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A B S T R A C T

With a global increase in coastal development, together with increasing storminess and continuing sea level
rise, coastal erosion has become a serious problem along a significant percentage of coastlines of many
countries. Coastal erosion and shoreline management plans are often implemented on an action-reaction and
post-disaster basis, resulting in installation of hard engineering structures, such as, groins, seawalls, revet-
ments, gabions and breakwaters. These hard stabilization structures usually alter the natural environment of
the coast, producing negative impacts. They do little to work with nature, and sustainability is a currently a
critical issue. Under present and future environmental conditions, the world requires smarter coastal protec-
tion strategies that are adaptable, sustainable, multi-functional and economically viable to help solve immedi-
ate and predicted coastal erosion problems. An ecosystem-based approach based on the creation and restora-
tion of coastal ecosystems, such as wetlands (e.g. mangroves), biogenic reef structures (e.g. corals, oysters,
and mussels), seagrass beds and dune vegetation can offer optimal natural alternatives to help solve coastal
erosion. Coastal ecosystems have some capacity for self-repair and recovery, and can provide significant ad-
vantages over traditional hard engineering approaches against coastal erosion. Also, they play a vital role in
reducing the susceptibility of coastal communities to hazards through their multiple roles in processes, includ-
ing sediment capture, system roughness and thus attenuation of wave energy. This paper seeks to undertake
a general review of adaptation and protection measures against coastal erosion issues, based on incorporation
of ecology and ecosystem services into coastal erosion management strategies.

© 2017.

1. Introduction

Currently, a high percentage of world coastlines experience issues
related to coastal erosion (Zhu, 2010; Pilkey and Cooper, 2014). Un-
der current conditions of a warming climate and rising sea levels, it
is expected that coastal erosion processes will shortly reach unman-
ageable proportions for humanity (Jones and Phillips, 2011; Shi and
Kasperson, 2015). The coastal erosion problem becomes much more
significant, as coastlines are the ideal place for human concentrations,
and the development of different productive activities (Barragan and
Andreis, 2015).

The complexity of coastal erosion causes has been addressed
worldwide in many studies (Van Rijn, 2011; Pranzini and Williams,
2013), and interrelationships between anthropogenic influences and
natural processes have been emphasized (Rangel-Buitrago et al.,
2015a,b). In general terms, coastal erosion processes are produced by
factors that can be contrasted and include, amongst others: relative sea
level rise (RSLR), extreme wave events and alteration in the sediment
supply, both natural and human induced.

Most of the world's megacities are situated in the coastal zone
where a very particular combination of geographic, economic, and
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historical conditions are still attracting people and stimulating dif-
ferent migration processes (Brown et al., 2009; Seto et al., 2011;
Barragan and Andreis, 2015). Only in the last half century have world
coastline populations recorded values close to 3% of the annual av-
erage standards for urban growth rate. Under current climate change
scenarios, it has been estimated that along low coastlines, almost 30%
of residences, if sited within 200 m from the sea, may be severely af-
fected by erosion-related property losses over at least the next 50 years
(UN-Habitat, 2009; Leatherman, 2017).

The above, demands urgent sustainable development strategies
with implementation of adequate coastal erosion management plans
(EU, 2004; Boruff et al., 2005; Pranzini and Williams, 2013). Man-
agement plans must become an issue of widespread worldwide con-
cern. Unfortunately, a high percentage of the decision-making within
coastal erosion management is strongly conditioned by economic con-
siderations, based on a cost-benefit analysis approach (Cooper and
McKenna, 2008) or an action-reaction basis (Rangel-Buitrago et al.,
2015a,b, 2017).

Coastal erosion management strategy choice must be a function
of a series of variables that include: erosion severity, property rights,
funding/legislation, and aesthetics (Williams et al., 2017). Likewise,
management strategies must include the techniques, knowledge,
equipment, and institutional instruments required to minimize or elim-
inate coastal erosion related impacts.

http://dx.doi.org/10.1016/j.ocecoaman.2017.07.009
0964-5691/© 2017.
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Currently, four options can be identified as the main coastal ero-
sion management strategies (see Williams et al., 2017):

• Protection: preservation of population centres, economic activities
and natural resources (vulnerable areas) using hard structures and/or
soft protection measures.

• Accommodation: occupying sensitive areas, but acceptance of a
greater degree of flooding by changing land use, construction meth-
ods and improving preparedness.

• Planned retreat: removing structures in developed areas, resettling
inhabitants with the requirement that new development is set back
from the coast, as appropriate.

• Sacrifices: allowing property loss when the suggested protection is
non-viable, or the accommodation and retreat option does not exist.

Usually, the protection approach using hard structures is widely
perceived as the best coastal erosion management strategy, and in
many countries this method is the only alternative (Pranzini, 2017;
Rangel-Buitrago et al., 2017). However, hard structures are not nec-
essarily the most adequate solution, and their negative influence has
been seen as a critical problem along many coastlines around the
world (Griggs, 2005; Charlier et al., 2005; Pranzini and Williams,
2013; Pilkey and Cooper, 2014; Rangel-Buitrago et al., 2017). Hard
protection approaches can generate adverse effects such as:

• Accelerated bottom erosion in front of the structure and downdrift
scouring.

• Disturbance of sediment supply and beach reduction.
• Alteration of alongshore sediment transport.
• Restricted public access.
• Potential risks for bathers.
• Negative visual effects on the seaside landscape (scenery).

Hard structures are severely challenged in many locations, and are
becoming unsustainable due to their costly and continual maintenance
requirements, as well as any widening and height increase to keep in
step with the increasing coastal erosion risk. Additionally, such struc-
tures significantly alter the natural adaptive capacity of any coastline
(Temmerman et al., 2013).

Negative experiences prevail over positive ones in the implemen-
tation of hard structures as protection measures against coastal ero-
sion due to interfering processes operating at a wide spatial scale
(>100 km, Pilkey and Young, 2009; Neal et al., 2017;
Rangel-Buitrago et al., 2017; Williams et al., 2017). To avoid such
negative experiences, correct application of adequate management
policy is required to preserve ecosystems as well as socio-economic
activities.

Recently, an ecosystem-based coastal erosion management strat-
egy has been brought into practice as an approach that is more cost-ef-
fective, and sustainable, than conventional hard protection approaches
(ecosystem-based approach). Management based on habitat diversifi-
cation can be applied worldwide, particularly in areas that have space
between existing urbanization and the coastline to allow for ecosys-
tem development (for example into accommodation and planned re-
treat strategies). Because ecosystems have the natural ability to reduce
extreme wave effects (Shepard et al., 2011), their growth can keep
pace with sea-level rise by means of sediment accretion if available
(Kirwan et al., 2010), and provide other benefits that go beyond the
realm of the coastal protection (e.g., supporting fisheries and tourism,
reducing CO2, amongst others).

This paper reviews adaptation and protection measures against
coastal erosion issues based on incorporation of ecosystems. Informa-
tion presented will be useful to local and national coastal managers
and planners who need fresh and innovative approaches, and are a ba

sis for ascertaining facts on which to make sound management deci-
sions that can be implemented into coastal erosion management.

2. Ecosystem management: a necessary step in coastal erosion
management

The UNEP (2009) defined Ecosystem Management as “an inte-
grated process to conserve and improve ecosystem health that sustains
ecosystem services for human well-being”, combining two particular
actions:

• Develop and/or maintain ecosystems quality.
• Attempt to ensure in the best way the delivery of different ecosys-

tem services to human well-being.
Under current climate-change conditions, ecosystem management

must be incorporated into coastal erosion management strategies be-
cause services provided by ecosystems, such as climate regulation,
coastal hazards protection and water purification, are necessary for
any coastal adaptation and risk reduction scheme (Fig. 1).

Adequate ecosystem management can provide benefits for coastal
erosion management and in turn, these benefits include:

Providing a different physical defence from coastal erosion: A
healthy ecosystem has the ability to offer to society a high protection
from coastal erosion, and, at the same time improve their capacity to
cope with the related impacts (Nordstrom, 2005; Borsje et al., 2011).

Increasing co-benefits in the mitigation of climate change re-
sponsible for coastal erosion: Climate change increases coastal ero-
sion with sea level rise, and alteration in the intensity and frequency
of extreme climate events. Likewise, climate-change impacts usually
aggravate problems that coastal areas already face (Masselink and
Russell, 2013). Management of the ecosystem can reduce emissions
and fix carbon, increasing or maintaining adequate stocks in the dif-
ferent ecosystems (Trumper et al., 2009). Biological carbon seques-
tration is a useful tool in efforts to mitigate climate change and fur-
ther related coastal erosion impacts. Also, ecosystems can support

Fig. 1. Risk reduction by means ecosystems, society and coastal management. MSfor-
CEP: Management Strategies for Coastal Erosion Process.
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achievement of other kinds of economic and social objectives for
coastal communities.

Stimulating biodiversity conservation: Ecosystem management
can help biodiversity and people in adjusting to changing conditions,
and can be used as a tool to safeguard fragile ecosystems and even
create new protected areas. This management approach can involve
restoration of ecosystems and replication of missing ecosystem
processes, such as migration or pollination (Colls et al., 2009). It is
important to take into account that an increase of biodiversity, per se,
does not necessarily contribute to a better functioning system. These
functions can be achieved by the use of new approaches, such as, Eco-
logical Network Analysis a management methodology which analyzes
within system interactions used to identify holistic properties that are
otherwise not evident from direct observations (Fath, 2004).

Strengthening the resilience of natural systems and also hu-
man societies to coastal erosion effects: Improving and conserving
ecosystem health is paramount for sustaining necessary services in the
coastal zone, as well as human well-being. Ecosystems in the right
conditions can act as a buffer, increasing resilience of natural and
human systems to coastal erosion impacts (Biggs and Smith, 2002).
Achieving this requires that ecosystems are viewed as suppliers of a
range of intermediate and final services (ES approach - De Jonge et al.,
2012) through which human welfare benefits. Sustainable utilisation
of this vital resource base is therefore the key notion. It can be argued
that assigning monetary values to the benefits provided by ‘healthy’
ecosystems can supplement scientific and ethical arguments, in favour
of environmental protection and biodiversity conservation (Turner et
al., 2010). According to De Jonge et al. (2006), there are two comple-
mentary ways to achieve this goal:

• Optimisation of the physical habitat-providing conditions.
• Improvement of ecosystem Biome quality.

Inspiring and encouraging community participation in coastal
erosion management processes: Optimal ecosystem management
tends to provide highly valued and attractive community amenities
for coastal communities, for example, scenery exploitation of natural
beaches salt marshes, intertidal areas, small islands for economic pur-
poses (Williams et al., 2016; Rangel-Buitrago et al., 2017).

The need for ecosystem management is recognized worldwide as
progressing from the local to the international level. The UN Climate
Change Conference, Paris 2015 (COP21) and the more recent UN Bio-
diversity Conference, Cancun 2016 (COP13) concluded that erosion is
a real hazard for many coastal regions, and included ecosystem man-
agement in coastal erosion management strategies as a priority. Parties
to the UN Framework Convention on Climate Change (developed in
1992) adopted an adaptation framework, which included recommen-
dations that ecosystems can serve as a tool for coastal erosion manage-
ment. To currently follow these recommendations is a real challenge
faced by all Parties involved (developing and developed countries).
This challenge mainly aims to reduce coastal erosion vulnerability
and build resilience to this hazard in all countries, taking into account
the urgent needs of those that are particularly vulnerable (UNFCCC,
2011; Spalding et al., 2014).

Inclusion of ecosystems services into coastal erosion management
also strengthens the planning and targets defined in the Convention on
Biological Diversity (the last one held in Cancun, 2016), which calls
for such inclusions in national and local development and planning
processes as well as in poverty reduction strategies (CBD, 2010).

All of the above confirm that coastal ecosystems both serve and
play significant roles in coastal protection schemes, and minimize the
vulnerability of coastal zones. These potential positive results have

led to a growing alert for incorporation of ecosystems into coastal
management and planning (Heath et al., 2009; World Bank, 2009; Van
Slobbe et al., 2013).

3. Ecosystems: functions and examples

When applying the ecosystem-based approach, it is necessary to
understand key aspects related to coastal protection services of some
ecosystems, as well as critical variables that determine their relative
effectiveness in coastal erosion management. This can be explained
further as follows:

3.1. Coral reefs

Corals are symbiotic organisms whose skeleton consists of calcium
carbonate (CaCO3) in the form of aragonite, which has allowed them
to become the main builders of reef structures in the tropics (Veron,
2000). Coral reefs are built by scleractinian or hermatypic (stony)
coral polyps that require a stable surface on which to settle. They grow
in warm, shallow, and nutrient depleted tropical waters and these scle-
ractinian corals are slow growing. Some massive corals may build a
skeleton at rates of just a few millimetres per year. Living coral reefs
are located mainly in the tropics and sub-tropics between approxi-
mately 30°N and 30°S (Done et al., 1996), with diversity diminishing
fairly rapidly along latitudinal lines. Coral reefs have more species and
co-evolved relationships per unit area than any other marine ecosys-
tem (Done et al., 1996).

Corals have many functions in the coastal erosion management
process, but the most important are related to energy dissipation and
sediment generation (Fig. 2). Perhaps the most evident are linked to
their shape and structure that allows coral reefs to act as a barrier that
dissipates wave energy, providing a natural submerged breakwater.
The geometry (porosity, surface, tortuosity, roughness and the overall
void matrix), water depth above the reef system (depth of flow) and
length in the direction of wave propagation are key points in the wave
energy dissipation process (Hettiarachchi et al., 2013).

CaCO3 that forms this ecosystem allows construction of endo and/
or exo skeletons that have a double function: building the ecosystem
and generating sediments. Fragmentation and erosion processes (in-
cluding bio-erosion) transform this compact structure into biogenic,
calcareous sands able to feed the coast and maintain its stability.

Corals can also contribute to sedimentation by means of allogenic
processes related to mucous secretions. Coral secretions trap sus-
pended particles in the water column, forming aggregates that sink
rapidly to the bottom (Wild et al., 2004). Secretions by corals can
make it the dominant form of suspended organic matter within and
around coral reefs (Marshall, 1968) so particle trapping by mucus may
significantly contribute to the sedimentation process.

The importance of coral in coastal erosion management strategies,
is well documented, for example, Wielgus et al. (2010) determined
that ten years after the disappearance of some species of live corals
in the Dominican Republic, erosion rates increased between 65 and
100% along the SE sector of the country, due to substantial sedimen-
tary deficits.

A good example, highlighting the role of corals in coastal ero-
sion management and the importance of the maintenance of ecosys-
tem health, can be found in Sri Lanka. Along the Hikkaduwa coast-
line, corals are protected in a marine park. During extreme coastal ero-
sion related to the Sumatra tsunami of 26 December 2004, waves were
only 2–3 m high, due to energy dissipation benefits provided by the
corals, with “damage caused” limited only to a distance of 50 m in-
land. During the same event, 10 m high waves were generated, caus
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Fig. 2. Wave attenuation and coastal erosion protection given by coral under different
management scenarios.

ing damage and flooding up to 2 km inland along the Peraliya coast-
line. This area is located just 3 km from Hikkaduwa, but here the
reefs have been extensively affected by bad management practices
(Fernando et al., 2005; Liu et al., 2005).

3.2. Mangroves

Mangroves are assemblages of salt-tolerant trees and shrubs found
in intertidal zones and estuarine margins, on shallow and muddy
ground, with calm waters (estuaries, bays, coves, coastal lagoons,
etc.). The vegetation has adapted to live in salt water, either contin-
uously or during high tides. Mangroves grow in harsh environmental
settings, such as, high salinity, high temperature, high sedimentation,
extreme tides, and anaerobic soils (Giri et al., 2011). The trees have
adaptations in their roots, leaves, and trunk, allowing them to grow in
unstable terrain, without oxygen and flooded with sea water. The roots
of the mangroves are crucial because they allow the plant to catch O2
and have structures in the stems and leaves that help to expel excess
salt absorbed from the root. Mangrove forests can be found in both
tropical and subtropical areas of the world between approximately 30°
N and 30° S. In 2000, the global mangrove forest total surface area
was estimated to be 137,760 km2 in 118 countries and territories and
about 75% of this area is concentrated in 15 countries (Dayton et al.,
2005; Giri et al., 2011).

Mangroves are termed “ecosystem engineers” because the con-
junction of their intrinsic properties (width, structure, tree size), their
link with other ecosystems and also underpinning factors can be use-
ful in the reduction of coastal erosion (Fig. 3). This ecosystem has the
ability to significantly reduce the energy of any kind of fluid that is

moving through them. The energy lost when wind and waves pass
through mangrove roots and branches can range between 15 and 65%,
minimizing seabed scour and further sediment movement (Spalding et
al., 2014). At the same time, their structure can reduce winds across
the surface of the water, reducing the re-formation or propagation of
waves.

Mangrove forest structure is a key point in determining possible
protection during extreme erosive wave events and tsunamis. For ex-
ample, narrower belts can reduce impacts of high wind speeds and
large waves occurring during major storms, while extensive areas can
reduce severe storm surge floods and tsunami waves. Of course, this
capacity also depends on the size and forward speed of the storm,
tsunami characteristics and coast setting. However, it has been deter-
mined that mangroves are more efficient at reducing surge levels, if
the event passes over relatively quickly (McKee and Faulkner, 2000).

The dynamics of sedimentation in mangroves are complex
(Furukawa et al., 1997; Gutierrez et al., 2011). Mangrove roots help
generate and bind new sediments and soils. The above-ground roots
slow down the water-flow process, stimulate sediment deposition,
and reduce erosion. Sedimentation rates correlate with root density
and between 70 and 80% of suspended sediment brought in from
coastal waters may be trapped in mangroves (Young and Harvey,
1996; Furukawa et al., 1997). However, extreme drainage and conver-
sion of areas to other uses generate a rapid breakdown of organic mat-
ter as oxygen becomes available in the soil, which entails a subsidence
process as a final result (McIvor et al., 2013).

Case studies highlight the importance of mangroves in coastal ero-
sion processes and their management strategies can be found mainly
in tropical areas. For example, along some coastal areas of Guyana
where mangroves forests have been destroyed to give way to aquacul-
ture or agriculture, coastal erosion has increased significantly, reach-
ing rates of up to −3 m per year (Gratiot et al., 2011).

On the other hand, the Indonesian government and partners re-
cently developed a programme of mangrove restoration near the city
of Semarang, northern Java island. This initiative aims to enhance
coastal resilience for almost 80,000 people located in Central Java by
mitigating coastal flooding and erosion. Simultaneously they want to
provide the people with a long-term perspective for sustainable devel-
opment through revitalization of aquaculture areas for crab and shrimp
farming (Marfai, 2011).

If mangroves are integrated appropriately, they can contribute to
coastal erosion reduction in almost every coastal setting. It is impor-
tant to take into account that they do not always provide a stand-alone
solution and most of the time need to be combined with other mea-
sures to achieve a desired level of protection.

3.3. Seagrass

Seagrasses are the only representative group of marine an-
giosperms that have evolved from land to sea and have adapted to the
marine environment. They are permanently submerged and attached
to the sediment. Towards the tropics, species such as Thalassia tes-
tudinum and Syringodium filiforme cover extensive areas; whilst in es-
tuaries and other coastal areas of higher latitudes, eelgrass (Zostera
spp.) form dense meadows (Deegan et al., 2001). Seagrasses serve as
habitat, shelter, and food for marine species (juvenile and adult stages
of molluscs, crustaceans, and fish of commercial and ecological inter-
est).

Seagrasses are able to significantly influence the hydrodynamic
environment by reducing current velocity, dissipating wave energy
and stabilizing sediment (Fig. 4). This ecosystem can alter the bot-
tom roughness (Nepf and Vivoni, 2000) and the vertical flow profile
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Fig. 3. a) factors affecting wave attenuation and coastal erosion in mangroves. b) example of how mangrove's soil surfaces rises and potentially allowed keep pace with sea-level rise.

Fig. 4. Physical processes related to influence of seagrasses into wave attenuation and coastal erosion reduction.

(Granata et al., 2001), especially when canopy heights represent more
than 15% of the height of the water column (Dayton et al., 2005).
When a wave reaches the ecosystem, a negligible energy reflection
and weak wave attenuation by friction is produced. This situation is
opposite to what happens to most hard structures, e.g. seawalls and
breakwaters, where this same process gives rise to higher energy re-
flection and wave attenuation by breaking and friction with further
loss of sediment (Dayton et al., 2005; Ondiviela et al., 2014).

Additionally, they have the capacity to stabilize and maintain sedi-
ments in shallow areas. Due to their ability to dampen waves and cur-
rents, seagrass canopies can increase sediment deposition (Hendriks
et al., 2008), decrease re-suspension (Lopez and Garcia, 1998) and
even directly intercept suspended sediment (Gutierrez et al., 2011).
Also, exopolymeric substances secreted by epiphytes can bind sed-
iment particles to seagrass leaves (Agawin and Duarte, 2002). Sim-
ilarly, they can influence the original seafloor topography



UN
CO

RR
EC

TE
D

PR
OOF

6 Ocean and Coastal Management xxx (2017) xxx-xxx

through the accretion of rhizomes and roots in the sediments, thus ex-
erting new forces over hydrodynamics and sedimentation.

The efficiency of this ecosystem is primarily and strongly based on
the density, standing biomass, plant stiffness and incident energy flux
(Orth et al., 2006; González-Ortiz et al., 2016). Optimal conditions
for enhancing coastal erosion defence provided by seagrasses can be
reached at shallow waters, and low wave energy environments, where
a high interaction between water flow and leaves in both, vertical and
horizontal dimensions dominates (Ondiviela et al., 2014).

A successful case study related to the use of this ecosystem was de-
veloped on the Albany coast, Western Australia. The comparison be-
tween waves heights in dense and patchy seagrass meadows of Posi-
donia coriacea (currently accepted name: P. ostenfeldii) with areas
that had no vegetation, concluded that waves were 10–30% smaller
in dense seagrass areas, compared to a bare seafloor. In regions with
patchy seagrass, wave height was reduced by approximately 10%.
Posidonia coriacea, commonly found along this coast, has become
an important coastal management strategy in a decades-long battle
against erosion (Buckley et al., 2013).

Another example can be found at Ifaty, situated 25 km north of
Toliara in south-west Madagascar. This is a calm, protected shal-
low area characterized by the development of sporadic extreme wave
events able to generate coastal erosion. With the aim of reducing im-
pacts of this processes the community with the support of interna-
tional institutions, developed an adaptation plan that consists in the
planting of seven different seagrass species along intertidal zones (Sy-
ringodium. isoetifolium, Thalassia hemprichii, Thalassodendron cilia-
tum, Cymodocea rotundata, C. serrulata, Halodule whrightii and H.
uninervis). After the programme implementation, a decrease in wave
heights during extreme events was evident (Gullström et al., 2002).

3.4. Shellfish reefs

Several hard-ground-building bivalve species occur in estuarine
and temperate marine environments. These bivalves can build spa-
tially and topographically complex habitats that foster unique assem-
blages of organisms. Such biogenic reef, bank, and shell-bed ecosys-
tems add hard substrates to soft, unstable, and often relatively flat bot-
toms within sedimentary systems (Fig. 5). These surfaces can be topo-
graphically rough, with fractal complexity capable of reducing wave
energy and erosion (Commito and Rusignuolo, 2000; Kochmann et
al., 2008). These structures can act as barriers that generate dams, to
hold pools of water, and increase immersion time above the shore-
ward bank margin, facilitating sediment deposition. Extensive shell-
fish banks and beds have the ability to minimize the impacts of direct
water flow, extreme waves, storm surges, and can stabilize the shore-
line (Coen et al., 2007; Palumbi et al., 2009).

Some species form reefs by interactive shell fusion, or a com-
bination of gregarious clustering and the weaving of sticky byssus
thread (Goldberg, 2013). Under low to moderate wave and tidal cur-
rent action, increased deposition on beds and reefs causes sediment
to build up to form banks that can be higher than the ambient sub-
strate (Meadows et al., 1998). Two groups, oysters and byssus-bear-
ing bivalves, are the most representative. Oysters (e.g. Crassostrea gi-
gas and C. virginica) are sessile bivalve molluscs generally found be-
tween latitudes 64° N and 44° S. They inhabit coastal waters, where
large aggregations can sometimes cover extensive areas of the bottom
in estuarine areas. These shell beds also can exist above the substrate,
attached to various objects, e.g. stones, pilings, shipwrecks, and even
discarded bottles. Oyster reefs and beds may be intertidal or subtidal

Fig. 5. Wave attenuation and coastal erosion protection given by shellfish reefs under
two different scenarios.

biogenic structures, formed by oysters living at high densities and
building a habitat with significant surface complexity (Baggett et al.,
2014). Oyster reefs can increase the biodiversity of the intertidal zone
by forming a new hard substrate for other species in soft sediment en-
vironments. Another fundamental property of oysters is filtration ca-
pacity (Vader, 2014). They filter the water and reduce turbidity by ex-
tracting phytoplankton and organic and inorganic particles from the
water column (NOAA, 2017). The reefs formed by oysters accumu-
late carbon in the calcium carbonate of their shells that help reduce the
concentration of greenhouse gasses (Goldberg, 2013).

Bivalves with a byssus secretory gland include the blue mussel
Mytilus edulis, horse mussel Modiolus modiolus and other members
of the family Mytilidae, as well as giant clams (family Tridacnidae),
and oysters of the genus Pinctada (Pteriidae). Specifically to Mytili-
dae, several groups of mussels form large, dense reef-like assemblages
on hard substrata from subtidal and the low intertidal areas to depths
of 10 m or more in many temperate areas around the world. The shell
and byssus may often provide the only three-dimensionally complex
and stable environments available. These structures may be necessary
for forming a food source and refuge, as well as a suitable substrate for
the settlement of other sessile organisms (Goldberg, 2013). Individual
mussels and the edges of small mussel patches reduce critical erosion
velocity and this produces local scour.

In Bangladesh, oyster farming is used as a management strategy to
combat coastal erosion. The ECOBAS project tested the oyster poten-
tial as a way to increase sedimentation, thereby helping to protect vul-
nerable sectors of coastline against erosion, and to determine their ca-
pacity as a sustainable aquatic food source for consumption and trade.
The project has demonstrated that oyster reefs can induce accretion of
sediment on the lee side of the reef. As a result of this accumulation
process, salt marsh and mangrove development have been enhanced.

3.5. Dune vegetation

Dune vulnerability - a reduced ability to adapt to change, is of se-
rious concern not only in Western Europe but on a world wide scale
(Williams et al., 2001). Coastal vegetated dunes ecosystem has the
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capacity to dramatically modify and stabilize the physical environ-
ment (Gutierrez et al., 2011). Vegetation (e.g. marram grass Am-
mophila arenaria) stimulates dune growth by trapping and stabilizing
wind-moving sand (Fig. 6). Small plants located on the face of eroded
dunes can enhance the natural development above the limit of direct
wind or wave attack. Additionally, grasses can be transplanted to en-
courage growth of new foredunes along the toe of existing dunes, as
long as these species are tolerant to occasional seawater inundation.
Planting grasses from seed can be undertaken, but will not usually be
successful along the dynamic foredune environment.

Sand deposition in dunes occurs by means of three clear mecha-
nisms (Pethick, 1984):

• Wind energy is dissipated due to a boundary layer formed by the
vegetation.

• Sand hits the surface of the plant and is trapped in the same dune.
• Plus the dense subsoil mat formed by the grass rootlet system tends

to bind and stabilize trapped sediment.
Different interrelated factors influence dune formation and shape,

including dune plant species, morphology and density, sand supply,
wind speed, and wave action during extreme events (Hesp, 1989).

Vegetation sowing and transplanting per se will not construct new
dunes or completely prevent erosion. Plants encourage natural recov-
ery creating a reservoir of sand within the dunes that better enables
their ability to withstand erosion. Fencing, thatching and beach recy-
cling are often necessary to help in sand accretion. Additionally, these
works can provide extra protection from waves and will reduce dam-
age due to trampling. Once vegetation is well established, dunes may
become self-sustaining, although any erosion damage will need to be
rapidly repaired.

A good example of dune vegetation as a coastal erosion manage-
ment strategy is located at Papamoa, a coastal township located on
the Bay of Plenty, New Zealand (Jenks and Brake, 2001). In the early

1990´s, storms severely eroded dunes within a few metres of some
property boundaries. In 1994, following concern from local residents,
a management programme was initiated to improve dune ecosystems.
The work focused on restoration of a good cover of sand binding
species on the seaward face of the dune, with plantings of several
thousand shoots of Spinifex squarrosus and Ficinia spiralis and fertil-
izer application to existing stands of these species to assist in their re-
covery and spread. Dune access walk-overs were installed in high use
areas to protect sensitive vegetation from human trampling. This man-
agement strategy has successfully reached a complete dune restora-
tion, resulting in a seaward dune advance of 10–25 m, providing a
much wider dune with a more gentle, vegetated and resilient front
slope to help buffer current and future erosion.

4. Strengths and limitations

Under current global climate change and growing coastal erosion
vulnerability, coastal-erosion management by means of hard struc-
tures has grown to a point of no return where significant economic
losses and much greater impacts are generated (Stancheva et al., 2011;
Pranzini and Williams, 2013; Pilkey and Cooper, 2014). Coastal ero-
sion management using ecosystems can provide a better and more
cost-effective, sustainable, and ecologically sound alternative to con-
ventional coastal engineering. Currently, many existing coastal
ecosystems already provide some degree of protection with no instal-
lation cost (Barbier et al., 2013; Spalding et al., 2013).

Coastal erosion management is part of the total service value of
the ecosystem (Grabowski et al., 2012), and this approach has multi-
ple additional benefits compared with conventional engineering meth-
ods. These benefits include nature conservation, the creation of recre-
ational spaces, carbon sequestration, improvement of water quality,
production of fisheries, etc. For example, in the Maldives, a study
by The Atoll Ecosystem Conservation Project (TAECP)

Fig. 6. Example of dune stabilization by the use of planting, fencing and thatching at a) Netherlands, b) Portugal, c) Spain.
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(Hunnam and Moosa, 2008) looked at the value of the protection ser-
vices provided by ecosystems. TAECP is an initiative of the Govern-
ment of the Maldives, United Nations Development Program and the
Global Environment Facility (GEF), designed to establish an efficient
conservation system as a pilot on Baa Atoll, one of the 25 major coral
atolls that make up the Maldives in the central Indian Ocean. This
study found that the total cost of constructing hard protection struc-
tures to substitute the barriers currently provided by ecosystems (i.e.
coral reefs) would be between USD 1.6–2.7 billion. The associated ex-
penses of the damages that would be caused to infrastructure, should
the protection afforded by ecosystems be degraded or lost, would be
even higher than these values (IUCN, 2009).

Narayan et al. (2016), analysed costs and benefits of fifty-two
coastal erosion management ecosystem-based projects around the
world, and found that mangroves and salt marshes can be up to five
times cheaper than a breakwater, and could even become more eco-
nomic than a series of groynes (Table 1). The above highlights that
a coastal erosion management strategies based on ecosystems is
strongly linked to competitiveness. An optimal valuation of ecosystem
benefits is paramount in coastal management and planning, because
the loss of profits that may occur with the implementation of an inad-
equate coastal erosion management strategy may be considerable.

Despite the advantages, it is important to take into account limita-
tions in the implementation of ecosystem-based coastal erosion man-
agement. Perhaps the key point is the “area of application” because
ecosystems demand space to flourish, and sometimes require more
space than conventional hard structures. For example, along urban-
ized coastlines (e.g. Manila, Tokyo), space availability is minimum or
sometimes non-existent due to the need for other coastal erosion man-
agement strategies. Usually, the more space that is available between
urbanized areas at risk and the sea, the higher the efficiency of the
ecosystem solution (Temmerman et al., 2013).

Development of the ecosystem and its functionality depends on the
coastal setting, hydrodynamics, structure, and habitat dimensions, to-
gether with the severity of coastal erosion. Human factors also can
play a fundamental role in this process. Human-related degradation
is a significant driver of ecosystem functionality by means of direct
modification of core ecosystem mechanisms and the impacts on the
main species (Silliman et al., 2009; Altieri et al., 2012).

Knowledge of ecosystem resilience thresholds and the external
forcing that generates coastal erosion is necessary. These factors must

Table 1
Costs and benefits derived from coastal protection and restorations projects (Narayan
et al., 2016). n = total no. of projects for each habitat type. CI = confidence interval; ˆ:
Project costs not scaled; areas for which costs are reported vary across studies; *: Re-
placement cost ratio = submerged breakwater cost/nature-based defence cost; #: High
exposure regions defined as regions with >10 J/m2 average annual wave energy based
on global deep-water wave climate; ?: Coastal protection benefit types = ER–savings in
erosion damage costs; FL–savings in damages costs from storms; ST–savings in costs
of adjacent coastal structures; BC–project benefit/cost ratio >1.

Ecosystem

Reported
restoration
project costsˆ as
US $ Per m2:
median (Range)

Estimated
replacement
cost ratios*:
average
(95% CI)

% of
projects
implemented
for coastal
protection

% of
projects
in high
exposure
regions
#

% of
projects
reporting
coastal
protection
benefits?

Coral Reefs 115.62
(2–7490)

NA 5 80 ER– 5;
FL– 5

Oyster
Reefs

135.63
(107–316)

NA 75 50 NA

Mangroves 0.1 (0.05–6.43) 5 (3.1–6.9) 76 35 FL– 50;
ST– 34;
BC–41

be assessed, particularly given an understanding that no linearity ex-
ists inside coastal erosion processes (Koch et al., 2009; Pilkey and
Pilkey-Jarvis, 2007). This is confirmed by Kench and Brander (2006)
who determined that wave attenuation by coral reefs can be dimin-
ished with increasing water depth over a reef structure, but during ex-
treme storm surges, the role of this ecosystem in wave attenuation may
be much reduced.

Ecosystems usually have a recovery capacity, but this recovery is
not immediate. In some cases, recovery can be very slow and can even
become lost due to external factors. Extreme events can lead to loss
of living cover in mangroves, reefs, and other ecosystems. However,
frequency and sequentiality of these extreme events, now modified by
climatic change conditions, can alter recovery processes and eliminate
the ecosystem completely (Rangel-Buitrago and Anfuso, 2013). For
example, extreme wave events are a natural occurrence and can help in
the maintenance of wetlands, mangroves, and dunes, but can also lead
to more extreme changes in elevation and the replacement of ecosys-
tems (Howes et al., 2010; Rangel-Buitrago and Anfuso, 2011; Thomas
et al., 2015). The recovery capacity and hence ecosystem resilience
may also be affected by poor ecosystem health (Hughes, 1994). How-
ever, optimal recovery rates may be obtained using anthropogenic in-
terventions such as reforestation (González-Ortiz et al., 2014; Villazán
et al., 2016).

Currently, knowledge of coastal erosion management by means of
ecosystems is, in part, little known and less applied and very few stud-
ies exist. In this study a step-wise implementation approach is recom-
mended as a good means of enhancing the success of this approach
which consists of:

• Maintain and protect existing ecosystems.
• Restore such damaged or lost systems.
• If the coastal erosion managment is based on ecosystems, establish

adequate ecosystems where environments are compatible.
• Start with small-scale pilot projects.
• Utilise interdisciplinary intensive monitoring.
• Expand these pilot projects to large-scale projects with a suitably ad-

justed design and application to reality.
A 100% success rate in coastal erosion management by ecosystems

cannot be guaranteed, but this high percentage of success is difficult to
achieve, even for conventional hard structures that are currently being
utilised. It is important to take into account that inaccurate public per-
ceptions may severely hinder coastal erosion management, especially
ecosystem-based management strategies, thus the need for education.

5. HOW to include ecosystems into coastal erosion management

The above reveals the definitive role that ecosystems can play in
coastal erosion management, disaster risk and climate change adapta-
tion, and highlights the necessity of ecosystem inclusion in the global
environmental and political agenda. However, while the science is
clear, the corresponding integration is more difficult, and needs to be
enhanced for everyone's benefit. Currently, national policies and local
actions taking an integrated and holistic approach to address the down-
ward spiral of increased coastal erosion impacts, ecosystem degrada-
tion, and more frequent climate-related disasters, are mostly lacking
(UNEP, 2009; Jones and Phillips, 2011).

Prioritizing the role of ecosystems across all coastal countries is ur-
gent. The current conditions of climate change trigger a broad shift to-
wards a global civilization that could be sustainable if Homo sapiens
seizes the opportunities and starts acting intelligently. World coastal
countries, especially the most vulnerable countries, must try
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to manage coastal erosion with fresh and innovative approaches, espe-
cially ecosystem-based initiatives, and at the same time try to replace
old and less effective management processes.

De Jonge et al. (2012) suggest a series of tools, to generate accu-
rate management information and thus guide adequate management
actions. These tools integrating ecological, economic and social as-
pects, include:

• Conceptual assessment design of the ecosystem: because this is of
prime importance, a precise definition of the ecosystem properties,
problems and goals for achievement is necessary (for example how
corals can be used for the coastal erosion management)

• Use of indicators: this step can be developed by means of biolog-
ical indicators, determining habitats and its ecological characteriza-
tion, modeling and integrating Ecological network analysis (ENA).

• Integration of indicators and tools: Data from very diverse fields,
such as, ecology, economy and social spheres are required for a
framework to guide the integration. One approach could be the use
of the ‘integral system’ as starting point to fill the gaps in informa-
tion and data. Berkes and Folke (1998) suggested ‘The social-eco-
logical system's connection’ (SES), which assumes that a series of
concepts, such as, resilience, complexity or sustainability, are inher-
ent to this kind of analysis.

• Development of social and economic analysis of a decision sup-
port system: where meaningful, it might be necessary to place mon-
etary values on the benefits provided by ‘healthy’ ecosystems.

• Use of Driver-Pressure-State change-Impact-Response (DPSIR)
as a framework for further tool development: The DPSIR ap-
proach was developed by OECD (1994) and soon followed by fur-
ther applications (Turner et al., 1998; De Jonge et al., 2014). DPSIR
can be defined as an operational framework identifying ‘drivers’ of
change which lead to individual ‘pressures’ causing a different sys-
tem ‘state’ which consequently result in ‘impacts’ on human wel-
fare, which then require a policy/management ‘response’.

• Developing the integration among ecological, economic and so-
cial aspects.

An Integrated Coastal Zone Management (ICZM) framework is the
ideal space to develop integration. This framework stimulates com-
plete incorporation of different coastal activities by coordinating gov-
ernment and the private sector (Olsen et al., 1997). Combining ero-
sion management with ecosystems usage and ICZM is an excellent
opportunity to strengthen several integrative efforts. Cheong et al.
(2013) highlighted that weak coastal governance, bad political prac-
tices, small financial commitments and the nature of public participa-
tion can hinder the formation of ICZM regulations, and made it a chal-
lenge to incorporate coastal erosion management into unstable ICZM
regimes.

Adequate coastal management and conservation requires that the
present use of coastal resources must meet the needs of the popula-
tion as well as the environment, without endangering the ability of fu-
ture generations to respond to their needs. Any coastal erosion man-
agement strategy requires implementation of effective and efficient
solutions based on knowledge of magnitudes, trends and causes, and
includes coastal users' priorities and preferences identifying, main-
taining and, where possible, enhancing the value of beaches to the
economic, environmental and social well-being of local communities
(Komar and McDougal, 1988). A short-term perspective conditioned
by economic considerations manifested in an action-reaction basis or
a cost-benefit analysis approach does not work under this framework.
Clearly coastal erosion management must be focused on identifying
the problems together with implementation of strategies from a re-
gional and long-term perspective.

Management is a complicated process that requires a holistic view
to finding practical solutions that many times go beyond a national
issue (Bush et al., 1996; Williams and Micallef, 2009; Cooper and
Pilkey, 2012). Currently, coastal erosion management is a world-
wide imperative because for every day that passes, the problem be-
comes more intricate and the solution by means of investment of large
amounts of money is not always the best answer.

As world coastal population increases and climate change impacts
become more severe, increasing pressure is applied to government at
all levels to resolve the coastal erosion problem. Unfortunately, from
a governance viewpoint, many coastal erosion management strategies
fail due to a weak institutional framework, accompanied by diluted
and compromised coastal erosion management regulations.

Under current climate change conditions, coastal erosion man-
agement plans that include ecosystems are required. The integrated
coastal management policy cycle formulated by Olsen et al. (1997) is
a good starting point to achieve this purpose. This cycle includes:

• Identification and understanding of coastal erosion processes.
• Preparation and planning of strategies.
• Managing and evaluation.

In the last two stages, ecosystems can be incorporated using the
Spalding et al. (2014) approach that outlines the follow steps:

• Quantify ecosystem services in addition to coastal protection.
• Consider ecosystems in vulnerability assessments of coastal com-

munities.
• Develop scenarios and tools that model compound coastal erosion

risks.
• Build decision support systems to help communities visualize im-

pacts and possible solutions.
• Engage stakeholders.
• Enact policies to ensure environmental integrity.
• Incorporate proven management interventions.
• Strengthen the capacity for implementation.

The above can be included in policies supporting strategies and
above all, must be constructed with enough robust scientific research
for decision makers to make rational decisions. For example, due
to the increasing importance of ecosystem management in adapting
and responding to climate change impacts and associated coastal ero-
sion risks, a political commitment at the highest level is urgently
needed. Political support is also required that helps integration of
ecosystems into coastal erosion management strategies, coastal disas-
ter risk reduction and climate change adaptation policy frameworks
and practices (UNEP - WCMC, 2011). The UN Biodiversity Con-
ference, (COP13-2016) recommended that adequate financial, knowl-
edge and technological resources be allocated respectively for inte-
grating ecosystem management in climate change and coastal disaster
risk reduction portfolios. This must be included in national policy-set-
ting and raising awareness, planning, practices and capacity building.

Several key features of coastal erosion management by an ecosys-
tem approach make this a competitive strategy in a wide range of set-
tings:

Economy: Implementation can avoid high capital investments de-
rived from an expensive infrastructure, e.g. rock armouring. Ecosys-
tems can have lower long-term maintenance costs, and some can take
less time to implement. Savings derived from natural infrastructure
can be quite significant.

Extra Benefits: Implementation of this strategy also improves wa-
ter quality, supports recreation, provides habitats, delivers economic
and other societal benefits.
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Multiplicity: These projects can be developed successfully in a
wide range of habitats and coastal types. Knowledge of coastal sys-
tems may guide implementation of the strategy.

High Community Value: This strategy can be very familiar with
local communities, and can be critical in raising new project funds and
building political support.

Flexibility: Under the right conditions ecosystems have the capac-
ity to adapt by themselves.

Complementary Support: Can enhance existing restoration and
conservation projects.

A considerable level of cooperation is required from all stakehold-
ers to take action on the coastal erosion issue and ecosystem degrada-
tion. This will help foster and narrow existing links between ecosys-
tem and coastal erosion management, disaster risk reduction and cli-
mate change adaptation, as well as between science and policy.

6. Future considerations

Ecosystems are not static, so continuous and iterative research,
evaluation, and monitoring are essential for active application of this
coastal erosion management strategy. Also, to understand and monitor
the state of the ecosystem, evaluation of management performance is
an immediate task to determine if implemented management strategies
are efficient and profitable (Douvere and Ehler, 2011).

In this point a question arises: How to improve efforts of knowl-
edge utilization that are typically employed during the decision-mak-
ing processes that deal with environmental complexity in the coastal
erosion management by mean of ecosystems. De Jonge and Giebels
(2015) suggest two simple steps to reach this:

• Enhancing environmental knowledge utilization: by means of us-
ing the diversity in factors, reducing uncertainty by combining tech-
niques, reducing uncertainty by contra expertise.

• Redesigning the decision-making process: When focussing on the
uncertainties that demand resolution, analogies can be found be-
tween the problems related to the technical tools and the process of
decision-making itself.

Success of the applied strategy will depend on the determination of
realistic operational objectives and indicators, all included into ICZM
contexts. Likewise, any approach must include local communities and
other stakeholders. Uncertainties in forecasts of coastal erosion and
climate can significantly harm any kind of management strategy and
planning. Understanding climate effects and human reactions in the
past can improve predictions for future impacts, and lead to better ap-
plication of coastal erosion management strategies. Information gaps
must be filled and more evidence is needed on the role of ecosystems
in reducing the erosional vulnerability. From a societal point of view,
the necessities are to communicate the real cost savings and benefits
of conserving ecosystems in the context of reducing coastal erosion
to make this strategy more appealing and competitive with alternative
approaches.

Solving the coastal erosion problem needs application of adequate
coastal management strategies. In some cases, there is no ‘one and
only’ solution that may solve the problem, and implementation of a
range of different strategies is required. It is necessary to facilitate ap-
plication of all existing approaches, and to encourage quantification,
monitoring, and development of new technologies based on ecosys-
tems. As an improved sense of what approaches work is developed
in different locations and under different scenarios, there is a better
possibility in responding to the big question: How can we solve the
coastal erosion issue?

7. Conclusions

Worldwide, coastal erosion affects millions of people, infrastruc-
ture, tourism, and trade, causing significant human suffering and
losses. In past years, related insured losses reached an all-time high,
and impacts are predicted to reach large magnitudes if population
growth rates and climate change continue to increase.

Management strategies for coastal erosion must include knowledge
and the necessary institutional instruments required to minimize or
eliminate coastal erosion related impacts. Their use must generate an
optimal benefit to reducing society's vulnerability due to coastal ero-
sion hazards.

Unfortunately, most of the time, decision-making in coastal ero-
sion management is conditioned by economic considerations or a
cost-benefit analysis approach.

Coastal erosion management is a policy and implementation
process, involving general decision-making and optimal technology
application, and most successful management is integrated within the
activities of all planning departments, rather than acted upon in an iso-
lationist way.

Recent history indicates that the most used coastal management
strategy developed to control and mitigate coastal erosion issues has
been protection based on construction of hard defence structures. Most
of the time this approach is based principally on an action-reaction,
or post-disaster basis, entailing that initiatives are usually triggered by
emergencies, not by prevention.

The world urgently requires smart management strategies to help
solve the coastal erosion problem. Coastal erosion management can
benefit substantially with the use of ecosystems because these can im-
prove the physical environment, generating positive changes in biotic
or abiotic materials by their structures or activities, have some capac-
ity for self-repair and recovery, and have multiple roles in processes
that includes sediment capture and energy attenuation.

Although the use of ecosystems by itself cannot guarantee a 100%
success rate, combination with other strategies seems a promising way
forward towards a more sustainable coastal erosion management plan.
Therefore, ecosystems must be included and not overlooked in any
coastal planning schemes.

Within the last few years, the ecosystem-based approach has re-
ceived much attention but there are still many needs in research, edu-
cation, and practice that must be covered. As climate change raises the
risk and incidence of coastal hazards, it is imperative that the scien-
tific community continues to examine the role of ecosystems in coastal
erosion management.
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