2]. However, lately, natural flood management
(NFM) has received greater attention [3–5]. The NFM can be defined as “the
alteration, restoration, or use of landscape features to reduce flood risk” [6]. NFM
is based on measures and techniques that work with catchment-wide “natural
hydrological and morphological processes, features, and characteristics to manage
the sources and pathways of flood waters” [7]. NFM uses natural features such as
woodlands, ponds, wetlands, and river meanders [8], as well as saltmarshes [9] or
dunes [10]. Therefore, in the literature, it is considered a type of NBS [11]. The use
of nature to manage the flood risk is considered as more sustainable [3] and
beneficial both for the environment [8, 12] and for human well-being [13]. However,
implementation of the NFM can be hindered due to the legal limitations [14], for
instance, related to the land use changes. NFM measures include, for instance,
re-meandering river channels, planting forests [14], and the creation of wetland
habitats [15]. Implementing these measures can lead to land use changes and
sometimes interfere with private land. Therefore, the legal framework related to
NFM is essential for ensuring its effectiveness and efficiency [16]. The variety of
measures and techniques used in NFM can require the application of different laws,
for instance, laws regulating spatial planning, forestry, protected areas, agriculture,
green area management, transportation, or insurance and private property protection.
In order to be successful, the NBS for flood mitigation should consider local socio-
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ecological systems [17]. NFM also requires cooperation from landowners and
communities [18].

Floods are a recurrent problem in Lithuania [19]. However, prior to implementing
the European Union Floods Directive [20], Lithuanian authorities did not undertake
any steps towards the planning of flood risk management [21]. The first flood risk
management plan (FRMP) [22] has been introduced during the third stage of
implementation of the FD. This plan is a supplementary document for the
2017–2023 Water Development Program (WDP) [23] and the Action Plan for its
implementation [24]. The FRMP describes flood mitigation measures that Lithua-
nian authorities plan to implement. However, so far, it remains unclear how the
implementation of these measures should operate within the existing laws. This
chapter aims to analyze the legal implications of NFM using an example of Lithu-
ania. The authors strive to identify legal gaps and to propose their solutions. The
national legal framework is analyzed in the context of its completeness and coher-
ence. The analysis is performed using comparative, functional, and formal-dogmatic
legal methods. First, the legal framework has been identified. The analysis of the
laws encompassed both the interpretation of the content and the meaning of the
particular provisions, their place within the legal framework, analysis of their
possible application and relation to each other. This allowed to assess whether the
provisions are coherent. Moreover, provisions of particular laws are analyzed
regarding the overall aim of the flood management related laws and policies. This
aim can be defined as flood protection and management. The doctrinal (formal)
analysis of the law is supported by the practical implications of its implementation.
This allowed to assess if the legal framework is sufficient and complete. Finally, to
some extent, Lithuanian national regulations are compared to the foreign regulations.
This analytical framework, applied for the Lithuanian case study, can be potentially
used for the further analysis of foreign national laws or even international laws. This
would allow to conduct broader comparative analysis in the future.

2 Study Area

Lithuania is located in the northeast part of Europe (Fig. 1) and is bordered in the
south by Belarus, Russia, and Poland and in the north by Latvia. It has a total area of
65,300 km2. Administratively, it is divided into 10 counties, 60 municipalities, and
557 elderships. In 2019 had an approximate population of 2.791.903 inhabitants that
are mainly concentrated in the cities of Vilnius (556.767), Kaunas (287.191), and
Klaipeda (148.511). The population density is estimated to be 43 inhabitants per
km2. The resident population in Lithuania shows a decreasing trend as a conse-
quence of migration ([25], https://osp.stat.gov.lt/). In 2018, according to Corine
Land Cover, the largest land use in Lithuania was Cropland (51.86%), followed
by Woodland and Forest (34.75%), Grassland (7.02%), Urban (3.40%), Rivers and
Lakes (1.99%), Wetlands (0.87%), and Sparsely Vegetated Areas (0.10%). The most
important river basins in Lithuania are Nemunas (46,746 km2), Venta
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(5,179.07 km2), and Lielupė (8,852.16 km2) [23] (Fig. 1). Floods in Lithuania are
frequent after spring snowmelt and can produce some material losses. Between 1922
and 2010, there is a decreasing trend in the frequency and magnitude of spring
floods. Also, as consequence of climate change the flood peak time is changing from
March to February [21].

3 Legal Framework in Lithuania

NFM can require changes in the land use, which can affect both state-owned and
private land. Therefore, the legal framework includes legal acts related to flood risk
management, adopted mainly due to the implementation of the FD in Lithuania, land
use planning and related laws, and laws related to private property. Legal acts related
to flood risk management are used to identify which NBS Lithuanian authorities plan
to implement, and to what extent. The other legal acts are used to analyze the legal
challenges or legal constraints that can hamper the implementation of the particular
NBS. The analysis includes potential incompleteness and insufficiency of laws as
well as possible contradictions and incoherence of the legal framework.

The most important legal acts are presented in Table 1. They have been selected
using the following criteria: the law or the legal act makes a direct reference to flood
risk management, the legal act includes provisions on land use planning, the legal
acts that directly or indirectly affect land use, and the legal acts related to the

Fig. 1 Study area and the largest basins in Lithuania

450 K. Bogdzevič et al.



Table 1 Legal framework

Name of the law or the legal act Scope of application

Legal acts
related to flood
risk
management

Resolution of the Government of the
Republic of Lithuania on Approval of
2017–2023 Water Development Pro-
gram [23]

The water development program sets
the goals, objectives, and desired
results of the Lithuanian water sector
until 2023. These goals and objec-
tives are supposed to be in line with
other related policies based on the
country’s traditions, European Union
(EU) legal norms, international con-
ventions, resolutions, agreements,
and programs

Decree of the minister of environment
of the Republic of Lithuania and the
minister of agriculture of the Republic
of Lithuania regarding approval of the
action plan for the implementation of
the water development program for
2017–2023 [24]

The action plan for the water devel-
opment program provides a list of
measures and timeline of their
implementation. Part of the measures
applies to the flood risk management

Land use plan-
ning and related
laws

Law on the Land [26] The law regulates the relations
related to land ownership, land use,
as well as land management and
administration of the land in Lithua-
nia, its exclusive economic zone and
the continental shelf in the Baltic Sea

Law on the Forests [27] The law regulates the restoration,
protection, and use of forests and
creates legal preconditions of man-
agement of forests, irrespectively of
the ownership

Law on the Territorial Planning [28] The law regulates the land use plan-
ning in Lithuania, the continental
shelf, and the territories of the
exclusive economic zone in the Bal-
tic Sea and establishes the rights and
obligations of the persons participat-
ing in this process

Law on the Protected Areas [29] The Law regulates the system of
protected areas and associated public
relations, the legal bases for the
determination and establishment of
protected areas, change of bound-
aries, change of status, protection,
management, and control, regulates
activities in these areas, and estab-
lishes areas of international impor-
tance, including the European
Ecological Network “Natura 2000”
areas, as well as the development and
regulation of the natural framework

(continued)
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protection of private property. Therefore, only the legal acts that impact the imple-
mentation of the NBS have been presented.

Flood risk management in Lithuania is planned at the national level, and the main
institution responsible therein is the Ministry of Environment [33]. Lithuania has
prepared one FRMP [22] for all four river basin districts (RBD), identified according
to theWFD: the Dauguva RBD, Lielupė RBD, Nemunas RBD, and Venta RBD. The
authorities identified 54 river sections in which flood events with significant adverse
consequences may occur [22]. All the Baltic Sea coastal areas and the Curonian
Lagoon are identified as a potential territory for flood events. This territory is a part
of the Nemunas RBD (Fig. 1).

It is worth mentioning that the legal status of the FRMP is not precisely clear. The
authorities claim that it is an integral part of the WDP and the Action Plan
[22]. However, none of these documents mentions the FRMP [21]. Moreover,
differently than WDP and its Action Plan, the FRMP was approved neither by the
decree of the minister nor the government’s resolution. Therefore, it is important that
at least partly the measures provided within the FRMP are incorporated into the
WDP and its Action Plan. The FRMP provides general guidelines regarding flood
risk management. The other two documents mentioned above give more details
regarding the practical implementation of those measures – the territories where the
measures will be implemented, and a timeline of implementation.

The FRMP differentiates five types of measures for the flood risk management:
preventive measures, engineering flood protection measures (e.g., dikes),
non-structural flood protection measures to reduce the existing flood risk by natural
run-off management in the river basin, preparedness measures, and recovery mea-
sures [22]. The FRMP provides four non-structural flood protection measures:
afforestation, restoration of wetlands, agri-environmental measures (e.g., meadow
management), and water retention in urban areas (e.g., ponds), which are considered
as NBS [34–37]. However, the analysis will focus on three of them, namely:

Table 1 (continued)

Name of the law or the legal act Scope of application

Law on the Special Land Use Condi-
tions [30]

The law establishes special land use
conditions, specifies the territories in
which these conditions are applica-
ble, regulates the establishment of
these territories, and establishes the
rights and obligations of persons
participating in this process

Laws related to
private property

Constitution of the Republic of Lith-
uania [31]

The constitution is the main act in
Lithuanian legal framework, it
ensures protection of private
property

Civil Code of the Republic of Lithu-
ania [32]

The civil code is the basis for the
interpretation of the nature of prop-
erty law and includes the norms reg-
ulating property relations
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afforestation, agri-environmental measures, and water retention in urban areas,
leaving the restoration of the wetland out of analysis due to the absence of plans
by the Lithuanian authorities to implement this measure in the future.

4 Natural Flood Management Measures in Lithuanian
Flood Risk Management Plan

NBS for flood management are, in fact, multifunctional and provide several ecosys-
tem services, for instance, biodiversity, drought control, or recreational opportunities
[38]. Forest cover is an effective measure to protect from flooding [34]. However, its
effectiveness depends on several factors, such as previous land use [39], species
selection, and planting type [40]. Moreover, planting trees’ costs are immediate, and
the effects are uncertain, and its benefits may occur in the indefinite future [41]. Nev-
ertheless, the afforestation’s use as a flood management measure is getting more
attention in European policy [42, 43]. Afforestation is an NFM measure that is used
in other countries. For instance, countries such as Bulgaria and Romania have also
introduced afforestation in their flood risk management plans, prepared pursuant to
Article 7 of the EU Floods Directive [20, 44].

Therefore, it is not surprising that the Lithuanian FRMP, which is partly
implemented through the Action Plan, identifies afforestation as one of the measures
to protect against flooding. However, a closer look at the Action Plan reveals that this
measure is limited to the state-owned land in the Bartuva RBD, Lielupė small
tributaries, Nevėžis, and Šešupė sub-basins (Fig. 1). In this context, it is a great
weakness of the Action Plan that it requires to implement measures without
conducting a cost–benefit analysis. It requires to identify state free plots in order to
plant trees. Nevertheless, the fact that there are state free plots to implement
afforestation plans, this does not mean that they are located in areas where flood
retention is important. Whereas afforestation as a flood protection measure can be
effective only if performed in the proper place. The areas where floods can be
retained more effectively can be located in private land.

Another important NBS included in FRMP is the restoration of wetlands, which
can play a significant role in flood and water quality management [35]. Wetlands are
particularly helpful in storing the water during the snowmelt and high rainfalls
[36]. The Lithuanian authorities recognize the value of the wetlands in floods
management. However, the extent of the application of this measure is very limited.
It is only focused on protected areas and only applied to the extent that has already
been implemented. This means that although the authorities understand the signif-
icance of restoring wetlands, they do not plan to extend this measure’s implemen-
tation in the nearest future.

Other NBS are related to agriculture. References to the agri-environmental
solutions usually mean sustainable and environmentally friendly agriculture prac-
tices [45, 46]. Agri-environmental measures include organic farming, reduction of
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fertilizers and pesticides, crop rotation, providing biodiversity benefits [46]. Notably,
more extensive and sustainable agriculture practices can reduce the risk of flooding
and pollution [36]. In the case of Lithuania, the agri-environmental measures, which
are supposed to contribute to flood risk management, are provided within the Rules
on implementation of the 2014–2020 Rural Development Program’s measure “Agri-
environment and climate” [47]. The rules mentioned above provide subsidies for the
following activities: management of natural and semi-natural meadows, manage-
ment of specific meadows, extensive management of wetlands, conservation of
endangered bird reed canary grass, strips of woody plants or fields on arable land,
protection of water bodies against pollution and soil erosion in the arable land,
maintenance of drainage ditches slopes [47]. These activities are also included in the
programs of the measures for all four RBDs, which are important to maintain the
coherence between the legal acts.

Finally, it is important to underline some NBS for the flood management appli-
cable to cities. Due to the increasing density of buildings, climate change, land use
changes, flooding in urban areas is becoming a challenging issue [48]. The signif-
icant increase of flooding in urban areas is also assigned to the decrease of green
areas within the cities and their disconnection [49]. This can be tackled through
planning the open green spaces in the cities [48]. It is also beneficial to increase water
storage ponds, ditches, or bunds [37]. These spaces have the potential to absorb and
retain water, which is important in terms of flood protection and mitigation.

Lithuanian authorities plan to apply afforestation mainly in state-owned land.
Agro-environmental measures and urban water retention measures can be applied
also on private land [22]. Unfortunately, the FRMP does not envisage any partner-
ship or cooperation between public authorities and private landowners, which can
result in difficulties or even impossibility to apply NBS on private land. This, in turn,
can significantly limit the extent of NBS implementation for flood management
because it requires more land than the traditional grey infrastructure [11]. Flooding
in urban areas is rather common in Lithuania, with several urban areas developed in
flood-prone locations (pluvial and fluvial). In Fig. 2, it can be observed that the major
cities (Kaunas,1 Klaipeda,2 and Vilnius3) were developed in places naturally vul-
nerable to pluvial floods (water accumulation areas) and impermeabilized water
streams. Since soil sealing increases flood risk [50], without a proper sewage
network, it is very likely that these areas will significantly be affected by
waterlogging problems. Kaunas and Silute4 areas are historically affected by fluvial

1http://tarpukaris.autc.lt/en/search/image-archive/37/flood-in-kaunas-y-1926-jonavos-str.
2https://en.delfi.lt/culture/sleet-inundates-klaipeda-city-south-turns-into-a-lake.d?id¼76330011.
3https://en.delfi.lt/culture/tuesdays-downpour-flooded-cellars-interrupted-traffic-power-supplies-
photos.d?id¼75198976.
4https://www.15min.lt/en/article/in-lithuania/flooded-silute-district-declares-state-of-emergency-
525-293339?fbclid¼IwAR3tuPravxuuzL9arwHOI_WGox3mE364_1Wu64IE4qYqy2ot_
XMK40xJEr0.
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Fig. 2 Build up areas in 2018 (Corine land cover; https://land.copernicus.eu/pan-european/corine-
land-cover) located in flood risk (return period of 1,000 years) and water accumulation areas. Water
accumulation areas were assessed using the topographic wetness index (TWI) calculated in QGIS
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floods, and an important part of these urban areas is located in the 1,000-year return
period flood.

In Lithuanian urban areas, floods typically cause property damages, road disrup-
tions, energy supply shortages, and sewage system collapse [51]. Therefore, it is not
surprising that national authorities are working on the solutions for managing floods
in cities, including NBS oriented measures. The FRMP requires to promote water
retention infrastructures in collection basins (e.g., lakes, ponds).

5 Incompleteness and Insufficiency of Law as a Challenge
for the Implementation of the NBS

The significance of law in flood management cannot be overestimated neither on
international nor national levels [52]. The implementation of any NFMmeasure may
be hampered due to the existence of incomplete, insufficient, contradicting, or
incoherent legal acts.

As it was already pointed out, the main weakness of the FRMP, WDP, and its
Action Plan are very limited provisions related to the implementation of the NBS on
private land. This incompleteness will result in serious difficulties in the possibility
of interfering with private property and oblige the owner to implement the NBS in
his or her land. Against this background, if the implementation of the NBS is not
provided by the law or does not make it possible to refer to the other documents
(plans, strategies), which do provide for implementation of the NBS, there will be
lack of the legal ground to require implementing NBS on the private property, which
is constitutionally protected. However, it is not the only legal loophole that can
jeopardize possible NBS implementation.

Constitutional protection of private property, in general, can raise difficulties in
the regulation of flood plain development [53]. However, constitutional protection
does not protect unrestrictedly private property from any interference of the State
therein. For instance, in Germany, the interference can be justified by the public
interest that prevails over the private interest [53]. In Poland, private property can be
restricted if the public interest requires. However, the Constitution of Poland [54]
provides an exhaustive list of the public interests that prevail over the protection of
private property [55]. Whereas in Lithuania, the constitutional protection of the
private property means that the restriction posed on the use of the private property
has not only to be justified by the public interest, but they also shall be clearly
provided by the law [56].

Fig. 2 (continued) using 30 m resolution digital elevation model (https://land.copernicus.eu/
imagery-in-situ/eu-dem/eu-dem-v1.1). Areas with a TWI index >10 were considered as water
accumulation areas

456 K. Bogdzevič et al.

https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1
https://land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1


The Law on the Land [26] requires the owners to use the land according to the
legally established land use, to follow the provisions of the Law on the Special Land
Use Conditions [30], and the provisions of the Law on the Territorial Planning
[28]. The Law on the Special Land Use conditions [30] requires considering its
provisions during the land use planning process, which is regulated by the Law on
the Territorial Planning. The Law on the Special Land Use Conditions [30] for the
first time in the Lithuanian legislative history allows establishing special land use
conditions for the flood risk territories, which makes imposing restrictions regarding
land use easier. Particularly, due to the fact that Article 7 of the Law on the Special
Land Use Conditions [30] allows establishing special land use conditions on partic-
ular territory without consent of the landowner. Although the legal provisions
neither of the Law on the Special Land Use Condition nor the Law on the Territorial
Planning [28] do not directly imply a possibility to impose the implementation of the
NBS on the land, the use of which is restricted due to the flood risk, the experience of
the other countries shows that in such circumstances is easier to encourage the
owners to implement NBS [57].

An example from England and Scotland shows that the policymaker can encour-
age the landowners to change land use by offering them financial incentives
[58]. The financial incentives may take the form of tax reduction, subsidies, tradable
permits, and other similar measures [59]. However, the Lithuanian authorities
provide for such measures to a very limited extent. In fact, only the Rules on
implementation of the 2014–2020 Rural Development Program’s measure “Agri-
environment and climate” introduce incentives for implementing its particular activ-
ities, which were presented in the sect. 3 of the given Chapter. The beneficiaries of
these incentives are private and legal persons working in agriculture [47]. Therefore,
the success of the activities mentioned above will depend on the active (or inactive)
participation of private persons in their implementation. Notably, the implementa-
tion of this measure is not adjusted to the needs of flood management. The remu-
neration is being paid for the implementation, for instance, meadows management
irrespectively whether it will have any real consequences for the flood management
or not. Therefore, the effectiveness of this measure in flood management can be
minimal. Its application will primarily depend on accomplishing of the formal
requirements to receive the remuneration by the private or legal person. The Rules
on implementation of the 2014–2020 Rural Development Program’s measure “Agri-
environment and climate” [47] do not provide any special conditions or reliefs for
the landowners or other users of the land, whose land is more valuable in terms of
flood management. To this end situation in Lithuania is similar to other places, for
instance, Scotland and England [58]. However, worth noticing that the EU encour-
ages an increased integration of water policy objectives and other European policies
such as the Common Agricultural Policy. This integration is particularly important
since the CAP reform is a major driver of land use change [60].

The further example allows shifting the focus of the analysis to afforestation and
continuing identification of the potential loopholes and insufficiencies in law. The
FRMP provides that in Bartuva RBD, Lielupė small tributaries sub-basin, Nevėžis,
and Šešupė sub-basins the forest cover is insufficient; therefore, afforestation is
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required (Fig. 3). The afforestation as a flood protection measure is foreseen in the
WDP, its Action Plan, and the FRMP, however, its implementation depends on
further coordination between the legal provisions of the mentioned documents and
other legal acts, particularly the Law on the Territorial Planning [28] and the Law on
the Construction [61]. None of the two laws neither mentions floods management
measures nor refers to the WDP, Action Plan, or even the Law on the Special Land
Use Conditions [30]. The flood risk areas as well as territories that are supposed to be
afforested have to be considered in the territorial planning process [62]. However,
these provisions seem to be insufficient. First, requiring consideration of flood risk
areas is not equal to requiring consideration of flood protection measures. The spatial
document can include particular territory as flood risk area, which does not mean that
the territory will be considered to be afforested. Moreover, presently afforestation is
considered in different policies (e.g., WDP, The National Forestry Sector

Fig. 3 Land use in Bartuva, Lielupės, Nevėžis, and Šešupės basins in 2018 (2018 Corine land
cover data from https://land.copernicus.eu/pan-european/corine-land-cover)
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Development Program 2012–2020 [63]), however, their relation to each other
remains unclear. Therefore, it is very likely that afforestation planned as flood
protection measure will not occur in the spatial planning documents. Therefore, it
can be stated that existing legal framework implementing afforestation for flood
management might occur insufficient for the effective implementation of the pro-
vided measure.

Implementation of the afforestation has two stages and engages multiple institu-
tions. The first stage requires the State Forest Enterprise, which manages, uses, and
disposes the state forests, to form plots, which are located within the territories
provided in Fig. 3 and belong to the State Land Fund, which is responsible for the
state land management, for the afforestation. The second stage includes planting
trees. However, the Action Plan provides insufficient provisions regarding the
process of planting trees. The Action Plan mentions planting trees in Bartuva RBD
in its point no. 13.4, however, it misses giving further details about the process of
planting trees in this RBD in its point no. 13.5. This can mean that until the year
2023, the afforestation in Bartuva RBD will not be implemented. Moreover, the
incomplete land reform hampers the process of increasing the country’s afforesta-
tion. It creates problems related to the transfer of vacant state land fund to state forest
managers for forest cultivation (11,457 ha of such land were transferred to forest
enterprises in 2001–2010, but only 2,163 ha in 2006–2010, and only 33 ha in 2011).

Finally, incompleteness might be observed considering the implementation of
NFM in Lithuanian cities. In order to implement the requirements of the FRMP
related to the installation of ponds and other water bodies for the collection of surface
water, they must be included in the design and construction conditions. However,
Lithuanian legislator did provide the requirements mentioned above neither in the
Law on the Territorial Planning [28] nor in the Law on the Construction [61]. There-
fore, the “hard law” instruments, which would provide a solid ground for
implementing the measures mentioned above, are missing. In such a case, planning
ponds in the cities can be hampered because developers will hardly use expensive
city territory for other purposes than those strictly required by laws. To summarize,
the problem of incompleteness and insufficiency of law occurs mainly regarding the
possible implementation of NBS on private property. While regarding the imple-
mentation of the NBS on state-owned land, only some insufficiency in legal regu-
lations can be observed.

6 Contradicting and Incoherent Laws as a Challenge
for the Implementation of the NBS

In legal theory, coherence of law is strictly linked with its systematic nature, which
means that different parts of the whole legal system harmonically link with each
other [64] and do not contradict each other [65]. Contradiction and incoherence of
law, unwelcome phenomena in general, can impede the implementation of the NBS.
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The coherence of law is particularly important in flood risk management since
incoherence can result in increased vulnerability to flood events [66]. Therefore,
the aim of this Section is twofold: to analyze whether the provisions of particular
legal acts, important for the implementation of the NBS, are not contradictory
towards each other and if they are parts of a coherent system, particularly whether
they contribute to the achievement of the main goal, which is flood risk management.
It is worth noting, the main goal mentioned before derives from the legal acts, which
are regulating or influencing flood risk management, that can be seen as a system.
The analysis of the Lithuanian legal acts revealed several contradictions that can
impede the implementation of the NBS.

Potential contradictions can occur if, for the implementation of the NBS, the land
use change is required. This is particularly relevant for the afforestation. Due to the
finite amount of land, a competition between land uses is inevitable [67]. In some
instances, land use changes can be complicated. For example, some of the protected
areas are located within the basin and sub-basins that are supposed to be afforested
(Fig. 3). Therefore, a potential conversion of the existing land use to the forest can
create a conflict between the protected area conservation [29] and planned natural
flood management. According to the Lithuanian Law on Protected Areas [29], any
activities in the protected area require to consider the provisions of the Law on
Special Land Use Conditions [30], the Law on the Environmental Protection [68],
the Law on Protected Species of Animals, Plants and Fungi [69], the Law on the
Forests [27], the Law on the Territorial Planning [28], and other laws related to
environmental protection and environmental impact assessment. The difficulties can
arise since afforestation can change environmental conditions and affect, for exam-
ple, protected habitats. In such a situation as presented above, to achieve coherence
of law can be difficult owing to the contradiction of desired behavior (planting forest
v. not changing land use). Therefore, the solution could be to compare the costs and
benefits of both implementing afforestation and not changing the land use in each
particular case.

Moreover, contradictions can occur considering the potential change of the
agricultural land to forest. The land use of Bartuva RBD, Lielupė small tributaries
sub-basin, Nevėžis, and Šešupė sub-basins, where the afforestation is planned, are
shown in Fig. 3. Cropland use (non-irrigated arable land) is the most common in all
the catchments. Forest areas have much less cover compared to agriculture.
According to the Law on the Land [26], arable land with soil productivity higher
than the national average, as well as land with drainage systems, must be used in
such a way that its area is not reduced, except for ecologically depleted areas of the
natural framework, and soil properties are not impaired. Therefore, although possi-
ble, it can be problematic to introduce the afforestation in a land with high
productivity.

In the catchments considered for afforestation plans, most land use in a buffer
area of 12 m (Table 2) is agricultural (Non-irrigated arable land). This means that
these areas’ capacity to retain floods is reduced, especially if they are managed with
heavy machinery known to increase soil compaction and reduce the capacity to store
water [70]. It is important to increase the areas of riparian forests to increase the
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capacity of flood retention capacity and reduce the amount of diffuse pollutants that
reach water bodies. However, implementing these measures can be difficult to
achieve since converting arable land to the forest can raise conflicts with local
farmers because riparian areas are the most fertile for agriculture [71, 72]. The
solution, in this case, could be rather the implementation of the agri-environmental
measures, thereby maintaining fertile soil for agriculture and at the same time
increasing it flood mitigation capability.

To summarize, achieving coherence of law can be hindered if the implementation
of the NBS requires a change of land use. In such circumstances as presented above,
although the particular provisions do not contradict each other, the achievement of
the flood protection goal may conflict with other environmental goals, as, for
instance, habitat protection.

Table 2 Land use area in Bartuva, Lielupės, Nevėžis, and Šešupės in 12 m water courses buffer
area. For cultivated water courses a buffer area of 12 m is recommended (https://climate-adapt.eea.
europa.eu/metadata/adaptation-options/establishment-and-restoration-of-riparian-buffer-s). Data in
%. Source: Data from Corine Land Cover 2018 (https://land.copernicus.eu/pan-european/corine-
land-cover)

Land use/Catchments Bartuva Lielupės Nevėžis Šešupės

1.1.2. Discontinuous urban fabric 1.01 1.21 1.00 2.59

1.2.1. Industrial and commercial units 0.16 0.20 0.32 0.45

1.2.2. Road and rail networks and associated land 0.14 0.04 0.12 0.03

1.2.4. Airports – 0.01 0.14 0.03

1.3.1. Mineral extraction sites – 0.06 0.02 –

1.3.2. Dump sites – 0.01 0.06 –

1.3.3. Construction sites – – – –

1.4.1. Green urban areas 0.14 0.09 0.09 0.01

1.4.2. Sport and leisure facilities – 0.08 0.09 0.03

2.1.1. Non-irrigated arable land 31.70 41.58 41.43 48.44

2.2.2. Fruit trees and berry plantations 0.12 0.13 0.10 0.10

2.3.1. Pastures 8.61 4.47 4.05 6.64

2.4.2. Complex cultivation patterns 6.66 7.81 4.96 10.88

2.4.3. Land principally occupied by agriculture, with
significant areas of natural vegetation

21.45 7.06 5.17 8.21

3.1.1. Broad-leaved forest 8.36 16.37 17.84 4.64

3.1.2. Coniferous forest 3.84 2.17 1.90 5.36

3.1.3. Mixed forest 11.40 11.90 13.58 7.32

3.2.1. Natural grassland 0.03 0.07 0.09 0.04

3.2.4. Transitional woodland shrub 6.18 6.08 8.16 3.67

4.1.1. Inland marshes 0.15 0.16 0.05 0.50

4.1.2. Peatbogs 0.19 0.50 0.83 1.07
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7 Conclusions

Lithuanian authorities, in their flood risk management plan, provided mainly grey
infrastructure measures for flood management. Nevertheless, there are also four NBS
included, namely afforestation, agri-environmental measures, ponds for the water
storage in cities, and restoration of wetlands. However, the last one will not be
implemented in the nearest future, hence the analysis focused on the other three
NBS. A further analysis revealed that the implementation of the NBS might be
hindered owing to the drawbacks of the legal framework. First, there is an insuffi-
cient coordination between the Law on the Special Land Use Conditions, the Law on
the Land, and the Law on the Territorial Planning. Particularly the last two should
make a clear link to the Law on the Special Land Use Conditions. Such a clear link
would allow more easily make restrictions related to the land use on private property,
which in turn, as the foreign practice suggests, would allow for convincing easier the
landowners to implement the NBS on their land. Moreover, those laws should make
clear references to flood management documents: FRMP, WDP, and the Action
Plan. In the most populated cities in Lithuania, measures provided within the FRMP
can be insufficient and hence ineffective because they are not included in the Law on
the Construction. In other words, the regulations requiring installing natural water
storage places, such as ponds, are not strict enough to ensure their proper imple-
mentation, and the potential developer can be reluctant to use valuable urban land for
water storage.

In the case of coherence of law, there are several doubts. There could occur a
conflict between the objectives of the FRMP, the Law on the Land, and the Law on
the Protected Areas. For instance, it is unclear whether the land identified as a free
state-land is the best one for the afforestation. It seems that Lithuanian authorities
decided to include some measures without proper evaluation of their future effec-
tiveness. In the case of the afforestation, it is particularly important to plant trees in
the areas that can give the best protection against the floods, and these are usually the
areas close to the rivers. At this moment, the majority of the land bordering the rivers
(namely Nevėžis, Lielupė, and Šešupė) are agriculture lands. The Law on the Land
restricts the conversion of the agricultural land to other land use, hence the imple-
mentation of the afforestation in such land can be jeopardized. In some instances, the
protected areas are located within the basin and sub-basins that are supposed to be
afforested. Therefore, afforestation can also be incompatible with the Law of the
Protected Areas [29] since it allows the activities in those areas as long as they do not
infringe other environmental protection goals, e.g., protection of habitats. Finally, in
the case of agri-environmental measures, the state chooses, for instance, to pay
private and legal persons for proper meadows management. However, it is unclear
if it is beneficial to pay for all the farmers or only for those whose land is important in
terms of flood protection. Therefore, even if it may seem that Lithuanian authorities
plan to implement several NBS for flood management at first glance, their effective
implementation will require changes in the existing legal framework.
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The analytical framework applied in this study allowed to assess whether the
Lithuanian national law can hamper the implementation of NBS due to its potential
incompleteness, incoherence, or insufficiency. Therefore, it can be potentially con-
sidered while assessing other national laws related to implementation of NBS in
flood affected areas.
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Abstract Floods are natural phenomena that cannot be avoided. Lately, next to the
traditional grey infrastructure, countries have started implementing nature-based
solutions (NBS) for flood management. NBS need more land than traditional
measures, and this land often belongs to private persons. This chapter aims to
analyze what are the possibilities to implement NBS on private land. Usually, the
governments can achieve their goals using policy instruments that are called “stick,”
“carrots,” and “sermons.” In terms of NBS “sticks” are expropriation and land-use
restrictions, “carrots” – financial incentives, including payments for ecosystem
services, and “sermons” – informational measures. Implementation of “sticks”
from the legal perspective is the most complicated because it interferes with property
rights protected internationally as human rights. The latter is not absolute, and the
state can expropriate or restrict land-use provided the aim of this interference is
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justified, lawful, and proportionate. “Carrots” can be effective; however, they require
long-term investments from the state. Whereas “sermons” are rather supplementary
instruments supporting the implementation of “sticks” and “carrots.”

Keywords Human rights, Nature-based solutions, Private land, Property rights

1 Introduction

Floods are natural phenomena with which humankind deals for centuries. Floods
cause both people and economic losses, and it is projected that flood-related dam-
ages will increase in the future [1]. Among the reasons why flood-related damages
continue to increase are intensive human activities in floodplains [2]. These activities
include increased urbanization, reduction of forests and wetlands [2], and intense
agriculture [3]. Therefore, reducing developments in floodplains can significantly
reduce future flood damages [4]. Modern flood risk reduction strategies often include
nature-based solutions (NBS) for flood mitigation. However, their implementation
requires more space than traditional defense-oriented infrastructures [5].

It happens quite often that the land needed for the NBS is privately-owned
[5]. Ownership rights are protected by the law, and interference into these rights,
including floodplain development, can raise legal problems, particularly if the
property rights are under constitutional or quasi-constitutional protection [6]. Imple-
mentation of NBS on state-owned land creates fewer difficulties than if private
property is involved [7]. In the latter, the state can impose on landowners the
restrictions through land-use planning, zoning [8], or expropriation [9], which
would eventually lead to the implementation of NBS on privately-owned land.
Implementation of NBS on private land can also be based on a voluntary basis. It
is applied when the landowner decides to implement NBS on the private land [10]. In
any case, an implementation of NBS on private property would need both legal
justification for imposing on landowners the duties related to the land-use and
strategies for encouraging the owners to implement NBS on their land.

This chapter aims to analyze different legal issues related to private property that
can potentially hamper the implementation of NBS. Different policy instruments
were considered. Those instruments are often classified as “carrots, sticks, and
sermons” [11]. In this configuration, the “sticks” means – regulation, the “carrots” –
economic means, and the “sermons” – information [11]. Figure 1 presents measures
supporting the implementation of NBS on private land, dividing them into “sticks,”
“carrots,” and “sermons.” Further analysis follows this division.

First, attention will be paid to international, particularly human rights-related
legal issues of protecting private property and possibilities for the authorities to
interfere in private land using “sticks.” For this purpose, both national and interna-
tional legal provisions will be analyzed. Further, existing practices on how to deal
with legal issues in order, on the one hand, to respect the rights of the landowners
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and, on the other hand, to implement the NBS on private land will be analyzed.
Therefore, it can be stated that the research will focus both on the detection of legal
problems and their potential solutions. The analysis includes also other measures the
so-called carrots and sermons, which are less coercive comparing to “sticks.” This
can be beneficial for the countries that are and will be implementing NBS for flood
mitigation and the international authorities (e.g., the European Union) while creating
new strategies and policies for flood protection.

The chapter presents possible obstacles that different states encounter and possi-
ble solutions. However, it does not claim to present an exhaustive list of neither.
Moreover, greater attention has been paid to the protection of property as a human
right since this issue in the context of the implementation of NBS seems to be
overlooked by scholars.

2 Methodology

The analysis provided in this chapter is based on law, relevant case-law, policy
documents, and literature. A search for the European Court of Human Rights’
relevant case-law was conducted using the HUDOC database (https://hudoc.echr.
coe.int/eng). Only the most important case-law was selected. Case-law of the other
institutions and national laws was analyzed using the literature.

Legal provisions regarding private property have been qualitatively analyzed
regarding their meaning, purpose (function), and possible application in the imple-
mentation of NBS. It is worth mentioning that the analysis encompasses both direct
references to the particular legal acts as well as to their interpretation provided by
different scholars and by relevant case-law. This analysis allowed to identify the
possible scope of the protection of private property and more specific obstacles that
can occur while implementing the NBS.

In order to present possible national solutions for the implementation of NBS on
private land, several examples from the literature have been chosen. In order to
identify relevant studies, keywords: nature-based solutions, private property, natural
flood management were used. It is important to recognize that many studies
addressing nature-based solutions for flood management mentioned private property

Fig. 1 Measures supporting the implementation of NBS on private land
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regulation as potentially problematic but they did not elaborate on that issue
[12, 13]. Therefore, only those studies were chosen for the analysis that provided
at least minimal references to a possible solution regarding the implementation of
NBS on private land. Minimal references mean that authors at least mention how to
deal with the private property issues while implementing NBS even if it is not the
main topic of their work. Solutions mentioned in the selected examples were divided
according to different policy instruments that allow to reach the governmental goals
(Fig. 1).

3 Application of Coercive Measures (“Sticks”)
for Implementation of NBS: In the Context
of the Protection of Property Rights as Human Rights

“Sticks” are regulatory means, which can directly or indirectly hinder the imple-
mentation of NBS for flood management on private property. “Sticks” are consid-
ered to be measures that imply “a command-and-control strategy,” and behaviors
contradicting those measures can be unlawful [14]. It still needs to be answered how
far the intervention to the private land can go using the coercive measures while
implementing the NBS. This is an issue that can be discussed both from an
international and national standpoint. An international level is important since it
provides standards that the states have to comply with. For instance, in case of land-
use and property rights, the land-use laws are national but the property rights are
protected by international law, which usually prevails over the national law. National
standards in this regard have to comply with international, and therefore, further, the
bigger attention is paid to the latter.

Expropriation of private land for public goals can be mentioned first among the
coercive regulatory measures [9]. In this case – first – does not mean that the
authorities will apply it in the first place but from the perspective of the protection
of private property it is the most coercive measure and the most interfering with the
property rights, thus it is discussed first. Further examples will show, it is not the first
measure that the state authorities will use. From the legal standpoint, expropriation is
not an easy measure to apply. The expropriation can be de jure and de facto [6]. De
jure expropriation shifts the property ownership and the land initially belonging to an
individual person becomes an ownership of the state. In this situation, the state
purchases the land from the owner for the public purpose [6]. The de facto (also
called “indirect”) expropriation can be considered if the state regulates the use of
private property the way that it diminishes its value [15]. In any circumstances, the
expropriation has to be considered the last resort measure [9]. Inclusion of expro-
priation into flood management or related plans can cause resistance within the
society [16]. Even more than practical difficulties, an expropriation can raise legal
concerns due to the protection of private property.
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The regulatory measures also include obligations and constraints deriving from
the land-use planning and zoning regulations, as well as pre-emption rights. They
can also be considered “sticks” since they affect how the land can be used and, for
instance, whether the owner will be able to get a profit from it or not. Therefore,
further considerations are relevant not only in case of expropriation but also other
regulatory constraints related to private land.

Provisions on the protection of private property can be found both in national
laws, mainly in national constitutions [6] and international law. Article 17 of the
Universal Declaration of Human Rights [17] stipulated that everyone has the right to
own property and “no one shall be arbitrarily deprived of his property.” None of the
further main global documents in the domain of human rights repeated this decla-
ration [18]. Nevertheless, property rights are affected by international law, and
particularly rules safeguarding human rights and investments [19]. On the regional
level, Protocol No. 1 [20] to the European Convention of Human Rights and
Fundamental Freedoms (ECHR) [21] safeguards the property right. Property is
also protected under Article 21 of the American Convention on Human Rights
[22]. Article 1 (Protection of property) of Protocol No. 1 states:

“Every natural or legal person is entitled to the peaceful enjoyment of his possessions. No
one shall be deprived of his possessions except in the public interest and subject to the
conditions provided by law and by the general principles of international law. The preceding
provisions shall not, however, in any way impair the right of a State to enforce such laws as it
deems necessary to control the use of property in accordance with the general interest or to
secure the payment of taxes or other contributions or penalties.”

The European Court of Human Rights (ECHR) had already many occasions to
elaborate on the meaning of the provisions provided above. The ECHR, in its
case-law, interprets principles of the right to property according to the provisions
mentioned above. The state can interfere in the exercise of the property right;
however, the interference has to be lawful, proportionate, and justified by a public
or general interest [23]. To consider interference as lawful, it has to have a legal
basis, protecting the owner from arbitrariness [24]. Another important requirement is
a legitimate general or public interest that needs to be protected [23]. Finally, it is
essential to assess whether the restrictions imposed on the owner are proportionate to
the protection of public interest that is pursued by the state [25]. It is worth
mentioning that the ECHR first examines if the lawfulness and public interest
occur and only an affirmative answer allows the Court to assess the proportionality
[23]. The other question to be answered is: whether the implementation of the NBS
can constitute such a legitimate general interest that would justify interference
(expropriation, restrictions related to land-use) of the state authorities on the private
land? Moreover, provided the answer is positive, whether protection of this interest
is proportional to the interference on private land. To answer a question posed above
a more in-depth look at the ECHR case-law is required. Particularly important are
cases related to the environment and land-use planning.

For several occasions, the ECHR has been confronted with the conflicting values
of the protection of the environment, on the one hand, and the right to property on the
other [26, 27]. The ECHR has confirmed that although the ECHR does not provide
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general protection of the environment, it can be considered to be in the public interest
[28]. On the contrary, housing development, for instance, cannot be considered
strong public interest as environmental protection [29]. Therefore, it is worthy to
assess whether the implementation of NBS can be considered as a public interest.
The ECHR has explained that what is in a “public interest” has to be assessed by the
national authorities since they know better about their society’s needs
[25]. According to the ECHR, the regional planning and environmental protection,
where the society’s general interest is at stake, give the state a wider margin of
appreciation than when exclusively private interests are at stake [30]. Implementation
of NBS for flood management encompasses both environmental protection elements
[31] and protection of the society from floods [32]. NBS for flood management are
important for the society’s general interest, not exclusively private interest. It can be
concluded that the implementation of NBS meets the criterion of a legitimate public
interest. Following that the state could have a margin of appreciation to enforce the
laws that will restrict the use of private land to implement the NBS. However, the
latter is true provided the other criteria from Article 1 of Protocol No. 1 are met.

Another important criterion is the lawfulness. The existence of a legal basis in the
national law is insufficient to meet the criterion mentioned earlier [23]. According to
the ECHR, the law should be of a certain quality, requiring it to be “accessible to the
persons concerned, precise and that the consequences of its application be foresee-
able” as well as there should be “compatibility with the rule of law which includes
freedom from arbitrariness” [33]. In order to meet the criterion of lawfulness, the
interference has to conform with relevant legislation, for instance – land-use plan-
ning or designed to protect the environment [34]. Moreover, sometimes national
laws can require the appropriate level of legislation if it interferes in a private
property. For example, in Lithuania, any private property restrictions might be
imposed only by law [35]. To ensure that the laws are known to the persons they
relate to, it might be necessary to publish them in official journals or make them
publicly available in other ways. The ECHR does not put strict requirements in this
regard [23]. Foreseeability of law is no less important. In terms of implementation of
NBS it can be achieved by making the information regarding, for instance, the flood
risk areas publicly available. The latter can be easily achieved by publicly providing
the information required due to the implementation of the EU Floods Directive
(FD) [36], particularly – flood risk and flood hazard maps and flood risk manage-
ment plans.

The last important criterion is proportionality; namely, there must be a “fair
balance” between the public interest and the requirement of the protection of the
individual’s right to private property [23]. It is important to emphasize that a
question of a fair balance is raised by the ECHR only if the earlier mentioned criteria
of lawfulness and the public interest are met [37]. The value of this criterion cannot
be overestimated since it is often decisive for evaluating whether Article 1 of
Protocol No. 1 has been violated [23]. The proportionality test allows determining
the extent to which the interference of the state restricted a person’s exercise of
property rights. Subsequently, these restrictions can be balanced against the impor-
tance of a legitimate public interest that justified the interference. The ECHR does
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not provide an exhaustive list of factors that might be considered for the purpose
mentioned above. Usually, the ECHR assesses whether the authorities acted in good
time and in “an appropriate and consistent manner” [23].

Some factors can be particularly important while conducting a proportionality test
in case of restriction on private land resulted from the implementation of NBS.
Among those factors is a possibility for a person whose property rights were affected
by the state’s interference to challenge the measure that was taken [27]. Another
factor to be considered is whether the measures taken by the authorities were
possibly the least intrusive [38]. Moreover, the compensation provided by the state
is an important factor while assessing if the measures taken by the state were
proportional. The ECHR usually considers that proportionality of applied measures
is achieved if the compensation that has been paid for the owner of the property
corresponds to its market value at the time of the expropriation [39]. The compen-
sation shall cover the loss of the land itself and lost income if the owner of the land
was pursuing business activities on it [40].

The ECHR acknowledges that the state has a broad margin of appreciation if it
restricts private property use due to its land-use planning laws [41]. Moreover,
restrictions imposed on landowners due to urban or regional planning are considered
to be in general or public interest [41]. The state is still obliged to strike a fair balance
between the protected public interest and the right to private property. However, the
lack of compensation in such cases is insufficient to consider the measures as
disproportionate [30]. The right to compensation will depend on the strength and
significance of the public interest at stake [31]. It is important to emphasize that the
ECHR case-law reveals that the Court, whilst analyzing the proportionality, always
considers the individual cases’ circumstances.

Worth mentioning that property rights protected by the Article 21 of the Amer-
ican Convention on Human rights [22] can also be restricted due to the “interest of
society” if the restrictions are established by law and justly compensated [42].

The earlier analysis allows concluding that compliance with the criteria of
lawfulness and public interest when considering the implementation of NBS for
flood management can be achieved. At the same time, the criterion of proportionality
requires more in-depth reflection. Is it possible to achieve a “fair balance” when
interference to private land is required due to the implementation of the NBS? This
question does not have an easy or unambiguous answer for several reasons. Unlike
in the case of traditional engineered flood management structures, so far, there are no
uniform guidelines providing standards neither for implementation nor for evalua-
tion of the effectiveness of NBS [43]. This is why, it can be challenging to evaluate if
the NBS, which require more land than traditional grey infrastructure, will provide
similar or better result in terms of flood management [5]. In other words, it can be
difficult to justify NBS using a positive cost–benefit ratio [5]. This circumstance can
create an obstacle to restrict the use of private land for the purpose of implementation
of NBS since it could be complicated to prove that NBS are the least intrusive
measures that could be adopted for flood protection. As an additional justification,
that the use of NBS for flood management and related restrictions posed on the
private land can strive a “fair balance”, can serve the environmental benefits
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provided by the NBS. It is claimed that other benefits of NBS should be considered
in the cost–benefit analysis, which would enable “a more holistic comparison to
traditional engineering approaches” [43].

The ECHR stated for several times that “in today’s society, the protection of the
environment is an increasingly important consideration” [30]. Following that, if the
implementation of NBS would encompass both the aim of the protection of the
environment and flood protection to achieve a “fair balance” between property
restrictions and the aim pursued by the state would be easier. Restrictions on the
use of private land would be easier to justify if they were based on a state’s
compliance with its international obligations, such as those under EU law. The
burden of the state’s duty would be more significant since the implementation of
the international obligation would serve the national and international community’s
interests.

4 Measures for the Implementation of NBS for Flood
Management on Private Land in the Practice of Different
Countries

There is hardly one way for all states regarding the implementation of NBS on
private land. This is particularly relevant in applying the coercive measures due to
the differences in legal protection of private property in different countries and the
percentage of the land belonging to the private persons thereof. For instance, in
Scotland, around 50% of the land is privately-owned [44]. In such situation, the
implementation of NBS can be subject to cooperation with hundreds of different
landowners, which can be more complicated than implementing NBS on one
owner’s land [45]. Despite the possible difficulties lately, the states are shifting
slowly from the traditional flood protection measures using mainly grey infrastruc-
ture to nature-based solutions [46]. One of the issues that may occur is an impossi-
bility to apply legal solutions authorizing the installation of the traditional flood
protection measures to ensure natural flood management [13]. This can result from
uncertainty regarding the efficiency of the nature-based flood protection measures
[46]. Therefore, it seems even more valuable to analyze how different countries deal
with implementing NBS on private land.

Analysis of the selected examples of implementation of NBS revealed that the
measures used for NBS implementation on private land are similar in different
countries (Table 1). The examples were selected from the literature and the most
important criterion was whether the selected study addresses an issue of
implementing NBS for flood management on private land. The majority of the
examples are from Europe, some – from other parts of the world. They are not
sought to be a systematic review of case studies in the selected area. The aim of the
table below is to illustrate the theoretical considerations with practical examples.
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The most coercive measures – “sticks” – expropriation, land-use restriction
through land-use planning, pre-emption rights were not popular among the coun-
tries. The expropriation has been used only once [47] and once suggested as a
possible ultima ratio measure [9]. In contrast, land-use restrictions were used or
suggested as possible to use several times [9, 48–50]. Worth noting that these
measures often will require compensation.

Non-coercive measures, in other words, “carrots” and “sermons” are quite usual
in dealing with landowners [9]. Usually, “carrots” mean financial incentives, includ-
ing buying land from the landowners [50], compensations [9], subsidies, or pay-
ments for particular ecosystem services (PES) [55], charges, for instance, tax
reduction [56]. However, although the compensations schemes are considered
“carrots” in the literature [9, 11], it has to be kept in mind that, in many instances,
they are closely connected to the expropriation and zoning [57] – with the typical
coercive measures. This is the case, for instance, in Belgium [49].

From the authorities’ perspective, the aim of all those measures will be similar,
namely to influence the behavior of the landowner to implement the NBS on their
land, for instance, using their land for water storage [58]. From the perspective of the
landowners, the measures have a different effect. In case of selling the land for the
authorities (e.g., in case of the pre-emption rights), they cease to be the owners of the
land. In case of other financial incentives, they stay with their land, however, the
authorities expect from them particular behavior. Purchasing the land for the imple-
mentation of NBS could seem more expensive than other measures. At the same
time, they are raising less legal questions since these measures directly transfer land
ownership to the state [50]. Purchasing land as a measure for dealing with private
land while implementing NBS for flood management was applied or suggested as
feasible to apply in case studies (Table 1) from Bangladesh [52], the Czech Republic
[53], Germany [54], and the Netherlands [9]. It was the most often occurring
measure in case studies (Table 1) used by the authorities or suggested by the authors.

Aside from the purchasing land, other measures like land consolidation and
transferable development rights (TDR) can be mentioned. Land consolidation is a
regulatory measure which allows exchanging the land parcels [59]. This measure
primarily served as a measure supporting farming structures, but with the time it
changed into a multifunctional tool [60] that could be used for flood management
purposes. In the latter case, the state is acquiring land in order to implement flood
protection measures [8]. Possibility of land consolidation depends on the availability
of the land [8]. Landowners can be interested in land consolidation since it allows
negotiating with the state authorities regarding the compensations [8] and is less
restrictive compared to expropriation [9].

TDR unlike land consolidation or land acquisition do not affect the ownership of
the land since it is a market mechanism that allows transferring development rights
from the area that is not supposed to be developed (“sending areas”) to the area that
is designated for the development (“receiving areas”) [61]. TDR measures usually
serve preserving environmental, agricultural, esthetic, or historical values [62], but
this measure can also be used for flood management [49]. This measure can be
attractive for the authorities because it does not require compensating the
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landowners [49]. In the case of TDR landowners from “sending areas” are compen-
sated by the landowners from “receiving areas,” who are acquiring development
rights [63]. The shortcomings of the TDR include low motivation of the landowners
in participating in TDR [63], which can be overcome by offering additional incen-
tives [49], valuing of development rights [62], and transaction costs [63].

Subsidies and compensations, similarly to TDR, do not affect ownership rights. It
is worth emphasizing that in this case, it is a pre-flood the compensation for the harm
that landowner endures due to the implementation of flood risk management mea-
sures [57]. From the standpoint of the owner, the compensation and subsidies could
seem unattractive. For instance, the value of compensation can depend on what
burden or loss the landowners endured. It has to be considered that they also benefit
from the actions of the state, aiming at flood protection [64]. The compensation can
depend on whether the landowner suffered economic disadvantages, for instance,
due to restrictions related to agriculture in the floodplain areas, or these were the
restrictions related to settled areas as limitations of construction [65]. The actual loss
of the landowner can be higher than the compensated one, for instance, if the
agricultural land is changed to a forest, the landowner can lose the subsidies for
agricultural activities [66]. Even from the perspective of the protection of property as
a human right, the compensation shall be lawful and proportionate, which does not
presume that 100% of loss needs to be compensated. Moreover, for the authorities,
compensation schemes could also raise difficulties in allocating resources [13] since
any financial incentives can become for the state too expensive [49], particularly
because the authorities have to provide long-term financing mechanism in order to
achieve success [67]. In the selected case studies (Table 1), compensation occurs
mainly concerning the expropriation [47] and in case of imposing on the landowners
to change the land-use [9].

The other incentive-based mechanisms can be placed under the umbrella of PES.
These mechanisms can include subsidies, tradable permits, and market friction
reductions [56]. PES are usually defined following the Wunder [68] as “(1) a
voluntary transaction where (2) a well-defined environmental service (or a land
use likely to secure that service) (3) is being ‘bought’ by a (minimum one) service
buyer (4) from a (minimum one) service provider (5) if and only if the service
provider secures service provision (conditionality).” PES are voluntarily used
beyond the command-and-control scheme [68]. There are different types of mea-
sures, however in terms of flood protection, the most relevant is watershed
protection-related PES, which according to Kumar et al. [69] “allows participants
to pay upstream landowners for best practice land use which limits deforestation and
land degradation to reduce risks, such as floods and soil erosion while maintaining
aquifer quality.” PES can be effective provided the landowners consider them
credible [69]. Therefore, effectiveness will depend on the landowners’ willingness
to implement NBS on their land and the possibilities of the authorities to pay for the
landowners for their behavior accordingly since, as it was already mentioned, any
financial incentives imply long-term costs for the authorities. Noteworthy that PES,
like other policies, can be considered cost-effective if they allow achieving the same
results using other policies [56]. Despite possible obstacles, there are already
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examples of using PES for watershed protection [70]. In the selected case studies
(Table 1) PES were not used; however, there were suggestions that they can be one
of the measures supporting NBS implementation on private land [9, 53]. For
instance, subsidies, typical economic policy instruments [11], can be considered
particularly connected with agriculture as a part of the EU Common Agricultural
Policy [44].

The effectiveness of any policy can be supported using “sermons” or, in other
words, information. According to Vedung and van der Doelen [71], “information as
a public policy instrument covers government-directed attempts at influencing
people through the transfer of knowledge, communication of reasoned argument,
and moral suasion in order to achieve a policy result.” Increasing stakeholder
awareness can be essential for the effectiveness of flood risk strategies [72], includ-
ing the implementation of NBS, since the information helps to enhance their
credibility. Moreover, information sharing and engaging the private sector in iden-
tifying risks as well as response measures and adaptation can help to mobilize more
considerable investments in reducing vulnerability [73]. Finally, a partnership for
NBS is gaining attention [74, 75]. Partnership assumes collaboration between
policy-makers and stakeholders, which helps to create synergies between them by
pooling together their knowledge, experience, capacities, and resources [75].

Partnership, engagement of stakeholders, and information and knowledge sharing
are considered important in the selected case studies (Table 1). For instance, Macháč
and Louda [53] observed that communication between decision-makers and stake-
holders could be important for the implementation of NBS. Whereas Warner and
Damm [54] noted that even if the landowner is self-motivated, he may need
persuasion and formal agreements that would facilitate the involvement in pursuing
NBS. Therefore, it seems that “sermons” are not the main but much supportive while
implementing NBS on private land.

5 Concluding Remarks

Implementation of NBS in some instances can interfere with the property rights of
landowners. The aim of the present study was to identify ways how NBS could be
implemented on private land from a legal perspective. Possible ways to deal with the
issue at stake include different policy instruments, which in the literature are often
called “sticks,” “carrots,” and “sermons.” They differ in terms of coerciveness. The
most coercive are “sticks,” which in the case of NBS for flood management can take
the form of expropriation, land-use planning, or pre-emption rights. These are the
instruments that are the most interfering with private land. They can infringe
ownership as a human right (e.g., in European countries, parties to the ECHR).
The ECHR requires that any state interference into property rights should be lawful,
justified by a public or general interest, and proportionate. In the case of lawfulness,
it is important where land-use restrictions are, if they are in, e.g., land-use planning
laws; if they are precise, foreseeable and not arbitrary. This means that anybody can
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have access to that law, its application depends on objective criteria, and landowners
can know in advance about the possible restrictions.

Public or general interest requires to prove that measures will serve the society or
the community, not just a private person’s interests. Environmental protection and
protection from flooding without any doubts can be considered belonging to the
public or general interest sphere. The most problematic can be the proportionality
test since it is not always possible to justify that implementation of NBS considering
cost–benefit analysis will be as effective as other measures requiring less land.
Considering the case-law of the ECHR, implementation of “sticks” will require
substantial justification from the authorities, particularly regarding proportionality
of chosen measures. Concluding, it can be stated that using “sticks” to implement
NBS on private land requires the state authorities to provide legal means that will not
be easy to adopt. These would be the measures often limiting constitutional rights
and can raise objections of the landowners since those measures will affect their
property rights directly in a coercive manner. This is probably why in selected
examples “sticks” are rarely used.

The “carrots” and “sermons” raise less legal difficulties since they are not
coercive as “sticks.” The landowners are either paid (in case of “carrots”) or
convinced (in case of “sermons”) to implement NBS on private land. From the
standpoint of the state, these measures have both advantages and disadvantages.
Similarly, as in the case of sticks, they require finances, and for the long-term effect –
long-term financing, which can raise difficulties in allocating resources. On the other
hand, they allow the implementation of NBS having the consent, support, and
motivation of the landowners for it. In selected examples, these measures were
used or suggested to use multiple times. Therefore, bearing in mind potential
difficulties in justifying “stick,” the other two – “carrots” and “sermons” seem to
be more oriented towards landowners.

So far, the implementation of NBS on private land is lacking sufficient attention
from academia. The studies analyzing NBS for flood mitigation rarely address the
issue of private land comprehensively. This study is a modest contribution to
discussing how NBS for flood protection can be implemented on private land,
particularly, what are the possibilities to justify “sticks” in order to comply with
international human rights standards. Also the chapter gave an overview of other
measures (“carrots” and “sermons”) but it is still worth to continue and elaborate on
the issue of implementation of NBS on private land in further studies.
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Abstract The flood management needs to be undertaken in a more integrated
manner. Incorporating the risk in flood management should be synchronized with
the adequate measures which give their contribution to the reduction in the damage
caused by a natural hazard. In this chapter, a multidisciplinary approach is used for
presenting the socio-economic aspects of nature-based solutions (NBS). Implemen-
tation of NBS requires a more structured and comprehensive process that starts with
the valuation of the services provided by the ecosystem. Several barriers are iden-
tified in the socio-economic area connected with the implementation of NBS and
flood risks.

In the framework of the institutional setting, more actors or players are involved,
with different resources, different values and preferences, and more views and
perceptions. To select the most effective combination of measures, stakeholders
required adequate analysis, with specific reference to the costs and benefits of the
chosen actions.

Keywords Flood risk, Measures, Social innovation, Socio-economic analysis,
Taxonomy
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1 Introduction

European Commission defined NBS as “solutions that are inspired and supported by
nature, which are cost-effective, simultaneously provide environmental, social and
economic benefits and help build resilience” [1].

The multidisciplinary view of the socio-economic aspects in the connection of
NBS underlines the establishment of a holistic approach, implementation of the
adequate measures considering their synergies and potential trade-offs. This
approach includes recognizing the environmental and socio-economic context of
NBS design, implementation, and evaluation (calculation of the costs and benefits,
coordinated for different stakeholders); formulation of the NBS in a direction which
acts the multiple interconnected challenges; implementing NBS within various
scales (stakeholders need to establish flexible management which will answer
adequately to flood risks); monitoring of the realized activities [2, 3].

Adequate flood measures should be undertaken from the side of different stake-
holders [4] including authorities such as urban planners, water resources engineers,
disaster defense authorities, health and social services. Identification of the uncer-
tainty in the direction what decision-actors which are involved in this process will
undertake is not always known and make the prediction difficult – whether the
decisions pay off or not [5]. This presents the key reason why quantitative risk
analysis is often inadequate, and engagement of the different stakeholders is increas-
ingly considered as an important factor in the implementation of the successful
management measures [2, 3, 5, 6]. Flynn et al. [7] highlighted the need to account the
social risk perception in risk management since the reality perceived affects stake-
holders’ decisions and could lead to failures in risk management actions [8–11].

Establishing the NBS is also seen as innovations that require engagement with
multiple actors, providing co-benefits that bridge social and economic interests and
thus can support new green economies and job benefits [12, 13]. Raymond et al.
[2, 3] developed a seven-stage process for situating co-benefit assessment within
policy and project implementation. They include identification of the problem or
opportunity; selection and assess NBS and related actions; design NBS implemen-
tation processes; implementation of NBS; frequently engagement stakeholders and
communicate co-benefits; transfer and upscale NBS; and monitor and evaluate
co-benefits across all stages.

Implementation of NBS requires a more structured process with barriers identi-
fied in the socio-economic area.

2 Barriers in Establishing the NBS

The identification of the barriers which are present during the establishing of NBS is
crucial for its successful implementation. The adequate implementation of NBS
takes place in complex socio-ecological systems, in which the various elements
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are highly intertwined [14]. Existing barriers in the NBS implementation are not
mutually exclusive, which implies that timely and more effective policies should
acknowledge the interdependencies among those solutions. The understanding of the
important factors and their causalities can help in the reduction of the barriers and
their overcoming [15].

The NBS barriers have also been searched and identified in the framework of
several projects (e.g. [17]), including technical aspects of the NBS implementation,
stakeholder activities, and various institutional factors. Sarabi et al. [16] defined a
taxonomy of barriers by identifying the interdependencies among them. To provide a
structural understanding and acknowledgement – how the barriers are related, the
next interpretive structural model (ISM) presented in Fig. 1. is recommended.

The NBS barriers affect the uncertainties and election of the best ways to plan,
implement, manage, and to monitor NBS activities. In this sense, it is of importance
to design appropriate standards and guidelines for managing and timely monitoring
of the NBS in different areas, having also in mind specific conditions that follow
those areas. These guidelines are crucial to effectively respond to the specific
challenges which arise from different resources and institutional characteristics [18].
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Fig. 1 ISM model, adapted from Sarabi et al. [16]
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Droste et al. [19] found that municipal revenue systems have limited options to
invest in NBS and green infrastructures. The municipal revenues in different areas
are mostly dedicated to social expenditures and the development of gray infrastruc-
tures. In that way, there are not many financial opportunities that should be invested
in innovative approaches like NBS. Regulations and the law documents represent the
key elements in this process and in some cases are not regularly updated in a view of
the development of solutions like NBS [20]. Several studies have classified property
ownership as a major institutional and legal barrier [21, 22].

From another standpoint of view, politicians are not always aware of the full
potential of NBS in the sense of societal challenges, such as climate change in urban
areas [23]. It is important to note that there is not only a lack of sense of urgency in
the actions among policymakers but also a lack of public awareness toward NBS and
its development [24]. Entrepreneurs and citizens are sometimes less willing to invest
their resources in NBS because they see local government as more responsible for
those investments. The solution for such a perspective is to co-create solutions with
citizens by including them in the early stages of the planning process [17].

2.1 Risk Assessments and Vulnerability in the Context
of Developing NBS

Nature-based solutions are accepted and recommended as the measures for enabling
climate change mitigation and their adaptation to reduce flood risks and also for
enhancing urban ecosystems [25, 26]. NBS combine technical, governance, finance,
and social innovation, bringing together established ecosystem-based approaches,
such as ecosystem services, natural capital, ecological engineering, green-blue
infrastructure [27, 28]. The implementation of those measures should act in the
direction of the flood difficulties and reduce risks to people and property as effec-
tively as traditional gray infrastructures. Those measures should potentially offer
many additional benefits, e.g. improving the natural habitat for wildlife, enhancing
water and air quality, improving community sociocultural conditions [29]. The
World Bank proposed comprehensive guidelines for the implementation of NBS
to reduce flood risk [30]. The NBS framework and proposed guidelines can be
implemented throughout NBS phases to assess vulnerability and risk and contribute
to successful NBS management and monitoring the achievement of disaster risk
reduction.

The risk assessment and vulnerability in the context of the implementation of
NBS are interconnected. In most cases, they are used in the context of a wide range
of risks to which households are exposed. There is a big concern for reducing
welfare losses before they actually happen. The public policy identified flood risk
management and vulnerability as central topics of all the broader approaches.
Vulnerability is announced as the potential for a given receptor to experience harm
during a flood event. It depends on the various elements as the susceptibility of a
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particular receptor to experience harm during the flood, then the ability of the
receptor that has been harmed by the flood event to its recover. Flood risk compo-
nents are based on the recognition that risks cannot be removed entirely, but only
partially, and often at the expense of other societal goals, Sayers et al. [31].

Criteria for determining the risk of floods can be presented through the conse-
quences of the harmful effects of floodwaters on human life and health, as well as on
other material goods exposed to those harmful effects. These criteria are related to
the identification of receptors or emitters of flood risk. Considering a large amount of
data, their diversity, and the different effects of floods, this segment of analysis
requires a multidisciplinary approach. In this sense, it is valuable to establish the
SWOT (strengths, weaknesses, opportunities, threats)/PESTLE (political, economic,
social, technical, legal, and environmental) analysis. With this analysis, there is the
possibility to achieve multidisciplinarity to observe the problem of floods from all
these aspects. PESTLE allows valorizing the impact of floods and also to identify the
elements which are affected by floods.

The PESTLE framework [32] offers the chance to decompose all factors through
SWOT analysis (factors on which the flood has a positive and negative impact). The
mentioned factors can also be divided based on whether the impact is direct
(i.e. whether it originates from the flood itself) or indirect. The identification of the
positive influences from the system and environment are recognized as strengths and
opportunities and negative are weaknesses and threats. Flood risk management is a
policy with an excellent opportunity for establishing a synergy together with other
aspects of water management. Risk reduction should be undertaken as part of an
adaptive and dynamic decision-making process by which individuals and social
factors have a chance to interact more intensively [33]. Perception of the stake-
holders and understanding of natural disasters are socially constructed [34]. This is
the reason why the differences in risk perception could lead to conflicting situations
hampering the effectiveness of risk management measures [35]. Institutions should
support decision-making processes in which multiple actors interact to deal with
partially conflicting interests and also to resolve the social dilemmas [36]. The role of
the institutions is recognized as key support for humans use to organize all forms of
repetitive and structured interaction [37, 38].

NBS for reducing the flood risk show promising results in terms of risk reduction
[39, 40]. The implementation of NBS proposed a set of general principles which
have the focus on balancing ecosystem conservation as well as socio-economic
benefits [41]. Timely monitoring is required to ensure that the implemented NBS
continue to deliver the required risk reduction benefits in the long run.

2.2 Social Adaption Towards Understanding the Flood Risk

Understanding the flood risk and its factors has crucial social and political implica-
tions having in mind that the level of awareness of flood risk influences people’s
actions before and during a flood [42]. Such an attitude enables the creation of
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inclusive two-direction dialogue between the public and government about the main
aspects of increasing the conditions for preparedness and effective responses for the
flood. This presents the background for the policy-makers and institutional entities to
establish the effective strategies which are in direction with the public expectations
and present the way how to be accepted by the broader community (Fig. 2).

System risk models (both qualitative and quantitative) have an important role in
the evaluation of the performance of a different range of measures towards future
scenarios. The effectiveness of strategies in flood risk management is highly depen-
dent on stakeholders’ views and attitudes. This plays a critical role in terms of how
individuals and institutions act to risk mitigation. As part of the decision-making
process, competent authorities have the opportunity to adopt the transdisciplinary
approach which includes scientific and cognitive-psychological knowledge to ensure
that risk policy is neither purely science-based nor purely value-based [43]. Institu-
tional entities need to find the best approach to integrate public views and societal
values into the process which follows the risk analysis [44]. There is a need to
facilitate communication between affected areas and communities with all stake-
holders involved in flood relief efforts. On that road, the institutional entities need to
adapt and sometimes to modify their strategies and continually reinforce risk per-
ception and preparedness. Important aspects which need to be contained in this
procedure are related to the media. Information provided by the mass media and
communication channels as a source of indirect experience can influence risk
perception [45–49].

Cologna et al. [50] established the framework for analyzing the effects of the
media and its influence on risk perception, and how it affects adaptation policy,
preparedness, and communication between stakeholders. Flood as a natural hazard
creates a “window of opportunity” [51, 52] where the media has the potential and
can make a significant contribution to risk education. This view is essential for the
future activities of all connected stakeholders. The media and political entities also
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Fig. 2 System risk model (adapted from [31])
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learn from existing experience and come to the knowledge of how risk perception
communicates with the public about the projected impacts of flood risk.

The basic position of this concept presents the risk, and it is of great importance to
understand its multiple dimensions. The main factors which influence the risk
perception include previous experience of flood events; the crucial information
provided by the mass media or communication channels; and trust in relevant
institutions and authorities responsible for the flood defense measures [49].

3 Socio-Economic Analysis

The socio-economic analysis is often applied in the process of valorization of the
disaster impact and their social and economic aspects (loss of human lives, destruc-
tion of housing and infrastructure, suspension of traffic and supply chains, etc.).
Identification and measurement of areas under flooding risk are possible to realize
through a socio-economic model, which allows comparison of the socio-economic
vulnerability of different areas. This model consists of a set of indicators grouped
into several categories and are presented in Fig. 3 [53].

The social aspect encompasses capacity between communities that affects their
ability to adequately deal with natural hazards [54–57]. Social and demographic
characteristics, such as population, housing, and land rights, present the important
aspects of the protective measures [58, 59]. The proportion of house ownership [60]
and access to land or land ownership [60, 61] are crucial indicators of social
susceptibility and demonstrate the community’s predisposition to experience dam-
age to their homes or land due to natural hazards. The Human Development Index
(HDI) as a composite social indicator is usually measured at the national level and
represents overall social contexts [62].

Measures related to economic dimensions are more connected with the level of
support, vitality, flexibility, and timely response of the community economy. Eco-
nomic memory has often been given far more important than social memory,
especially in disaster research. This is because of the easier accessibility and
comparability of financial and economic information and the difficulty in the
representation of subjective factors in the measurement framework [63, 64].

Economic indicators mostly include gross domestic product (GDP), poverty, and
employment rate. In a certain respect, some of the economic indicators (e.g. GDP)
may not be quantifiable at the local level, but they are adequate indicators for the
planning and realization of measures that affect the economic strength of a commu-
nity. Applied methods for assessing the co-benefits of NBS need to take into account
the changing dynamics of the system at a variety of geographic and temporal scales
[2, 3, 65–68].

Economic indicators that are directed towards resources, including return on
investment and “profit”margins, require additional analysis. Indicators that quantify
the cost–benefit of the future measures in addition to the involvement of stakeholders
can enable a cost-added-value quantification [69].
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4 Integrated Assessment Models (IAMs)

Integrated assessment modeling (IAM) is a concept that is applied when categorizing
and applying different approaches to the modeling process that aims to assess the
impact of floods and the damage it causes. It is important to note the fact that
integrated assessment implies and includes the development of methods for
expanding the basic framework from several disciplines, with an emphasis on

Social Resilience

Gender (RMW) Ratio of men to women

Independentpopulation (INP) % of the population between 15-59 years of old

Special needs (DIS)

Public recreational facillities (REC)

Transportation access (CAR)

% of the population with disability

% of the households with at least on vehicle

Park, cinemas, sport halls, per 10.000 population

% of population with telephone service availability

((100-(% population with no high school -% population 

with collage education))/ (% population with no high 

school + % population with collage education))

Educational attainment equality (EDU)

Communication capacity (TEL)

Indicator Description

Economic 

Resilience

Homeownership (HOM) % of owner-occupied housing unit

Unemployment rate (EMP) % of unemployment

Female labor force (FLF)

Commercial establishments (CME)

Large retail stores (LRS)

% of female labor force

No. of large retail stores per 10.000 persons

Area of commercial establishments per 10.000 persons

Density of commercial infrastructures in each district

% empl. in farming, fishing, forestry, extractive industryDependence on primary sectors (PRM)

Commercial infrastructures exposed to a hazard (CMI)

Indicator Description

Fig. 3 Indicators for social and economic resilience dimensions, adapted fromMoghadas et al. [53]
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socio-economic and biophysical processes. Research and understanding of cause-
and-effect relationships within several disciplines related to the perception of finding
ways to overcome the negative effects are extremely important and the contribution
of this concept [70–73]. The effects of natural hazards can have significant conse-
quences on the economy and are included in the IAM. Due to climate change, it is
necessary to continuously assess and present the disaster model, i.e. the risk assess-
ment expected due to these changes [74].

Socio-economic and climate-related information should be strongly linked, to
ensure a timely and adequate response from all stakeholders. In this sense, it is
important to establish an interdisciplinary approach that can combine several differ-
ent models. This procedure aims to develop an adequate methodology that will be
directed towards better valorization and reduction of uncertainty that occurs due to
variable climatic conditions. Modeling extreme weather events in flood-affected
areas is of great importance for drawing up plans and institutional strategies. The
economic scope of quantifying the consequences of harm includes models that aim
to accurately assess and analyze all indicators that can contribute to a timely
response and mitigation of future harm. It is also proposed to include other economic
models, as well as partial and general equilibrium models [75].

The integrated climate assessment model, ICAM [76] includes different inte-
grated modules: demographics and economics (the economy module); energy (the
energy module); atmospheric composition and climate (the climate module); impacts
of climate change (the damage module); and an intervention module. The economic
dimension is mainly reflected through the adoption of economic models used to
quantify the resources used, including management models.

The category that is an indispensable part of IAM is river flooding since it has a
significant economic impact. Therefore, it is necessary to approach it with a sophis-
ticated concept that will be based on global modeling and risk assessment of river
floods with a detailed spatial solution [77]. Nordhaus [78, 79] gave his contribution
to the development of IAMs and made attempts to improve these models to aid
policymakers in making decisions about climate policy in the face of climate change
uncertainty [80]. The accounting for river flood risk in a climate-economy IAM [81–
83] is important as flood protection standards that reduce the probability of a river
flooding. Anthoff and Tol [84] gave their contribution in creating the climate
framework for uncertainty, negotiation, and distribution (FUND) model to estimate
the river flood damage (account for flood protection scenarios to implement eco-
nomically optimal protection). Ignjacevic et al. [85] made progress in estimations
that are connected with the economic variability due to climate change. In addition, a
CLIMRISK-RIVER flood risk model [85] is being developed and incorporated into
the integrated climate economy (IAM) assessment model. With this model, it is
possible to operate at the local level and with the preventive design of damage to
river floods caused by climate change and different socio-economic scenarios of the
flood adaption.

Socio-Economical Aspects of NBS 497



5 Integrated Early Warning Systems (EWS) Based
on Micro-Network Frameworks

The establishment and functioning of an early warning system for water networks
aim to reduce physical, social, and economic losses. Such early warning systems are
reflected in an adequately developed technological infrastructure (micro-network)
and include support for data processing and analysis using natural disaster forecast-
ing (micro-network). They are a key factor in providing information that enables
people and organizations to prepare in a timely and adequate manner for the launch
of actions, which should prevent or mitigate disaster [86].

Water research modalities and its development are in direction of establishing
significant solutions that primarily relate to water resources management, as well as
solving problems related to unpredictable climate change. In this intention, the flood
early warning systems (FEWS) were developed within the Urban Flood Project as a
solution in monitoring the networks which are installed for flood defenses
[87]. FEWS are based on the information and simulation results which are covered
through an interactive decision support system. This helps dike managers, city
authorities, and individuals to be informed in order to act timely in the case of
emergency. FEWS provide a basis for stakeholders and local authorities to be able to
strategically plan their activities and propose appropriate and optimal structural and
non-structural measures for a given area, in terms of different climate change, urban
development, and fire scenarios (Fig. 4).

6 Conclusions

Floods cause enormous harmful consequences, with the greatest damage being lost
lives. Recurrence of floods, i.e. its frequency, indicates the need for detailed
research. Future research should be more focused on the understanding of socio-
economic dynamics in flood disasters since they represent a significant segment in
the analysis of the impact of floods. The framework needs to be defined before floods
and to include answers to questions related to the identification of hazards, risks,
vulnerabilities, as well as measures to be followed to mitigate adverse effects. The
plan should include segments relating to communities, the location of evacuation
centers, evacuation routes, and the flood recovery process. Evacuation plans need to
follow details about hydrological analyzes, to determine the degree of increase in
water levels for different amounts of precipitation for a specific area. When used in
conjunction with a flood warning system, those measures can help prevent loss of
life and reduce flood damage. In this sense, it is necessary to organize presentations,
workshops, written material, and leaflets so that residents are aware of flood risks
and measures to reduce flood risks. Flood risk management should be undertaken in
an organized and integrated manner. Integrated risk management should include all
measures that contribute to reducing flood damage. To increase the chances of full
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implementation of the NBS and to maximize the sustainability and scope of results, a
systematic approach to the capacity building should be applied. This includes also
social and economic aspects, as well as people, organization, institutions, and a
favorable environment for policies based on assessed needs. According to the
perception of some stakeholders, the institutional issue is an important obstacle
that can slow down the efficiency of the implementation of the NBS. Lack of risk
awareness and low level of institutional cooperation must be addressed before the
implementation of the NBS. Integrated socio-institutional and economic policies for
risk awareness, training, and capacity building, institutional cooperation protocols
should be established with stakeholders and decision-makers.

The existence of a comprehensive socio-economic analysis allows the consider-
ation of significant indicators, which should identify key segments in terms of
protection and action during floods. The result of the socio-economic analysis is a
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Fig. 4 Integrated EWS micro-network (adapted from [88])
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vulnerability assessment for each area with significant flood risk. Socio-economic
indicators are grouped into several main categories concerning different social or
economic aspects. The early warning system requires full coordination and cooper-
ation between the authorities and relevant agencies at different administrative levels
and units. A prerequisite for establishing such a system is the establishment of an
adequate monitoring network, which requires clear command responsibility and
division of responsibilities and effective coordination.
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Abstract Mitigating and adapting to increasing flood risk driven by climate change
and growing urbanization is still a challenge for humanity. Over the last decades, the
Nature Based Solutions (NBS) approach has received increasing interest from
governments, academia and society, but its implementation is still in its infancy.
This volume presented an up-to-date compilation about the current knowledge on
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NBS regarding their potential to mitigate several types of floods recorded in different
environments, the associated advantages and limitations, and the barriers affecting
their wider implementation. This concluding chapter provides a synthesis of the
main messages of the chapters included in this volume, and it highlights the relevant
aspects that must be considered for an effective and broader application of NBS. In
this regard, particular attention is given to the need to maximize their
multifunctionality and to consider the transdisciplinary nature of the NBS approach.

Keywords Barriers, Flood mitigation, Multifunctionality, Nature-based solutions,
Transdiciplinarity

Flooding is a complex problem affecting many civilizations worldwide. Despite all
the efforts based on numerous measures and approaches developed and implemented
over centuries, flood risks still represent a severe threat and a major societal
challenge, expected to be aggravated in the future given the climate change pro-
jections for many geographical regions and the urbanization trends. The traditional
flood protection and flood risk management approach can only provide limited
answers to this problem. Nature-based solutions (NBS) promise a useful comple-
ment to grey infrastructure, but its implementation is still in its infancy. During the
last decades, NBS for flood risk management have received increasing attention
from policy and academia, with different projects being implemented at a wide range
of scales in several areas all over the world. Experience in implementing NBS for
flood mitigation is still scarce and the lack of evidence about their effectiveness
remains an important barrier for a wider implementation of this approach [1]. By
providing an up-to-date state of the art about NBS measures and their role on flood
mitigation in rural, urban, and coastal areas, based on both literature review (Part I)
and case studies from different parts of Europe (Part II), this book illustrated a wide
variety of NBS already implemented and compiled the information available about
their effectiveness on flood mitigation. The case studies, although adapted to local
environmental and socio-economic contexts, provide practical examples and lessons
that may be relevant to support NBS application in other areas.

Scale is an important aspect of NBS, playing an important role in their effective-
ness to mitigate floods (Kuriqi and Hysa, Multi-Dimensional Aspects of Floods:
Nature-Based Mitigation Measures from Basin to River Reach Scale). Some NBS
measures proved relevant to mitigate local floods, e.g., in urban (Pinto et al.,
Assessment of NBS impact on pluvial flood regulation within urban areas: a case
study in Coimbra, Portugal), mountain (Nadal-Romero et al., Impacts of land
abandonment on flood mitigation in Mediterranean mountain areas), and coastal
(Kotsev et al., Long-term impacts of land use change upon the natural flood storage
reservoirs along the North Bulgarian Black Sea coast) areas, but effective flood risk
mitigation requires a large-scale implementation of NBS as showcased by Potočki
et al. (Hydrological aspects of nature-based solutions in flood mitigation in the
Danube River Basin in Croatia – green vs. grey approach) and Johnen et al.
(Modeling and evaluation of the effect of afforestation on the runoff generation
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within the Glinščica river catchment (Central Slovenia)). Some case studies
presented have developed improvements on widely used methodologies by integrat-
ing well established concepts such as “sponge cities” (Pavesi and Pezzagno, From
Sponge Cities to Sponge Landscapes with Nature-Based Solutions: a
multidimensional approach to map suitable rural areas for flood mitigation and
landscaping), surface runoff source areas (Jakubínský et al., Identification of surface
runoff source areas as a tool for projections of NBS in water management) and
“landscape connectivity” (Kalantari et al., Using landscape connectivity to identify
suitable locations for nature-based solutions to reduce flood risk) to support the
identification of the best sites to implement NBS at catchment scale.

One of the important advantages of NBS, and main reasons behind the increasing
interest in this approach, is the multifunctionality of the solutions and the numerous
environmental, social, and economic benefits provided by the associated ecosystem
services [2]. Part I of this volume includes a synthesis of the ecosystem services
provided by NBS, particularly those implemented in coastal (Inácio et al., Nature
Based Solutions to mitigate coastal floods and associated socio-ecological impacts),
urban (Ferreira et al., Nature-based solutions for flood mitigation and resilience in
urban areas), and industrial (Ilić et al., The role of plants in water regulation and
pollution control) areas, with a special focus on environmental chemical pollution
(Pereira et al., Nature-based solutions impact on urban environment chemistry: Air,
soil and water) and pathogen dispersion (Bett et al., The role of floods on pathogen
dispersion) mitigation. Although empirical evidence on NBS co-benefits has been
widely discussed, case studies with real assessments are still lacking. Johnen et al.
(Modeling and evaluation of the effect of afforestation on the runoff generation
within the Glinščica river catchment (Central Slovenia)) contributed to fulfil this
knowledge gap, by performing cost–benefit analysis to assess the impact of affor-
estation on several co-benefits driven by the ecosystem services. By performing a
literature review on current methodologies and frameworks used to perform envi-
ronmental and socio-economic analysis of NBS, Figurek (Socio – Economical
aspects of NBS) provides a relevant contribution on how to produce evidence on
NBS relevant to support upscaling and a wider application of NBS.

As multifunctional measures and strategies, NBS approach brings together dif-
ferent disciplines. The implementation of NBS not only requires the collaboration
between hydrologists, geographers, lawyers, social scientists, economists, ecolo-
gists, and engineers, but also involves, for example, spatial planning, governance
issues, and public acceptance (Part III of the book). In this volume, Bogdzevič et al.
(Legal implications of natural floods management – Lithuania case study) show the
dispersion and discoordination between several legal instruments affecting flood risk
management and the associated difficulties in implementing NBS, and Kaufmann
et al. (Win-win for everyone? Reflecting on nature-based solutions for flood risk
management from an environmental justice perspective) provide a deep reflection on
NBS from an environmental justice perspective. To be effective, most NBS need to
be implemented on private land which conveys additional challenges. In this vol-
ume, Bogdzevič and Kalinauskas (Sticks, carrots and sermons for implementing
NBS on private property land) present different mechanisms to support NBS
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implementation on private land, discussing the experience in several European
countries as well as some in North America, Asia, and Africa. Nevertheless,Macháč
et al. (What nature-based flood protection solutions are best perceived by people?
Lessons from field research in Czechia) demonstrated that stakeholders are more
willing to implement some types of NBS in detriment of others. These chapters
provide relevant contributions for better understanding the complexity in
implementing NBS, but also present interesting ideas to overcome some of these
problems.

The different disciplines involved in the implementation of NBS also raise
communication challenges between different fields of knowledge and different
groups of stakeholders involved in the implementation of these type of solutions.
Although the need to improve communication between different experts and land-
owners has been previously discussed in other books [3], this volume presents some
interesting communication strategies to surpass the problem. For example,
Warachowska et al. (A cooperative game for upstream-downstream river flooding
risk prevention in four European river basins) present a game theory strategy to
support communication and enhance collaboration between different stakeholders.
The game theory approach promises to develop consensus and improve decision-
making progress, which maximizes the interest of all the parts involved in NBS
implementation.

So, this volume gathers a broad perspective on NBS by involving different
disciplinary perspectives and in-depth knowledge of case studies. The collection
of contributions allows some conclusions on the knowledge for understanding the
value and limits of NBS and on the challenges of collaboration between multiple
disciplines.

1 Enhanced Knowledge for Understanding the Value
and Limits of Nature-Based Solutions

Few studies have monitored the impact of NBS, and the lack of knowledge is still a
barrier to the widespread implementation of this approach. The existing barriers in
the NBS implementation are not mutually exclusive, which implies that the imple-
mentation of NBS as a strategic complement to traditional flood risk management
would require policies that are effective to realize the measures but at the same time
also acknowledge the interdependencies among the different NBS. Such policy
implementation is more complex than grey infrastructure realization. This complex-
ity demands much attention for the preparation, planning, and governance of NBS.
The understanding of the important technical but also socio-economic factors and
their causalities contribute to the reduction of the potential barriers and their
overcoming.

Overall, this volume presents novel aspects in NBS research such as the role of
the plants in water regulation and water pollution control in urban and mining areas.
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This is key to understand plant-based technologies for the purification and remedi-
ation of polluted water resources. Also, the application of game theory in the field of
environmental chemistry was essential for understanding pollutants transport during
flood events and flood risk mitigation based on NBS. This volume provides a novel
and robust revision of the impacts of the air, soil, and water pollution on ecosystems,
biodiversity, human health, and the NBS that can be used to minimize these impacts.
For instance, the application of NBS for flood mitigation is discussed, for example,
in the context of providing “space for water” and inclusion of natural retention areas
as flexible and effective solutions to enhance the local biodiversity. Furthermore,
new advances in the understanding of flood impacts on pathogen transmission are
introduced and how this could be controlled looking at different drivers including
climate change, land use change (e.g., urbanization and agricultural intensification),
and changes in population are deliberated.

Important advances are made in the knowledge of the different environmental
justice issues related with NBS, through recognition justice, procedural justice, and
distributive justice by focusing on NBS projects trans-local consequences, whereas
the current critical literature is focused particularly on urban NBS. In addition, this
volume showcases pitfalls of incoherent legislation and formal institutions to imple-
ment flood mitigation, especially using NBS on the private property.

New insights are provided in the introduction of NBS large-scale approaches for
appropriate placement and design by mapping and assessing the connectivity and
identifying the major flow paths through the landscape. Also, new evidences are
identified regarding the NBS cost-effective and long-term efficiency. Based on this
principle, new examples are provided regarding Sponge City policies and identifying
areas of potential flood retention in rural areas. This aspect is key to reduce the flood
impacts on urban areas. For an effective flood management, public preferences and
awareness are essential for the correct implementation of NBS. This aspect is
explored in this volume and novel features on the use of agriculture areas to mitigate
pluvial floods are assessed by exploring preferences of the residents in the river
basins.

2 Nature-Based Solutions and Collaboration of Disciplines

Bringing together knowledge and experiences from NBS for flood mitigation can
help to identify research gaps but also showcase the merits and shortcomings of NBS
for flood mitigation. One of the aspects that this volume shows already in the outline
is that NBS involve many different disciplines. While classical flood protection
mainly focused on engineering solutions based on hydrological models, flood risk
management already started to include spatial planning, ecology, and economics
[4]. This is because flood risk management includes vulnerabilities and flood
adaptation. NBS include flood mitigation outside the realm of traditional water
management. This means that even more disciplines – each with its specific
approaches – are involved. This means that the different disciplinary perspectives
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need to be incorporated – hydrology, engineering, law, planning, governance,
ecology, soil science, agriculture, economics, and many more. The chapters included
in this volume illustrate these various disciplinary perspectives and the frictions
resulting from these approaches. Nature-based flood risk management is a challenge
of multiple disciplines [4].

There are various ways in which disciplines collaborate for NBS design and
implementation. Three main forms can be distinguished based on the degree of
disciplinary integration [5]. Multidisciplinarity describes situations in which inde-
pendent disciplines work in parallel on a specific project or challenge – each with its
own disciplinary approaches and within its disciplinary boundaries
[6]. Multidisciplinarity does not entail crossing disciplinary boundaries beyond
sharing and comparing results and knowledge from the involved disciplines. Such
disciplinary collaboration is useful for problems where multiple perspectives are
needed but can be implemented separately or if the coordination of the expertise is
institutionalized in one way or another. Interdisciplinarity goes beyond
multidiciplinarity in terms of integration and cooperation of disciplines [7]. Interdis-
ciplinarity entails integration of concepts, methods, and principles from independent
disciplines [8]. This requires a common framework, understanding of terminology,
and approaches that are fed from the different disciplines. Interdisciplinarity is
suitable for complex problems that transcend disciplinary knowledge [6]. While
multi- and interdisciplinarity can remain in the conceptual and analytical realm,
transdisciplinarity is aiming at solving a common societal problem. Sometimes,
transdisciplinarity is described as bridging academia and society or policy domains
[8]. Transdisciplinarity is considered the most challenging form of disciplinary
collaboration.

NBS seem to be largely at the stage of multidisciplinarity, where academics still
try to figure out the mutual and different understandings of NBS and its implications.
The complexity of the issue seems to point at the necessity to develop an interdis-
ciplinary understanding. There are various hints for that: The multifunctional nature
of NBS, potentially serving flood risk management, ecology, tourism and recreation,
and agriculture at the same time, points at the need to integrate the knowledge and
requirements from each discipline to benefit from the potential strength of NBS. This
calls for interdisciplinary collaboration of disciplines. The spatial aspect of NBS asks
for multiple disciplines to integrate even more: NBS require more land than tradi-
tional flood risk management. Traditional water management is fairly dominant in
the spatial realm of rivers and water bodies – i.e., between embankments, but NBS
entail encroaching on new spatial governance arenas which are barely served by
certain disciplines. If water management wants to realize measures in the hinterland
forests, on agricultural land, and on private land, the respective disciplines such as
forest, agriculture and law need to contribute. This goes beyond academic
collaboration – the need for more land in particular calls for a transdisciplinary
approach to NBS.

While integration and inter- and transdisciplinarity sometimes seem to be treated
as a panacea for all complex societal problems, this volume illustrates that the
challenges but also the potentials of NBS are indeed crossing disciplinary
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boundaries, calling for disciplinary collaboration. By pointing out the potentials but
also the frictions and tensions of the multiple disciplines involved in flood mitigation
via NBS, this volume is a modest contribution towards a common conceptual
framework and analytical methods. The volume, however, also shows that while
inter- and transdisciplinarity for NBS are still in its infancy, it can be concluded from
the different chapters that a common perspective on land can be the connecting bin
that brings together essential disciplines for nature-based flood mitigation.
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