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Abstract
Over recent years, many coastal engineering projects have employed the use of soft solutions as these are generally less
environmentally damaging than hard solutions. However, in some cases, local conditions hinder the use of soft solutions,
meaning that hard solutions have to be adopted or, sometimes, a combination of hard and soft measures is seen as optimal.
This research reviews the use of hard coastal structures on the foreshore (groynes, breakwaters and jetties) and onshore (seawalls
and dikes). The purpose, functioning and local conditions for which these structures are most suitable are outlined. A description
is provided on the negative effects that these structures may have onmorphological, hydrodynamic and ecological conditions. To
reduce or mitigate these negative impacts, or to create new ecosystem services, the following nature-based adaptations are
proposed and discussed: (1) applying soft solutions complementary to hard solutions, (2) mitigating morphological and hydro-
dynamic changes and (3) ecologically enhancing hard coastal structures. The selection and also the success of these potential
adaptations are highly dependent on local conditions, such as hydrodynamic forcing, spatial requirements and socioeconomic
factors. The overview provided in this paper aims to offer an interdisciplinary understanding, by giving general guidance on
which type of solution is suitable for given characteristics, taking into consideration all aspects that are key for environmentally
sensitive coastal designs. Overall, this study aims to provide guidance at the interdisciplinary design stage of nature-based coastal
defence structures.
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Introduction

Predictions indicate that the percentage of world population
living in coastal areas will continue to increase (Neumann
et al. 2015). Concurrently, the effects of climate change, i.e.
regional sea level rise and its consequences, pose risks to
coastal communities and coastlines. As a result, coastal safety
is of increasing importance (Temmerman et al. 2013; Firth
et al. 2014). To ensure acceptable levels of coastal safety,
coastal engineering solutions are implemented which can be
classified into grey and green infrastructure (Fig. 1).

Grey infrastructure refers to conventional hard solutions
(e.g. seawalls, dikes or breakwaters), while green infrastruc-
ture can be classified into three subcategories, namely (1)
environmental-friendly grey infrastructure, (2) hybrid infra-
structure and (3) soft infrastructure. Whereas soft solutions
are typically green infrastructure, hard solutions can also be
regarded as green infrastructure (under the label of
environment-friendly grey infrastructure; Fig. 1) if they are
designed to contribute to restoring, conserving or mitigating
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the loss of ecosystem services (David et al. 2016; van der Nat
et al. 2016; Pontee et al. 2016; Silva et al. 2017). This can be
achieved if the infrastructure mimics ecosystem functions
(e.g. habitat provision) or induces or preserves connectivity
as a natural system would (Silva et al. 2017). Thus, adapta-
tions may be made to conventional grey infrastructure to in-
crease their value as green infrastructure by allowing organ-
isms to settle, and thereby offering ecosystem services (Borsje
et al. 2011; Firth et al. 2014). The combination of coastal
habitat (e.g. salt marshes) with hard solutions, known as hy-
brid infrastructure, is another way to implement green infra-
structure (Sutton-Grier et al. 2015; Pontee et al. 2016).

Hard solutions, such as breakwaters, seawalls and dikes
(Fig. 1), have been employed to offer coastal safety for years.
Their designs are broadly based on recommended best prac-
tices and design guidelines developed over the last decades,
e.g. in the Shore Protection Manual (CERC 1984), Coastal
Engineering Manual (USACE 2002), Overtopping Manual
(EurOtop 2018), International Levee Handbook (CIRIA
2013) or the Rock Manual (CIRIA 2007); see also Table 3
in the Appendix. It is expected that the number of hard coastal
structures will continue to rise in response to climate change
(Moschella et al. 2005; Chapman and Underwood 2011; Firth
et al. 2013; Firth et al. 2016a). Simultaneously, with increas-
ing awareness of the need for sustainable development and
mitigating environmental impacts, implementing soft solu-
tions, such as shore nourishments, has been increasingly con-
sidered (Capobianco and Stive 2000). Consequently, the fol-
lowing questions arise: (i) where and when are hard structures
still preferred over soft solutions and (ii) if hard solutions are
needed, how can they be made into green infrastructure, tak-
ing into consideration ecological and engineering aspects?

These questions are answered with the aim of bridging
gaps between disciplines and thereby enhancing future

collaboration and the definition of joint objectives.
Challenges between disciplines may lead to the unsuc-
cessful implementation of green infrastructure. Coastal
engineers often lack understanding of the far-reaching ef-
fects of coastal infrastructure and what constitutes suc-
cessful nature-based solutions, while ecologists may need
a greater awareness of the aspects required to ensure
coastal safety and to determine acceptable risks. The first
question of this review aims to clarify to ecologists how
hard structures provide coastal safety and under which
conditions these structures are suitable vs. unavoidable
(BStructure Types and Their Design Conditions^ section).
The focus of the second question aims to assist engineers
in the consideration of the environmental impacts of hard
structures (BEnvironmental Impacts and Concerns of Grey
Coastal Infrastructure^ section) and the incorporation of
green infrastructure principles throughout the design pro-
cess (BPossible Nature-Based Adaptations for Grey
Coastal Structures^ section).

This paper considers two groups/types of structures based
on where they are employed. Breakwaters, groynes and jetties
are grouped under the name of foreshore structures, while
seawalls and dikes are classified as onshore coastal structures.
The contents described are addressed through literature re-
search and critically discussed in a review.

Guidelines and Policies on Nature-Based
Coastal Engineering

The increasing recognition of green infrastructure has led
to the development of policies and guidelines in a number
of countries (e.g. the Netherlands, the UK, Germany and
the USA) and international institutions. To give insight

Fig. 1 Definition of infrastructure types
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into existing approaches, Table 1 describes a selection of
these guidelines and policies in terms of their main fea-
tures and objectives.

In the Netherlands, the Building with Nature concept
utilises the potentials of natural processes to develop
multi-functional solutions that are aligned with the inter-
ests of nature and project stakeholders (De Vriend and
Van Koningsveld 2012). Similarly, the Engineering with
Nature approach of the United States Army Corps of

Engineers (USACE) is based on the intentional alignment
of natural and engineering processes to facilitate econom-
ic, environmental and social benefits for water infrastruc-
ture through collaborative processes, such as stakeholder
communication and engagement (USACE 2012). On an
international scale the Working with Nature philosophy
of PIANC, the World Association for Waterborne
Transport Infrastructure likewise aims at an integrated,
proactive process to find and exploit win-win solutions

Table 1 Summary of selected guidelines and policies on nature-based coastal engineering

Guideline/policy
(Reference)

Country/institution Objective and main features

Building with Nature
(De Vriend and Van Koningsveld 2012)

Netherlands Programme carried out by a consortium of private companies, government
agencies and research institutes. It aims to gather knowledge on ecosystems and
to develop design rules for infrastructure in alignment with natural processes.
This is done through pilot projects, which are implemented and monitored.
Design guidelines are then developed, based on the analysis of the gathered
data.

Engineering with Nature
(US Army Corps of Engineers

(USACE) 2012; Bridges et al. 2015)

USA Aims to incorporate natural features and nature-based features (created by human
design) into traditional engineering. It presents a framework to identify
stakeholders, analyse the system and its vulnerability and propose and evaluate
different alternatives, accounting for ecosystem service creation and comparing
them through performance metrics. The report includes practical examples of
the tools and evaluation methods.

Living Shorelines
(SAGE 2015)

USA Present coastal solutions that protect against storms and erosion while providing
ecosystem services and preserving ecosystem connectivity. It considers different
alternatives, consisting of vegetation alone or in combination with
nourishments, stone fills and other structures. The alternatives are classified
based on the environments where they are suitable, costs, advantages and
disadvantages.

Shoreline Management Plans
(DEFRA 2006)

UK Developing strategies to reduce the threat of flooding and erosion that are
beneficial to the environment, society and the economy, as far as possible. The
environmental objective is to maintain, restore or, where possible, improve
environmental and historic assets.

National Strategy for Integrated
Coastal Zone Management in
Germany

(BMU 2006)

Germany Balancing environmental, economic and social needs by developing and
preserving coastal areas as ecologically intact, economically valuable and
socially acceptable habitats.

Working with Nature
(PIANC 2011)

Worldwide Developing solutions for waterborne transport infrastructure, which are mutually
beneficial to project and environmental stakeholders. Advocates an integrated,
proactive approach from conception to project completion, which delivers
project objectives by maximising opportunities for nature, rather than
minimising ecological impacts.

Nature-Based Solutions and
Re-Naturing Cities

(European Commission 2015)

European Commission Solutions, which are inspired, supported or copied from nature and that provide
environmental, social and economic benefits. Wide range of areas of
application.

Aims to (1) enhance sustainable urbanisation, (2) restore degraded ecosystems, (3)
develop climate change adaptation and mitigation and (4) improve risk man-
agement and resilience.

Nature-based solutions
(IUCN 2016)

International Union for
Conservation of
Nature

Ecosystem-based measures to address societal challenges by protecting, managing
or restoring ecosystems and making use of their services. Not restricted to any
one area of application. Includes different approaches, e.g. ecosystem
restoration, ecosystem-based infrastructure and ecosystem-based management.

Ecological Engineering
(Cheong et al. 2013)

Miscellaneous Coastal adaptation strategies which combine engineering structures and
ecosystems, considering the societal functions and values of using synergies of
the different measures, striving to increase coastal protection and make it more
flexible.
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in terms of environment quality and engineering goals, for
instance a breakwater that ensures safe navigation and
creates habitat opportunities (PIANC 2011).

A strategic approach for environmentally and econom-
ically sustainable management of coastal zones was intro-
duced in 2002 by the European Parliament within their
recommendation concerning the implementation of
Integrated Coastal Zone Management in Europe (COM
2002). In Germany, these recommendations were imple-
mented within the National Strategy for Integrated
Coastal Zone Management in Germany that again was
adopted at federal state level, within the master plans for
coastal protection (BMU 2006). In the UK, sustainable
policies for coastal management, such as the Managed
Realignment Policy, are established through Shoreline
Man a g eme n t P l a n s ( SMP s ) (DEFRA 200 6 ) .
Furthermore, Naylor et al. (2011) provide background
on the principles of including ecological enhancements
in hard coastal structures, such as incorporating rock
pools in vertical seawalls (Chapman and Blockley 2009)
or using construction material with rougher surfaces
(Moschella et al. 2005). Apart from general guidance,
the guide offers a description of legal frameworks in the
UK and Europe that supports these enhancements. In
addition, Nesshöver et al. (2017) provide a review of the
practice and policies of nature-based solutions within a
European context.

Cheong et al. (2013) define the approach of Ecological
Engineering that additionally considers societal functions
and values as an integral part of nature-based solutions.
The authors state that combined approaches to coastal
adaptation, rather than a single strategy, such as seawall
construction, is better preparation for the highly uncertain
and dynamic coastal environment. They conclude that
very few studies on practical implementations have exam-
ined the interactions, synergistic effects and co-benefits of
combined approaches to adaptation.

The International Union for Conservation of Nature
(IUCN 2016) and the European Commission (2015) focus
on nature-based solutions for infrastructure in general,
whereas the other policies discussed focus more specifi-
cally on hydraulic and coastal engineering applications.
Living Shorelines, an innovative US approach, presents
nature-based shoreline stabilisation techniques for erosion
control (SAGE 2015).

Although the policies and guidelines in specific coun-
tries and institutions have different names, the desired
outcomes of all are common: the use of natural processes
and/or resources to achieve solutions that are socially,
economically and environmentally beneficial. General
guidelines are provided, while a need for detailed design
guidelines in terms of effectiveness and performance of
nature-based coastal solutions persists.

Structure Types and Their Design Conditions

This section presents a general description of two structure
types (foreshore and onshore structures), and the design con-
ditions relating to them. General design guidelines for the
structure types are provided by different institutions, such as
CIRIA (2007) and USACE (2002). A summary of the guide-
lines is included in Table 3 in the Appendix, in terms of the
structures included, design processes and the aspects covered.

Foreshore Structures

Traditionally hard structures, such as groynes and break-
waters, are built on the foreshore to prevent or mitigate
erosion (Hamm et al. 2002). A schematic overview of
such structures and their effects on the physical environ-
ment is shown in Fig. 2.

Offshore breakwaters are built parallel to the shore and
designed either to protect the coastline or to improve the
recreational conditions behind them (Pilarczyk and
Zeidler 1996). They may be constructed from materials
such as concrete, rocks, sand bags or geotextiles and are
designed to allow a certain amount of wave transmission
by flow through the porous structure or overtopping. Part
of the wave energy is reflected seawards, and part is dis-
sipated by wave breaking on the slope or by friction
losses inside the breakwater body (Pilarczyk 2003). The
sheltering effect of breakwaters provides protection
against storms but also affects the morphodynamics of
the coast. The changes in the hydrodynamics induced by
the presence of the structure (Mory and Hamm 1997) alter
the gradients in sediment transport and thus cause mor-
phological changes (Van Rijn 2013). The decrease of the
longshore current behind the breakwater may induce a
pattern of accretion on the updrift side, while the increase
in flow velocity as the current leaves the sheltered area
may result in erosion downdrift of the structure. Wave
diffraction tends to increase erosion at the sides of the
breakwater, and deposition in the middle part, since the
diffracted waves curve towards the sheltered area and re-
duce in height inside of it (Hsu and Silvester 1990).
Wave-induced set-up currents are caused by the changes
of wave height away from and behind the breakwater.
Variables, such as the number of structures, the distance
between them (along the shore), their distance to the
coastline, the structure crest height and the width of the
surf zone, may induce different patterns of erosion and
accretion (Ranasinghe and Turner 2006; Suh and
Dalrymple 1987).

Groynes are structures that extend towards the sea perpen-
dicularly, or obliquely, to the shoreline (USACE 2002) and are
usually constructed of timber, rocks or concrete. Groynes pre-
vent, or slow down, the longshore sediment transport,
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resulting in accretion of sediment on the updrift side of the
structure and erosion on the downdrift side (Van Rijn 2013),
as illustrated in Fig. 2. Groups of groynes have been used to
stabilise a stretch of coastline or for land reclamation purposes
(Nienhuis and Gulati 2002). Jetties are also structures which
are perpendicular to the coast, but these extend further sea-
ward and have the purpose of protecting navigational chan-
nels. They divert tidal currents offshore and restrict the lateral
transfer of sediment, reducing channel dredging costs (Van
Rijn 2013).

Hard structures are designed to ensure structural integrity
under extreme environmental conditions (not exceeding their
design conditions). Different modes of failure are considered
in the design, such as the erosion or breakage of the armour
layer or geotechnical stability, i.e. sliding or settlement of the
structure (e.g. Losada 1990). The amount of overtopping un-
der normal conditions is limited to ensure the operability in the
area sheltered by the structure. Further information on the

existing design guidelines is included in Table 3 in the
Appendix.

Foreshore structures have been seen to cause adverse long-
term erosion effects on adjacent shores or nearby. These ef-
fects can be aggravated by implementing hard structures in
unsuitable conditions or in cases where erosion is caused by
socioeconomic practices, such as sand mining. Soft engineer-
ing approaches, such as sediment nourishments, can be ap-
plied alone, or in combination with traditional solutions
(Capobianco and Stive 2000; Hamm et al. 2002). The periodic
addition of sediment has been used as a way to counteract
structural erosion or in by-passing schemes between groyne
compartments.

Although hard foreshore structures and sediment nourish-
ments may increase wave energy dissipation and mitigate ero-
sion in medium- to high-energy environments, they do not
provide protection against storm surge and flooding. When
higher levels of protection are required, they can be

Fig. 2 Overview of hydrodynamic and morphodynamic effects of
groynes, jetties and breakwaters. The left column has schematic plans
of each structure type and its effects. The black arrows indicate the
location of detailed views of the structures, shown in the central

column. The right column shows actual examples of these structures
(photos: GoogleEarth, Landsat/Copernicus (groynes and breakwaters);
Google Earth, USDA Farm Service Agency (jetties))
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complemented or replaced by shoreline structures such as sea-
walls or sea dikes.

Onshore Structures

Seawalls

Seawalls are shore-parallel, onshore structures designed to
protect the coastal hinterland from overtopping and flooding.
These structures fix the position of the shoreline, thereby
preventing it from retreating landward. Seawalls can be verti-
cal, curved, stepped or sloping structures. Revetments are
sloping structures which cover the shoreline profile to offer
erosion protection. Although there is a functional difference
between seawalls and revetments (i.e. seawalls prevent inland
flooding, while revetments prevent shoreline erosion), there
are no distinct structural differences. Hence, in this paper, the
collective term Bseawalls^ will be used. Seawalls are often
considered the last line of defence on the coast and are typi-
cally constructed in areas where the natural protection of
sandy or muddy beaches, ecosystems and/or other foreshore

structures no longer provide an acceptable level of protection
for landward infrastructure, such as promenades and roads.

Various types of seawalls, ranging from vertical to sloping,
have been constructed on shorelines around the world using a
variety of construction materials: reinforced concrete, rocks,
concrete armour units, rock-filled gabions, steel piles, wood
and sand-filled bags. Seawalls are often classified as perme-
able (rock revetment; Fig. 3) or impermeable, designed either
to absorb or to reflect the wave energy. General design guide-
lines are offered by CIRIA (2007) and USACE (2002), while
EurOtop (2018) provides guidance on crest level design,
Table 3 in the Appendix. Seawalls are suitable for an open
coast, exposed to high storm surges and large waves. They
have the advantage of requiring little space, which makes
them suitable for coastal defence in urban areas.

As seawalls form rigid barriers, they affect and alter coastal
processes (see BMorphologic and Hydrodynamic Changes^
section and Fig. 3). A seawall often leads to increased wave
reflection, which may result in scour, due to the (partially)
standing waves in front of the structure. This makes seawalls,
especially impermeable ones, likely to cause sediment loss
and in turn to structural instabilities (USACE 2002). To

Fig. 3 Overview of grey onshore coastal structures and their hydrodynamic and morphodynamic effects
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counteract the potential erosion effects, seawalls are often im-
plemented in combination with foreshore structures such as
groynes and shore nourishments, see BForeshore Structures^
section. Apart from scour, other typical damage modes that
have to be considered in the design of seawalls include
overtopping, flanking (BMorphologic and Hydrodynamic
Changes^ section), rotational sliding, overturning and corro-
sion of reinforcement steel (USACE 2002). A schematic over-
view of seawalls and their effects on the physical environment
is shown in Fig. 3.

These structures provide short- to long-term protection
(e.g. a sand-filled bag seawall: up to 5 years, a seawall with
concrete armour units: up to 100 years). However, seawalls
often cause a sudden shift in ecological balances at the site.

Sea Dikes

As with seawalls, sea dikes are considered a last line of flood
defence. Also known as embankments or levees, sea dikes are
shore-parallel coastal barriers which protect the low-lying hin-
terland from flooding, thanks to their raised ground level. A
schematic overview of sea dikes and their effects on the phys-
ical environment is shown in Fig. 3 below.

Generally, dikes are composed of an earth-filled core with
smooth slopes on both seaward and landward sides. Figure 4a
shows a typical dike cross-section with its design water level
(DWL) and the mean high water (MHW). Sealings, revet-
ments, berms, crest walls etc. can complement the basic struc-
ture. If the hydraulic loads are low, sea dikes are covered with
a vegetated clay layer. In the case of higher loads, i.e. due to
breaking wave impacts, hard revetments, e.g. rock filled, are
applied to induce friction and increase energy dissipation,
thereby ensuring dike safety (EAK 2002; CIRIA 2013).
Following storm surge experiences, sea dikes in Germany

were heightened and broadened, resulting in the current char-
acteristic dike profiles, with seaward slopes of between 1:3
and 1:7 and landward slopes of 1:2 to 1:5 (Schüttrumpf
2008). The footprint of a dike depends on the required crest
height and slope angles, which in turn are determined by
optimising dike stability (smooth slope), considering space
restrictions and material consumption (CIRIA 2013).

To ensure the main function of coastal protection, dikes
must be designed in such a way that they resist external loads
(high water levels, waves, currents, human activities etc.) and
consequent damage from erosion and mass instability (slid-
ing). Design methods (Table 3 in the Appendix) consider hy-
draulic, morphological and geotechnical boundary conditions.
Besides state-of-the-art design and construction, regular mon-
itoring and maintenance are indispensable for dike safety
(EAK 2002; CIRIA 2013). Sea dikes are generally built for
long-term coastal protection, with a long design life, e.g.
50 years in the Netherlands (Pilarczyk 2017).

Environmental Impacts and Concerns of Grey
Coastal Infrastructure

Environmental impacts depend on many site-specific as-
pects, related to structural design as well as ecological and
physical conditions of the local system (Chapman and
Underwood 2011; Nordstrom 2014). The following sec-
tion discusses the general impacts of the structures de-
fined in the BStructure Types and Their Design
Conditions^ section, based on (i) morphologic and hydro-
dynamic changes and (ii) changes in ecological commu-
nities, due to habitat modifications related to altered
morphodynamics, substrate type and availability.
Knowledge of environmental impacts and how they

Fig. 4 a Conventional grey sea dike system. b Sea dike system with nature-based adaptations
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evolve through the lifetime of a structure is still very
limited. Systematic interdisciplinary research is thus re-
quired to fully incorporate impact mitigation in future
infrastructure design.

Morphologic and Hydrodynamic Changes

The implementation of any coastal structure brings morpho-
logic and hydrodynamic changes, such as alterations to wave
regime, sediment dynamics and depositional processes
(Dugan et al. 2011). Sometimes, they produce unintended
morphodynamic effects, which may lead to structural deterio-
rations or sediment budget imbalances.

Wave reflection by emerged shore-parallel structures
increases wave energy in front of the defence, increases
scouring, and may result in erosion and the loss of inter-
tidal areas (Douglass and Pickel 1999; Winterwerp et al.
2013). Submerged detached breakwaters became popular
because of their low visual impact, but the lack of under-
standing of their hydraulic behaviour often resulted in
erosion problems; a literature review conducted by
Ranasinghe and Turner (2006) concluded that the major-
ity of existing submerged structures have induced shore-
line erosion on their lee side. Sediment trapping by shore
normal structures produces shoreline advance on one side,
but induces coastline retreat downdrift of their position.
Moreover, currents are deflected seaward, which may
cause a loss of sediment offshore and a danger for recre-
ation activities, if the flow velocities are high enough
(Scott et al. 2016). In addition, flow contraction at the
end of shore normal structures leads to flow acceleration
and scour at the tip (Lillycrop and Hughes 1993). Figure 2
illustrates the morphologic and hydrodynamic changes
due to groynes, jetties and breakwaters.

Periodic shore nourishments on the foreshore, or beach
face, may mitigate structural erosion problems induced by
hard structures. However, they produce environmental ef-
fects, such as biota burial and an increase in turbidity and
sedimentation, at both the site of extraction and place-
ment. Additionally, it is improbable that any benthic fauna
which survives the dredging process will be capable of re-
establishment on the seabed (ICES 2016). The severity of
the impact and the ability of the system to recover has not
been systematically scrutinised, but depends on the inten-
sity, duration and exposure of these effects and on the
tolerance of the local species (Erftemeijer and Lewis III
2006; Erftemeijer et al. 2012).

Seawalls and sea dikes are rigid structures that act as a
boundary between the land and the sea. Generally, their
physical impacts on a beach increase the lower on the
beach profile they are built (Dugan et al. 2011). These
impacts can be classified as (1) placement loss, (2) pas-
sive erosion and (3) active erosion (Griggs 2010).

Placement loss refers to the portion of beach that is lost
when a structure is built, thus depending on the footprint
of the structure. Although seawalls and dikes limit the
extent of shoreline retreat, beach erosion in front of these
structures continues on coasts subject to long-term net
erosion. Consequently, the shoreline retreats towards
(and possibly beyond) the structure, which results in grad-
ual beach loss over time, known as passive erosion. This
erosion is not a result of the structure itself, but continues
as the structure does not address the underlying problems
causing the erosion (Griggs 2010). Where no structure is
present, the beach width would remain mostly the same,
but the beach would shift further landwards with time
(Dean 1987).

Active erosion occurs due to the interaction of the structure
with coastal processes (Kraus and McDougal 1996). Since
seawalls and sea dikes may create a cross-shore barrier effect
by blocking the sand movement between the beach and the
backshore, they consequently affect aeolian sand transport,
and as a result, the natural dune system (Jackson and
Nordstrom 2011; Nordstrom 2014). Moreover, the interrup-
tion of the sand supply from the backshore can potentially
cause erosion at locations down drift of the seawall (Dean
1987; Kraus 1988; Nordstrom 2014). Analogous to emerged
breakwaters, seawalls and sea dikes can further increase wave
reflection and increase scour in front of the structure (USACE
2002). Locally increased erosion at the ends of a seawall,
known as flanking, may also occur. Figure 3 illustrates the
morphologic and hydrodynamic changes due to seawalls and
sea dikes.

Effects Due to Changes in Habitat

The morphologic and hydrodynamic changes of coastal struc-
tures also have an impact on local species. The flow acceler-
ation and scour at the end of shore normal structures
(BMorphologic and Hydrodynamic Changes^ section) may
hinder the attachment of sessile organisms in the scour zone,
and inhibit subtidal life near the base of the outer part of the
structure (Britton and Morton 1989).

Loss of habitat is initially due to the placement loss and
increases as the beach becomes narrower, as a result of passive
erosion or scour due to active erosion (Dugan et al. 2011;
Nordstrom 2014). Seawalls and sea dikes produce intertidal
habitat loss, since the area flooded by the tide is obstructed by
their presence, subsequently affecting the local biota (Dugan
et al. 2008; Nordstrom 2014). The cross-shore barrier effect of
onshore structures not only interrupts sand movement
(BMorphologic and Hydrodynamic Changes^ section), but
may also hinder the movement of fauna (Nordstrom 2014).
Consequently, fauna seeking refuge in the dunes are affected
(Lucrezi et al. 2010; Nordstrom 2014) and inland habitat may
be isolated, which also affects neighbouring habitats
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(Chapman and Underwood 2011). Dugan et al. (2008) found
that seawalls may produce a significant decline in the abun-
dance, biomass and size of macroinvertebrates in the upper
intertidal zone as well as in the species richness and abun-
dance of shorebirds. Structures with slopes steeper than the
natural shore offer reduced habitat area, resulting in a loss of
local biodiversity and finally leading to a reduction in the total
population size in a region (Chapman and Underwood 2011).
In intertidal areas, a steeper slope means that species that used
to live in different vertical zones are now located much closer
together, causing changes in ecological interactions (Dugan
et al. 2011; Nordstrom 2014).

Artificial coastal defences transform and often fortify soft-
shore coastlines into static, hard structures, allowing colonisa-
tion by rocky shore species (Firth et al. 2014). When placed
close to harbours or shipping routes, there is a higher risk of
invasion by non-native species (neobiota), which could spread
along a chain of groynes or breakwaters (Bulleri et al. 2006;
Keith et al. 2011; Firth et al. 2012; Airoldi et al. 2015). Thus,
the impacts of structures are not only confined to their loca-
tion. Large-scale impacts may result from changes to ecolog-
ical connectivity, which in turn affects biodiversity, as well as
the ecosystem services in coastal zones (Dugan et al. 2011;
Firth et al. 2014; Bishop et al. 2017).

Seawalls introduce new hard substrata that are notably less
dynamic than muddy, rocky or sandy habitats (Nordstrom
2014). With reference to a number of studies, Chapman and
Underwood (2011) reported that artificial habitat changes the
mix of species, abundance, the size structures of population,
reproductive output and competition or response to habitat.
Sea dikes with a vegetated dike cover generally introduce less
hard substrata than seawalls and therefore any ecological im-
pacts are assumed to be less compared to seawalls, although,
as yet, no scientific evidence of this is known to the authors.
Nevertheless, alterations in the biotic structure through the
construction of sea dikes are still to be expected as the dike
vegetation usually diverges from the natural species (e.g. stan-
dard seeding mixtures in EAK (2002)).

Possible Nature-Based Adaptations for Grey
Coastal Structures

Although the detrimental effects of hard solutions cannot al-
ways be avoided, certain nature-based adaptations can be
made to mitigate or reduce these effects. This section de-
scribes (i) ecosystem engineering options as complement to
traditional hard solutions, (ii) measures to mitigate morpho-
logic and hydrodynamic changes and (iii) possible adaptations
to ecologically enrich conventional grey structures. Nature-
based measures should ideally be considered early on in pro-
ject planning, to limit construction costs and to allow their
implementation over larger spatial scales (Firth et al. 2013).

Using Ecosystems as Part of the Foreshore Structures
Fronting Seawalls and Sea Dikes

General Considerations in Using Ecosystems
Along the Foreshore

In planning ecosystems along the foreshore, two main generic
principles, related to the habitat requirements of species,
should first be considered. The first main principle is that
species are typically either Baquatic^ (seagrass meadows,
mussel reefs, coral reefs) or Bterrestrial^ (e.g. salt marshes,
mangroves), respectively, depending onwhether they function
the best underwater, tolerating regularly being shortly
emerged from water, or whether they function best above
water, tolerating flooding for part of the day. In general, spe-
cies living higher in the intertidal systemwill bemore efficient
in attenuating waves (Bouma et al. 2014), as the surface area
and structures they build are more likely to affect a larger part
of the waves (see Bouma et al. 2014 for example calculations).
The second main principle to keep in mind is that establish-
ment and survival of species and ecosystems is typically lim-
ited by the maximum hydrodynamic forcing they can resist.
This means that in green designs, the species should be select-
ed based on their tolerance to hydrodynamic forcing. For ex-
ample, corals and beach systems occur at higher energy levels
than marshes and mangroves. In cases where hydrodynamic
forcing creates unfavourable conditions for marshes and man-
groves species to survive, hard structures or shore nourish-
ments may be needed.

Ecosystems as Coastal Protection

Field studies show that coastal habitats have a significant po-
tential for reducingwave heights that varies for habitat and site
(Narayan et al. 2016). In general, coral reefs and salt marshes
have the highest potential, producing an average of 70% and
72% attenuation, respectively.

Coral reefs are effective as they form a sharp transition
from deep to shallow water (Ferrario et al. 2014), whereas
intertidal vegetation like salt marshes and mangroves are ef-
fective since they grow high in the intertidal area and conse-
quently increase bathymetric elevation (Bouma et al. 2014).

Reef-forming species, such as natural oyster reefs, act as
natural breakwaters by attenuating waves (Meyer et al. 1997)
and promoting sedimentation (Henderson and O’Neil 2003).
Shellfish reef restoration has been implemented at a number of
locations, such as the Oosterschelde in the Netherlands.
Shellfish reefs were built in 2008 to prevent sediment loss
from the tidal flats to the channels. Monitoring showed there
was erosion prevention and accretion at the reefs compared to
other, exposed locations (De Vriend et al. 2014). Scyphers
et al. (2011) compared the bathymetric changes and vegeta-
tion retreat behind artificial oyster reefs with control locations,
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where reefs were not present. They concluded that although
the experimental reefs created new habitat, they did not pro-
vide as much coastal protection as conventional solutions.
This was partly attributed to their mesh not being rigid enough
for the levels of wave energy. Natural reefs could also be
installed in combination with hard structures to mitigate envi-
ronmental impacts, such as loss of fish and shellfish habitat
(Scyphers et al. 2011).

Submerged aquatic vegetation, such as seagrass, attenuates
local currents (Gambi et al. 1990), dampens wave energy
(Knutson et al. 1982; Fonseca and Cahalan 1992; Möller
et al. 2014) and promotes sedimentation (Callaghan et al.
2010; Shi et al. 2012), subsequently acting as a buffer against
flooding and erosion. Seagrasses have been observed to dis-
sipate 40% of the wave energy, but have also shown negligible
effects on waves when the water depth was considerably
greater than the leaf length (Fonseca and Cahalan 1992).
Thus, the ability of aquatic vegetation to dissipate wave ener-
gy depends on a combination of the hydrodynamic conditions
and plant properties (Bradley and Houser 2009). Typically, the
flexible structures of aquatic vegetation make them less effec-
tive in attenuating waves than the stiffer structures associated
with salt marshes and mangroves (Bouma et al. 2005), al-
though this may be compensated for by having a very high
biomass (Bouma et al. 2010). It should also be noted that
seagrass meadows may even contribute to flood safety when
vegetation is extremely sparse and short, due to the fact that
the dense rhizome mats will preserve an elevated bed level
(Christianen et al. 2013).

Intertidal vegetation, like salt marshes, enhances sediment
trapping and creates a platform that reduces the hydrodynamic
loads behind them. Laboratory experiments by Möller et al.
(2014) compared wave attenuation under storm surge condi-
tions, with and without salt marshes, and observed that 60% of
wave height reduction was attributed to the effect of the veg-
etation. Marsh creation can be conducted by displacing histor-
ical dikes landwards or building sluices at existing dikes, sub-
sequently allowing tidal flooding behind the structures
(Temmerman et al. 2013). The cyclic dynamics of ecosystems
like salt marshes means maintaining sufficient marsh width
for coastal protection difficult (Bouma et al. 2014, 2016).
Measures that stimulate sediment accretion on the tidal flat
fronting the marsh typically stimulate marsh expansion
(Bouma et al. 2016; Cao et al. 2018). Mangrove ecosystems
perform similar functions (protection against storms and sed-
iment trapping) in tropical areas. Waves can be reduced be-
tween 13 and 66% over 100 m of mangrove forest (McIvor
et al. 2012). Bamboo and brushwood structures have been
used in restoration schemes at eroding coastlines to provide
the morphodynamic conditions required for mangroves to es-
tablish (Winterwerp et al. 2013; Schmitt et al. 2013). This
approach goes back to the kwelderwerken (salt marsh works),
where marshes were historically created using brushwood

dams to enhance sediment accretion on the tidal flats fronting
the marsh (Dijkema 1987).

Even though coastal ecosystems provide multiple provi-
sional and regulating ecosystem services, such as wave damp-
ening or sediment trapping (Murray et al. 2002; Koch et al.,
2009), it is still not known how to realistically design and
assess green infrastructure (Costanza et al. 1997; MEA
2005). Verified parametrisation of the efficiency and perfor-
mance of green infrastructure is lacking, e.g. wave attenuation
depending on coastal system boundary conditions.

Towards an Integrated Approach by Combining Multiple
Ecosystems

Although ecosystems located high in the intertidal zone, like
salt marshes and mangroves, may contribute much more to
flood safety than systems located lower, this does not mean
the latter are unimportant. They can play an important role in
stabilising and accreting upward the lower part of a foreshore.
In doing so, these low intertidal ecosystems create favourable
low-energy high-elevation conditions that allow the intertidal
systems to expand (Bouma et al. 2014). This kind of mutual
facilitative interaction was first suggested by De Vries et al.
(2007; see Fig. 5) and later demonstrated for tropical coastal
ecosystems by Gillis et al. (2014). Using a set of ecosystems
rather than any single ecosystem as a foreshore system may
thus provide a more resilient defence.

The spatial requirements of ecosystem engineering re-
strict its application to locations where there is sufficient
space between urbanised areas (Temmerman et al. 2013).
Besides this, although coastal vegetation (wetlands, dune
vegetation and seagrass) may dampen part of the wave
energy, it is not an impermeable barrier and it will be
flooded during extreme high water. Coastal vegetation
cannot stop storm surges, which behave similarly to tidal
forces that penetrate the vegetation and raise water levels
over several hours (Feagin et al. 2010). Large waves can
also propagate further onshore during these extreme water
levels. Due to the limitations in wave dampening and the
potential detrimental effects of high-energy events on the
ecosystems (SAGE 2015), ecosystem engineering is most
suitable in environments of relative low energy. Whenever
these conditions are not met, engineering measures may
be needed to achieve the goals.

The long-term stability of coastal vegetation is an uncer-
tainty that is still relatively poorly understood, which may
hamper its implementation (Bouma et al. 2014). Fortunately,
adaptations can also be implemented retrospectively, or incre-
mentally, as discernible changes in design loads or other pre-
viously uncertain boundary conditions arise (such as sea level
rise or increases in wave height impacts due to local morpho-
logical alterations).
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Impact Mitigation for Morphologic
and Hydrodynamic Changes

To ensure minimal physical effects, recommended design
guidelines and standards (Table 3 in the Appendix) should
be followed. Numerical models predicting the shoreline re-
sponse of coastal structures can help to optimise designs for
mitigating physical changes on the adjacent coast. Moreover,
monitoring of the physical impacts throughout the lifetime of
the structure is important to identify unintended morphologic
and hydrodynamic changes (USACE 2002).

The morphodynamic effects of foreshore structures can be
reduced or mitigated in different ways. The undermining of
structures due to scour can be prevented by appropriate scour
protection design. However, although typical scour protec-
tions of rock or concrete would create new habitat, they would
not compensate for the loss of the soft habitat they are placed
on. Alternatively, structures of porousmaterials could produce
less scour than impermeable structures. The impacts of ero-
sion could be minimised in the design phase by increasing the
structure porosity or in the dimensioning of the structures. An
alternative is to mitigate the impacts of the design by shore
nourishments or sand bypass systems (USACE 2002).
However, sediment nourishments also produce negative envi-
ronmental effects, as described in the BMorphologic and
Hydrodynamic Changes^ section.

The physical impacts of seawalls can potentially be re-
duced by burying the structure, or changing its location on
the cross-shore profile. In USACE (2002), an example is pre-
sented where a rock seawall/revetment was completely buried
under a beach and dune, which meant that the revetment
would only become exposed during storm conditions. This
proved to be more environmentally beneficial and had lower

costs than a conventional rock revetment and could also be
expected to have less adverse physical effects. Since the phys-
ical impacts of seawalls on a beach increase the lower they are
located on the beach profile (Dugan et al. 2011), seawalls
should be built as high as possible on the beach profile. In
contrast, to promote habitat variety and diversity, the structure
should be placed as low down in the intertidal zone as possible
(Firth et al. 2014). The barrier effect of seawalls can possibly
be reduced by modifying or lowering certain stretches along
the seawall to restore sediment movement and ecological con-
nectivity between the beach and the backshore (Nordstrom
2014).

The position of a sea dike influences how much wave en-
ergy reaches the dike and consequently how much the coastal
processes are altered by the interaction with the dike structure.
However, the process of selecting sea dike alignment involves
various aspects, such as geomorphological and hydraulic con-
ditions or land use, and is usually a compromise between the
different issues (CIRIA 2013). Therefore, set-back positions
of sea dikes are generally not the preferred solution.

Adaptations of the dike cross profile, such as the concept of
wide green dikes with smooth seaward slopes (Van Loon-
Steensma et al. 2014), can provide ecological enhancements
and simultaneously reduce the effects on coastal processes,
e.g. reflections at the structure (Dugan et al. 2011).

Ecological Enriching the Sub- and Intertidal Hard
Substrates of Coastal Structures

As recommended by Firth et al. (2014), the selection of
nature-based adaptations should be preceded by a thorough
definition of the objectives and outcomes they should provide.
A wide range of techniques for the ecological enhancements

Fig. 5 Gradient of ecosystem
engineering that stabilise the
sediment and thereby protect the
coast. Arrows indicate positive
interactions. Adapted and
translated from De Vries et al.
(2007) and van Katwijk and
Dankers (2001)
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of artificial structures is described in literature (see Firth et al.
2016a for a critical review) and is highlighted here for fore-
shore structures, seawalls and dikes.

Impact Mitigation of Hard Foreshore Structures

Heterogeneity, from surface roughness to larger irregularities
in a structure, offers a greater variety of habitats and promotes
higher biodiversity compared to a smooth surface (Firth et al.
2012; Martins et al. 2010; Hall et al. 2018; Chapman and
Underwood 2011; Naylor et al. 2011). Some heterogeneities
are already present at coastal defences due to the construction
procedure, such as holes/grooves in armour units, which retain
water, or gaps between rocks or concrete blocks. Additional
heterogeneities can also be incorporated in the design, for
example, by adding tiles with different textures and micro-
habitats (Borsje et al. 2011; Coombes et al. 2015; Firth et al.
2016a). Drill-cored artificial rock pools can be an affordable,
effective way to enhance the biodiversity of intertidal coastal
structures (Firth et al. 2014; Evans et al. 2016).

Furthermore, Firth et al. (2013) suggest that rock structures
should be constructed of both soft and hard rocks, since the
weathering of carbonate rocks takes place faster than igneous
rocks, thus creating additional surface roughness (Chapman
and Underwood 2011; Firth et al. 2012). Mixed rock sizes
provide different habitats that can lead to greater species di-
versity and abundance (Wiecek 2009). Porous coastal de-
fences can form valuable habitats within their internal com-
partments, supporting greater species richness and diversity
than external surfaces exposed to higher hydrodynamic forces
(Sherrard et al. 2016). Artificial reef structures, for example
Reef balls and WADs, have been built in many countries with
this purpose. These elements are mound-shaped, concrete
modules that imitate natural coral heads, providing a habitat
for a variety of marine organisms (Barber 1999). Precast hab-
itat enhancement units, for example BIOBLOCKS (Firth et al.
2014), are another option to increase local biodiversity
(Chapman and Underwood 2011; Firth et al. 2013).
BIOBLOCKS offer different, novel, micro-habitat types. To
maximise species diversity, Firth et al. (2014) recommend that
habitat enhancement units should include numerous novel
habitat types, such as pits and pools of different depths and
sizes, as well as ledges and overhangs.

Different types of artificial structures show different ratios
of recruitment of non-indigenous versus native species, de-
pending on their position and material (Glasby et al. 2007).
Non-indigenous species were observed to recruit well on con-
crete surfaces near the water surface, while native species
showed preference for locations closer to the shore and the
seabed, such as rocky reefs and seawalls (Glasby et al. 2007).
These factors should be analysed and considered in the design,
to minimise threats to local biodiversity.

Adaptation Options for Seawalls

To minimise the environmental effects, adaptations for sea-
walls situated on rocky shores should ensure that the natural
habitats are mimicked as far possible. As for seawalls on sed-
imentary coasts, their effects due to habitat changes should be
mitigated as far as possible (Firth et al. 2014), e.g. lowering
certain stretches of the seawall (see BEcological Enriching the
Sub- and Intertidal Hard Substrates of Coastal Structures^
section). This subsection focusses on adaptation options that
mimic rocky habitat.

Seawalls can be built or altered to enhance habitat diversity
and complexity, without affecting the coastal safety offered,
by maximising surface roughness and introducing micro-
habitats (Wiecek 2009; Borsje et al. 2011; Firth et al. 2014,
2016a; Hall et al. 2018). As with foreshore structures, smooth
surfaces, such as concrete, should be avoided as far as possible
(Wiecek 2009; Firth et al. 2014; Coombes et al. 2015) or can
be made rougher by casting irregular finishes (Wiecek 2009)
or by chiselling grooves or drilling holes (Martins et al. 2010;
Nordstrom 2014; Hall et al. 2018). Naylor et al. (2017)
showed how a rock revetment can be ecologically enhanced
by informed selection and intentional positioning of armour
rocks. Rock pools can be incorporated in seawalls to provide
habitat for intertidal organisms by adding water-retaining fea-
tures (Chapman and Blockley 2009; Firth et al. 2016b;
Chapman and Underwood 2011; Firth et al. 2014). As for hard
foreshore structures, precast habitat enhancement units can be
included into seawall design to offer a range of novel habitat
types (Firth et al. 2014; Chapman and Underwood 2011).

Since vertical seawalls decrease the area of intertidal hab-
itat, sloping seawalls could be beneficial. A sloping structure,
however, has a larger footprint and as such cannot be recom-
mended over a vertical structure for this reason only
(Chapman and Underwood 2011). Another way to increase
intertidal habitat for seawalls is to construct a stepped seawall
or alternatively cavities can be left between the seawall blocks
or rocks (Wiecek 2009).

Careful consideration has to be given to the fact that inva-
sive species favour hard structures and can use them as
stepping stones (Airoldi et al. 2015; Bishop et al. 2017). For
coasts with rocky shores, the probability of recruitment of
local native species on seawalls can be increased by incorpo-
rating features that mimic their natural habitat (Airoldi et al.
2015). Measures can be taken to limit the colonisation of
invasive species, such as using coating or smoother materials
that hinder the settlement of fouling (Airoldi et al. 2015;
Coombes et al. 2015) or by seeding the structures with native
species (Firth et al. 2016a; Bishop et al. 2017). A higher di-
versity of native species may offer a resistance to settlement
by invasive species (Firth et al. 2014).

Strain et al. (2018) conducted a quantitative meta-analysis
and qualitative review of 109 studies to investigate which
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common nature-based adaptations (e.g. adding texture, crev-
ices, pits and water-retaining units) have the greatest potential
in increasing the biodiversity of key functional groups of or-
ganisms. The study found that adaptations in the intertidal
zone that offer shade and provide moisture (e.g. crevices, pits
and water-retaining features) had the largest influence on the
richness of mobile and sessile organisms. Species whose body
size was closest to the dimensions of the adaptations showed
the greatest positive effects. Furthermore, intertidal adapta-
tions that retain water had the largest impact on the richness
of fish. Subtidal zone adaptations that added small-scale cav-
ities resulted in higher abundances of sessile organisms,
whereas elevated structures in the subtidal zone lead to higher
numbers and abundances of fish. The results of the study
provide valuable advice on selecting the most suitable adap-
tation type according to the desired goals, e.g. increasing bio-
diversity or enhancing certain ecosystem services.

Figure 6 illustrates examples of possible nature-based ad-
aptations for seawalls. It is essential that adaptation options are
positioned in the correct tidal zone, to ensure that they are
submerged during high tide. Therefore, adaptations are often
placed below mean high water spring tide (MHWS) (but see

Firth et al. 2016b). As seawalls are often located on coasts
exposed to high wave energy, adaptations should be adequate-
ly attached (Browne and Chapman 2011; Coombes et al.
2015; Hall et al. 2018).

Adaptation Options for Greening Dikes

To establish vegetated sea dike covers, standard seeding mix-
tures of different grasses and, if desired, a small percentage of
herbs are commonly used (in Germany: Lolium perenne, Poa
pratensis, Festuca rubra ssp. trichophylla, Festuca rubra ssp.
rubra and Achillea millefolium). These mixtures are known to
ensure the main functions of the grass cover: protection
against mechanical forces, such as wave impact, and the in-
fluence of weather (EAK 2002). Although contemporary veg-
etated clay layers represent a green surface with a near-natural
look, the ecological value of the dike cover is not sufficiently
considered in the design process as indicated by the low bio-
diversity of the standard seeding mixtures. Nonetheless, the
vegetated dike cover has the potential to become an ecologi-
cally valuable dike component by adapting the seeding mix-
tures towards more ecologically valuable plant compositions

Fig. 6 Schematization of possible nature-based adaptations for seawalls. Interventions should be positioned to ensure that they are submerged during
high tide
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with an increased number of species and a higher amount of
herbs and legumes. In doing so, the eligibility of the potential
target vegetation, especially with regard to the erosion resis-
tance and vegetation development under coastal conditions,
has to be ensured (Scheres and Schüttrumpf 2017). Grass
reinforcement methods, e.g. High Performance Turf
Reinforcement Mats (Pan et al. 2015), can support the dike
vegetation and increase the overall erosion resistance.
Vegetated geocellular containment systems (Meyer and
Emersleben 2009) increase the soil stability and allow the
installation of dike paths with minimal soil sealing.

Given past experiences, grey revetments are usually
employed for dike safety, in case of high loads that exceed
the resistance of a grass cover. Common materials are rip-rap,
asphalt and concrete (CIRIA 2013). Adaptations of the mate-
rial of grey revetments, especially of the structure and texture,
towards more natural, rougher and diverse-shaped surfaces
allow for improved settlement and habitat conditions (Borsje
et al. 2011). Alternatively, vegetated grey revetments, such as
(partially) grouted rip-rap (Trentmann 2011), cellular revet-
ment blocks (Mohamed et al. 2006) or geosynthetic concrete
mattresses (Wilke et al. 2012), can increase the ecological
value of the system due to cavities or grooves within the re-
vetments or reduced surface sealing that allows for vegetation.

Figure 4b illustrates selected possible nature-based adapta-
tions for sea dikes. When physically modifying the dike sys-
tem, adaptations of the monitoring and maintenance strategies
become necessary. In general, nature-based adaptations must
not undermine the dike stability or its ability to offer coastal
protection. Hence, a concept for ecologically valuable dikes
should take into account conflicts between the ecological val-
ue and dike safety (Scheres and Schüttrumpf 2017).

Discussion

Nature-based solutions for coastal protection should generally
be considered before hard solutions in order to minimise en-
vironmental impacts (see Table 2 for a summary of design
considerations for hard solutions). The two main consider-
ations to determine the applicability of nature-based solutions
are (1) the suitability in relation to hydrodynamic forcing and
(2) the availability for the spatial requirements necessary to
obtain the desired level of coastal safety. Other considerations
include ecological impacts, costs, construction methods,
maintenance required, stakeholder support, visual impacts
and climate change consequences.

Figure 7 illustrates in which conditions hard and soft solu-
tions could be implemented. Ecosystem engineering may be
suitable to provide coastal safety in areas with low to medium
hydrodynamic forcing and elevated hinterlands (sufficiently
high with respect to extreme water levels), given that there is
enough space available. Wherever the wave energy is not

sufficiently dissipated by coastal ecosystems, nourishments
can increase the width of a beach and the amount of wave
attenuation. In areas with structural erosion, periodic addition
of sediment will be necessary to avoid net coastline retreat.
Dunes, both natural and artificial, can provide additional pro-
tection against storms and serve as a physical barrier against
flooding in lower lying areas.

Hard solutions should be considered a last resort and are
suitable on coasts exposed to high wave energy and with re-
duced space available for changes in coastline position (e.g.
urban areas). Beach nourishments can also be carried out in
front of hard structures, in order to reduce the hydrodynamic
loads acting on them. Hard foreshore structures offer wave
attenuation and protection against erosion. For low-lying hin-
terlands, sea dikes/seawalls are generally the most appropriate
solution, as these structures form a fixed barrier against inun-
dation and provide a high level of safety. Besides building a
hard barrier between the sea and hinterland, alternative coastal
zone management approaches, such as retreat or elevated in-
frastructure, can be followed and may have ecological bene-
fits, but is not discussed further in the present study.

When hard solutions are deemed necessary, it is advocated
that they are ecologically enriched (BEcological Enriching the
Sub- and Intertidal Hard Substrates of Coastal Structures^
section) to either restore, mitigate or conserve ecosystem ser-
vices. Although these adaptations may minimise environmen-
tal impacts, some effects cannot be mitigated completely.
Also, artificial habitats have shown different community
structures and functioning compared to natural rock habitats
(Firth et al. 2016a). It is recommended that adaptations are
considered early on in the design as possible and are designed
in close collaboration with ecologists (Firth et al. 2016b;
Naylor et al. 2017). Knowledge gaps (BConclusions and
Future Avenues for Research^ section) in the technical design
of adaptations, in terms of dimensioning related to boundary
conditions, persist and hence complicate application.

Engineers and ecologists are not only faced with a chal-
lenge regarding the functional design of nature-based solu-
tions; societal issues are also relevant for the implementation
of coastal structure projects (Naylor et al. 2012). Great ad-
vances in the field of nature-based coastal infrastructure have
been made, with literature mainly originating from Australia,
the USA, and Europe (Strain et al. 2018; Morris et al. 2018;
Salgado and Martinez 2017), showing a bias to developed
countries. Strain et al. (2018) suggests that, as is the case in
terrestrial environments, socioeconomic status is a key indica-
tor for the implementation of green infrastructure. The socio-
economic status depends in turn on factors such as level of
education, willingness to invest in nature-based adaptations
and available resources. This could explain the bias in
literature. In the UK, Evans et al. (2017) studied stakeholder
attitudes towards multi-functional coastal developments. The
findings indicated that stakeholders favoured ecological
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benefits over social, economic or technical benefits.
Perceptions of coastal authorities and societies towards
nature-based coastal protection schemes for areas with differ-
ent socioeconomic statuses are however still largely unknown.

Site-specific knowledge (e.g. ecologic analysis, assessment
of the local resources and construction materials) is essential
for the success of nature-based solutions (Salgado and
Martinez 2017). Considerable knowledge on green infrastruc-
ture was gained from pilot studies, monitoring and learning-
by-doing principles. Reduced budgets and limited support
may pose challenges for developing countries to gain site-
specific knowledge through similar learning-by-doing ap-
proaches. Additionally, limited maintenance, monitoring
(Silva et al. 2017) and social aspects (Salgado and Martinez
2017) could hinder the application of ecological enhancement
of hard coastal structures and the conservation of existing

foreshore ecosystems in emerging countries. Progress in over-
coming these challenges must be made, before nature-based
solutions can be readily implemented in developing countries.

Conclusions and Future Avenues for Research

There is significant evidence of the effectiveness of nature-
based solutions (Narayan et al. 2016; Hall et al. 2018; Strain
et al. 2018), but knowledge gaps and persistent uncertainties
pose challenges. Current guidelines and policies (Table 1) pro-
vide general recommendations, while technical design guide-
lines with respect to the performance of nature-based solutions
under different boundary conditions (abiotic and biotic) are
still lacking. Overall, a comprehensive design basis to assess
the lifetime, applicability and maintenance needs of nature-

Table 2 Summary of nature-based design considerations

Soft solutions Hard solutions

Structure type Ecosystem engineering Foreshore structures Seawalls Sea dikes

Purpose Protection against flooding and shoreline
stabilisation

Protection against flooding
and shoreline stabilisation

Protection against
overtopping and flooding
and shoreline stabilisation

Protection against
overtopping and
flooding

Spatial
requirements

High Low Low Low–medium

Hydrodynamic
conditions

Sheltered to exposed coast; mild to high
wave conditions (depending on the
coastal ecosystem type)

Exposed coast; large storm
surges and waves

Exposed coast; large storm
surges and waves

Exposed coast; large
storm surges and
waves

Design life Short–long (greater uncertainty due to
limited research)

Long Short–long Long

Environmental
impacts and
concerns

Possible negative effects if there is a
replacement of a productive ecosystem by
another (e.g. when planting species of a
different ecosystem)

Positive impacts due to higher biodiversity,
restoration of ecological functions,
ecosystem services

Changes to coastal
processes, erosion

Habitat loss
Impacts due to introducing

hard substrata
Hazard for recreation
Increase of turbidity (if

complemented by regular
nourishments)

Changes to coastal processes,
thus active and passive
erosion

Habitat loss
Impacts due to introducing

hard substrata
Interruption of ecological

connectivity

Changes to coastal
processes, thus active
and passive erosion

Habitat loss
Changes in present plant

communities
(Impacts due to

introducing hard
substrata)

Interruption of
ecological
connectivity

Nature-based
adaptations

Building brushwood fences to emulate the
effect of natural vegetation and restore
ecosystems

Hydrologic restoration through excavation
and/or filling

Sediment nourishments to increase wave
damping in front of ecosystem

Planting or transplanting seedlings

Maximisation of roughness
and surface complexity

Incorporation of
micro-habitats

Combination with
ecosystem restoration
(coral reefs, sea grasses,
salt marshes, mangroves)

If complemented with
nourishments, reduce
their frequency in time

Maximisation of roughness
and surface complexity

Incorporation of
micro-habitats (e.g. rock
pools; habitat enhancement
units)

Removal or alteration of
seawall to restore sand
movement

Implementation in
combination with other
solutions (ecosystem
restoration, shore
nourishments)

Ecosystems and/or
nature-based struc-
tures in the foreshore

Adaptation of seeding
mixtures towards
more ecologically
valuable vegetation

Vegetated revetments
Vegetated fortified dike

paths
Dike geometry

adaptations
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based solutions is required to ensure that adaptations are read-
ily included in designs in the future.

The uncertainties in the prediction of the wave height re-
duction of nature-based solutions are, firstly, due to the natural
spatial variability in factors such as the plant height and diam-
eter for different species. Secondly, current approaches to de-
termine wave attenuation of plants are often based on a num-
ber of assumptions and simplifications and on site-specific
calibration parameters. For example, the schematization of
coastal vegetation as a number of vertical layers consisting
of rigid cylinders with different densities and sizes (Suzuki
et al. 2012). Additionally, the temporal availability of ecosys-
tems makes it hard to predict their effectiveness for long time
scales, thus impeding their use in coastal protection schemes
(Bouma et al. 2014; Morris et al. 2018). There is also addi-
tional uncertainty on how aquatic ecosystems will adapt to
climate change and sea level rise. For hybrid solutions, this
means that the boundary conditions for structures sheltered by
or placed behind coastal ecosystems are hard to determine and
it is therefore not always possible to optimise their design by
including the protection provided by ecosystems.

Considerable laboratory and field work is necessary to for-
mulate comprehensive guidelines which ecologically enrich
hard coastal structures for particular objectives in specific lo-
cations. For instance, as pointed out by Strain et al. 2018,
research has mainly focused on determining the success of
only one type of adaptation and is usually not applied across
the whole structure. As such, it is unclear which intervention
or combination of interventions for seawalls or foreshore
structures would deliver optimal ecological benefits and what
the benefits in relation to the adaptation area are (Strain et al.
2018). As for vegetated dikes, the design of optimal seeding
mixtures to support higher biodiversity needs further research.

Another aspect that requires attention, is the analysis of the
proportion of native, non-native and cryptogenic species when
evaluating micro-habitat adaptations (Strain et al. 2018).

Systematic interdisciplinary research is required to holisti-
cally quantify the environmental impacts of hard structures
and understand the underlying processes on different temporal
and spatial scales (Bishop et al. 2017). For example, under-
standing the migration of species along networks of structures
could lead to better planning of dimensioning and spacing of
hard structures (Firth et al. 2016a). Economic and social as-
pects involved in implementing nature-based solutions pres-
ent further challenges.

To ensure that green infrastructure is applied more widely,
including countries with limited budgets, future research
should include economic optimization of nature-based coastal
protection methods. Further studies are also required on the
cost-effectiveness of green infrastructure compared to grey
infrastructure under the same environmental conditions
(Narayan et al. 2016; Morris et al. 2018). Additionally, cost-
benefit analyses should include ecosystem services provided
by grey and green infrastructure (Morris et al. 2018).

This review provides descriptions on how hard solutions
function, where, when and why their use is required, thereby
highlighting requirements related to coastal safety. The envi-
ronmental impacts of hard solutions and adaptation options to
reduce them are discussed, thus advocating the importance of
environmentally sensitive engineering designs. Overall, recent
studies have made large progress in understanding the coastal
protection benefits of ecosystems (e.g. Bouma et al. 2014;
Möller et al. 2014; Narayan et al. 2016) and in researching
adaptation techniques to enhance biodiversity of coastal struc-
tures (e.g. Chapman and Underwood 2011; Firth et al. 2014;
Strain et al. 2018). A greater interdisciplinary understanding is

Fig. 7 Implementation of hard solutions related to land use and hydrodynamic forcing
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still required to move towards the inclusion of nature-based
considerations in the standard practices and guidelines of
coastal engineering, thus enabling a transition towards sus-
tainable and environmentally friendly coastal solutions.
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