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Summary

Coastal erosion, whether natural oranthropogenicinduced, is aworldwide problem. Coastal areas are
however often densely populated, making erosion mitigation solutions essential. However, solution
knowledge is limited for tropical mud coasts and these mainly developing countries are characterized
by weak coastal management. Traditionally hard solutions were implemented. They can cause
biodiversity losses, potentially increasing communityvulnerability. Furthermore, the instability of mud
forms an engineering problem. This indicates the need for Nature Based Solutions (NBS). Although
mud recharge and seagrass are identified in design guidelines as NBS, potential ways and success and
failure factors of implementation and efficiency in erosion mitigating are absent. Furthermore, an
erosion hotspots overviewalong tropical mud coasts is lacking.

This study firstly aimed to provide an erosion hotspot overview. Secondly, to evaluate restoration
techniques of mud recharge and seagrass for tropical mud coasts, complemented by identifying their
erosion mitigation effectiveness and success and failure factors of implementation. Identifying erosion
hotspots was done with satellite data, complemented with qualitative literature the determine coastal
sediment characteristics. Evaluation of restoration techniques was based on analysis of documented
projects, backed up by qualitative and quantitative data from literature.

Erosion along tropical mud coasts occurs most often in Asia and North and South America. More
erosion hotspots are found along open coasts compared to bays, estuaries and barrier coasts.

Evaluation of mud recharge schemes indicated direct confined intertidal placement and trickle charge
aided in mitigating erosion in estuaries and bays intertidally. Seagrass has been restored with some
successin bays, estuaries and barrier coasts. Restoration was achieved with planting subtidal sods or
intertidal and/or subtidal anchored rhizome fragmentsto staples or weights. Erosion mitigation cannot
be provided by every speciesin every location and/orscenario. Findings should be taken with caution
due to limited availability of mud recharge and seagrass restoration projects.

Long term survival of seagrassis uncertain due toits vulnerability to anthropogenicthreats. However,
seagrassis linked to high fishery production. When energetic conditions are not restricting and ample
of donor bedisavailable, choosing anchored rhizome fragments above sodsis advised. The firstis less
laborintensive, costly and impacting to donorsites. Mud recharge is ill-advised in areas with sensitive
marine life orcommercial activities like shellfishery due to increased levels of turbidity. When chosen,
trickle charge is advised above direct placement due toits lowerrecharge rate.

Coverdrawing:Van Ginneken (2017a)



Extended summary

Coastal erosionisaproblemobservedworldwide. Althoughitisanatural process, humansdirectly and
indirectly add to coastal erosion. Anthropogenic drivers include construction of upstream dams that
deplete coastal sediment supplies. Land use changes causes loss of wave attenuating and sediment
binding services of coastal ecosystems. Another is relative sea level rise due to extraction of oil, gas
and groundwater and/or anthropogenicinduced climate change. Coastal erosion risks are likely to
grow with the ongoingtrendin climate change trend and growth in human populations. Coastal areas
however, are often densely populated, highly urbanized and heavily farmed, making them vulnerable
to coastal retreat, indicating the need to find erosion mitigation solutions. However, little is known
concerning mitigation solutions for mud coasts, which are predominantly located in tropical countries.
These countries are mostly developing countries, characterized by often weak coastal management.
Traditionally hard solutions have been implemented. However, implementing hard solutions along
mud coasts is difficult due to its weak soil foundation. And wave reflection on hard solutions can
enhance erosion even further. Furthermore, hard solution can cause loss of habitat and biodiversity
which can lead to increased community vulnerability in developing countries. Thisindicates the need
for Nature Based Solutions (NBS) to mitigate erosion. Although mud recharge and seagrass are
identified in design guidelines for NBS for coastal protection, potential waystoimplementthese NBS
on mud coast, the related failure and success factors of implementation and efficiency in mitigating
mud erosion are absent. Furthermore, up to date no global overview is available of erosion hotspots
alongtropical mud coasts to indicate focus areas for coastal erosion management.

This study therefore aimed to provide an overview of erosion hotspots on tropical muddy coasts and
evaluate restoration techniques of mud recharge and seagrass along tropical mud coasts. This was
completed by analyzing their effectiveness in erosion mitigation and their success and failure factors
of implementation. Identifying tropical erosion hotspots was based on 30 years of quantitative data
provided by the Aquamonitor. Based on descriptive qualitative literature the sediment characteristic
of these hotspots was determined. The severity of erosion was compared based on coastal type and
continent. Evaluation of restoration techniques was based on analysis of implemented projects along
mud coast, backed up by qualitative and quantitative datafrom grey and scientificliterature.

Erosion along tropical mud coasts appearsto occur most oftenin Asia and North and South America.
More erosion hotspots are found along muddy open coasts than muddy bays, estuaries and barrier
coasts.

Evaluation of mud recharge schemes indicated that direct confined intertidal placement and trickle
charge (both intertidal placement and water column recharge) can aid in mitigating erosion. This
potential is seen in estuaries and bays in the intertidal area. To implement seagrass as a successful
erosion mitigationsolution, impliesanintermediate step requiring successful restoration. Seagrass has
been restored with some level of success in bays, estuaries and barrier coasts. It can be achieved by
planting sodsinthe subtidal areaoranchored rhizome fragmentsto staples orweightsinthe inter- or
subtidal area. Levels of restoration successes vary widely in time and space, with survivalrates ranging
between 0-100%. Erosion mitigation services provided are not applicable for every species in every
location and/orscenario. Consequently, the potential of introducing seagrass as an erosion mitigation
solution remains uncertain. Findings should be taken with caution due to limited availability of mud
recharge and seagrass restoration projects found along mud coasts and lackin long term monitoring.

Several success and failure factors of implementation have been identified for different restoration
techniques. Reasons of poor seagrass establishment during restoration are numerous and seagrass is
vulnerable to external impacts related to anthropogenic threats and climate change. Consequently,
longtermsurvival of seagrassis uncertain.When energetic conditions are not restrictingand ample of
donorbedisavailable, itisadvised to choose anchored rhizome fragments as a restoration technique.



This islesslabor intensive, costly and impacting to the donor site compared to sods. Implementation
of mud recharge might be related to loss of sediment outside the targeted area which increases
turbidity. Consequently, implementation is not advised in areas with sensitive marine life or in
proximity of commercial activities like shellfishery. When mud rechargeis chosen, trickle charge is thus
advised above direct placement duetoits lowerrechargerate. Removing sediments from a borrow pit
for mud recharge schemes might also cause physical and/or ecological impacts. Seagrass spedies
however, do not cause negative effects if the seagrass species are none-invasive. Even more, theyare
oftenthe dominant primary producersin coastalareas and closely linked with high fisheries production
due to the critical nursery habitat they provide.

The maininsightinthisstudyisthatalthough strongerosionisoccurring mostalong open mud coasts,
mud recharge and seagrass have not been implemented along this coastal type. Due to a lack of
experimental dataitisunknown if NBS could also be applied along these more energetic coasts.
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List of definitions

Agitation dredging

Direct placement

Erosion

Coastline

Foreshore
Intertidalzone

Inundation

Nature Based Solutions (NBS)

Normalwave base

Restoration

Sediment stirring

Shoreline

Subtidalzone

Turbidity

Trickle charge

Water injection

Amud recharge techniquein which seabed sedimentsare brought into
suspension overthe whole watercolumn to form a recharge source.

A mud recharge technique in which sediments are placed directly on
the seabed, eitherwith or without retaining structures.

The conversion of land into water because the input of sediment is
smaller than the output. Drivers of the sediment deficit can both be
natural or anthropogenic.

The line between the coast and the shore.

Intertidal zone. Areabetween meanlow and high tide.
Foreshore. Areabetween meanlow and hightide.

Flooding.

Activelyintroducing habitats withorwithout structural engineering, to

utilize theirdynamicnatural processes as part of realizing engineering
objectives.

Water depth beneath which there is no wave movement.

Actively introducing habitats. This can apply to returning natural
system in areas where it was lost (aka ‘rehabilitation’) or establishing
an ecosystem where itdid not occur before (aka ‘creation’).

Implies agitation dredging and water injection as mud recharge
techniques.

The mean high water-line.

Zone extending seaward from the mean low water line, well beyond
the breaker zone. It includes the littoral zone. This is the zone where
longshore and across-shore transport occurs.

The degree to which water contains particles that cause backscattering
and absorption of light

A mud recharge technique in which sediments are brought into the
natural systemto form a slow recharge source for the foreshore.

A mud recharge technique in which water is injected into the seabed
to fluidize mud. The fluid mud flows on the lower part of the water
column, driven by density toform a recharge source elsewhere.



1 Introduction

1.1 Drivers of coastal erosion

Coastlines are dynamic systems, undergoing adjustments of form and process at different time and
space scales in response to geomorphological and oceanographical factors (Nicholls, et al., 2007).
Daily, seasonal, annualand even longer cycles of natural coastal erosionand accretionaffect shorelines
worldwide. Consequently, natural coastlines tend to migrate landward and seaward over time,
dependingon factors like sealevel, wave climate and sedimentation (Pinet, 2011).

However, humansdirectly and indirectly influence coastal processes, adding to coastal erosion (Figure
1.1). Direct anthropogenicinfluences are induced by human activities in drainage basins and coastal
areas. This can alterthe natural sediment delivery along coasts (Wong, et al., 2014), adding additional
pressure that may dominate over natural processes (Nicholls, et al., 2007). This can increase coastal
erosionandthe related shoreline retreat. In Asiafor example, construction of upstream dams is now
seriously depleting the sediment supply to many deltas, causing widespread increased erosion along
shorelines (Nicholls, et al., 2007). This reduced sediment flux to the coast due to inland reservoir
building has been observed in many rivers overthe world, especially in Africaand Asia (Syvitski, etal.,
2005). Coastal erosion can also be induced by land use changes. The conversion of tropical and
subtropical mangrove forests and temperate saltmarshes for agriculture, aquaculture and industrial
and urban development, causes loss of the wave attenuating and sediment binding services these
systems provide (Nicholls, etal., 2007). In Thailand for example erosion was caused by large losses of
mangrove forests and their related services. This is caused by the establishment of shrimp farms in
place of mangroves and over harvesting of trees for timberand charcoal production (Winterwerp, et
al., 2005). This large scale coastal erosion due to establishment of aquaculture ponds is observed in
several countriesin South East Asiaand Latin America (VanWesenbeeck, et al., 2015). Human induced
land subsidence caused by extraction of oil, gas and groundwater can also add to erosion due to the
relatedincreaseinrelative sealevel (Chu, etal., 2006). This increase in water depth will increase the
wave heights,inducing erosion of the former coastal profile untilanew dynamicequilibriumis reached
in a coastal profile more landward (Paul & Rashid, 2017). For example, over pumping of groundwater
inthe southwest of Taiwan resulted in land subsidence of 4.3cm/y causing an 80-meterinland retreat

Qil, gas and
. Coastal land use :
Climate change groundwater River dams
: change
abstraction
Relative L Loss
Storm sealevel |a— .
: subsidence ecosystems
rise
y ) .
Increased Loss Reduced
—p wave |« sediment coastal
height stability sediment supply

Coastal erosion

Figure 1.1: Potential anthropogenic drivers of coastal erosion (light blue boxes) with their direct and indirect effects
(white boxes) on coastal zones.
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of the coastline along Wefong between 1973-1983 (Hsu, et al., 2007). Similarly, in the Po River Delta
inItaly coastline retreat was caused by excessive groundwater withdrawal and the related subsidence
of 1-3 meter between 1950 and 1970 (Carminati & Martinelli, 2002). Indirect influences on coastal
processes include anthropogenicinduced climate change and the related increase in sea level and
storminess which is expected to further enhance coastal erosion (Paul & Rashid, 2017, Wong, et al.,
2014). Dependingonthe location, all these factors add to increased coastal vulnerability to erosion.

1.2 Problem

1.2.1 Coastal vulnerability

Coastal erosion is a problem observed worldwide (Cai, et al., 2009). It may weaken the shoreline,
causingits retreatand potentially increase risks of hinterland flooding (European Commission, 2004).
At the same time, coastal areas are often densely populated, highly urbanized and heavily farmed
(McGranahan, etal., 2007). Therefore, coastal retreatand/or flooding affect human activities and the
associatedinfrastructure inthesezones (Clark, 1995; Li, etal., 2015). Forexample, itis estimated that
the displacement of communitiesin 2013 due to coastal erosion in Togo (Africa) already caused
economic losses of about 2,3% of its countries GDP (FAQ, et al., 2016). It is likely that these erosion
risks will increase in the future due to climate change and the related increase in sea level rise
(Zanuttigh, 2011) and wind waves (Beck, etal., 2014), and due to increasing concentrations of human
population and economic activities in coastal areas (McGranahan, et al., 2007). This indicates the
necessity for coastal management to identify where strong erosion is occurring and what measures
can be implemented to reduce erosion and stabilize coastlines.

1.2.2 Mud versus sand

Despite the importance of finding measures to stabilize coastlines, most knowledge conceming
erosion control measures focuses on sandy shores (Saengsupavanich, 2013). Less is known concerning
mitigation options for coasts with predominantly muddy sediments. Yet, wave forcing and the related
morphological processes are differentand more complexon mud shores than on sandy shores (Mehta,
2002). Furthermore, the soil foundation of mud coastsis weak compared to sandy coasts (Silverster &
John, 1997; Saengsupavanich, 2013), often forming animportant engineering problem (Mehta, 2002).
This indicates the importance of identifying potential erosion mitigation measures on mud coasts,
since measuresimplemented on sandy shores are not necessarily successfulalong mud shores.

1.2.3 Tropical areas

Although mud coasts are characteristics of all continents, they are predominantly found in tropical
areas (Wang, et al., 2002). Most of these tropical coasts are developingcountries, which are extra
vulnerable to coastal risks due to its often weak coastal managementframework and lackin financial
resources. Although case studies can be found in literature concerning the extent of mud erosion of
particular tropical sites (Van Wesenbeeck, et al., 2015), up to date no global overview is available of
erosion hotspots along tropical mud coasts.

1.2.4 Traditional hard solutions

Most efforts to protect shorelines have resulted in the construction of ‘hard engineering’ solutions
(Byron, etal., 2011). These ‘hard’ or ‘grey’ solutions exclusively include structural features (Pontee, et
al., 2016) which can provide direct coastal protection (seawalls and revetments) orindirect protection
(groins and breakwaters of various designs) against erosion (Albers, etal., 2013; Pilarczyk, 2005). The
construction material is usually rock and concrete (lbid.). Breakwaters for example are barriers built
offshore and parallelto the coastline. They are designed to absorb the pounding of breakers orreflect
waves back to the sea (Temmerman, et al., 2013). However, they immobilize across-shore sediment
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transporttowards the coast (Winterwerp, etal., 2005), thus reducing natural accretion. Bulkheads and
seawalls are built on the shore with the purpose to prevent coastal erosion caused by storm waves.
However, they armor the shore, removing a potential source of sediment further down drift. Also,
these walls reflect and redirect wave
energy and consequently increase the
water turbulence and the related
erosion at the foot of the wall. This
deepensthe nearshore zone and causes
storm waves which normally break
offshore, to reach the seawall and
thereby increase erosion even further
(Figure 1.2) (lbid.). Furthermore,
construction of hard solutions on muddy
coasts is  difficult since the
unconsolidated layer of soft mud is
generally weak and highly compressible.
This forms a stability problem for heavy
structures (Kamali & Hashim, 2010).
Also, in certain geographical regions
natural rock is not present and construction and maintenance costs of these traditional measures is
often high, forming a bottleneck for developing countries (Pilarczyk, 2005). Hard solutions tum
naturally dynamic coastlines into staticones. Natural coastlines tendto migrate landward and seaward
over time, depending on sea level, wave climate, sedimentation and seasons. Hard defenses can
restrict coastlines to adapt to rising sea levels (French, 2011). Furthermore, hard structures can
increase habitat fragmentation and loss of habitats and biodiversity (Dugan, etal., 2011). This loss of
habitat and biodiversity can cause increased community vulnerability, especially for the rural poor,
due to the related loss of ecosystem services like food supply, medicinal products, fuel, construction
material and protection from natural hazards such as storms and floods (Diaz, et al., 2006). Negative
impacts of hard solutions are thus numerous. Consequently, since the 1980’s a shift has been observed
from traditional ‘hard’ solutionstowards ‘softer’, eco-friendlier solutions, which can be captured inthe
term ‘Nature Based Solutions’ (Pontee, etal., 2016).

Wave effect

Mudflat

Figure 1.2: Schematic representation of increased erosion caused by
hard solution (from Winterwerp, etal.,2014).

1.3 Towards eco-friendlier solutions

1.3.1 Nature Based Solutions

Nature Based Solutions (NBS) consist either wholly or partially of natural features that are designed to
offerorimprove coastal protection. Inthe last 5to 10 years a variety of terms have started to describe
these types of solutionsincluding ‘Building with Nature’,
‘Living Shorelines’, ‘Engineering with Nature’, “Ecological
Engineering’, ‘Green infrastructure’, etc. (Pontee, et al,,
2016). NBSisacatch all term of these approaches, aiming
to use dynamic natural processes and to provide
opportunities for nature as part of realizing engineering
objectives (De Vriend & Van Koningsveld, 2012). In this paper NBS are defined as either ‘managed
natural solution’ or ‘hybrid solutions’. Managed natural solutions imply that a coastal habitat is
activelyintroduced to provide coastal protection services. Potential examples fortropical areas incude
mangrove forests, seagrasses, oyster reefsand sediment recharge. Hybrid solutions combine a coastal
habitat with structural engineering onits landward or seaward side. An example couldbe a mangrove-
levee system (Pontee, et al., 2016). Further distinction can be made between living solutions
(mangroves, seagrass, oysters) and non-living solutions (sediment recharge). For more specifics on
living solutions and the related concept of ecosystem engineering see Box 1. The advantage of
implementing NBS as coastal protections are the co-benefits:implementing NBS can compensate for

Definition Nature Based Solutions:
Actively introducing habitats with or
without structural engineering, to utilize
their dynamic natural processes as part
of realizing engineering objectives.
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loss of coastal habitat and provide several ecosystem services like nutrient recycling, carbon
sequestration, recreational benefits etc. (Pontee, etal., 2016).

BOX 1 Defining Ecosystem Engineering
Actively introducing habitats with or without structural engineering, to utilize their dynamic natural
processes as part of realizing engineering objectives. Living NSB are based on the concept of
‘ecosystem engineering’. Ecosystem engineering is based on the ability of ecosystem engineering
species to modify their local physical environment because of their structure or activities, beyond
their own spatial and temporal scale (Borsje et al., 2011). They physically modify, maintain or create
habitats. This change in physical state directly or indirectly changes resource availability to other
organisms. Resources can be energy, materials, space, food organisms or a combination of these
(Jones et al., 1994). Examples of eco-engineering species include shellfish reefs and submerged
vegetation. They have been observed to trap and stabilize sediment in the intertidal zone. This can
stimulate soil elevation, resulting in attenuation of waves, reducing erosion. By elevating the soil,
vegetation is able to build-up land levels with sea level rise (Borsje et al., 2011), reducing the relative
sea level rise along the shore. This can stabilize shorelines and offer coastal protection against
erosion.

Anoverview of potential waystoimplement different NBS
is missing. Two design guidelines for NBS coastal
protection have been developed: the ‘Building with
Nature’ guidelines in the Netherlands and the
‘Engineering with Nature’ framework of the US Army
Corps of Engineering (Pontee, et al., 2016). The USACE
‘Engineering with Nature’ framework is a tool made for
assessing and ranking NBS alternatives alongside other
coastal protection measures for the Atlantic coast of the
USA (Bridges, et al.,2015). However, it is focused on sandy
shores and does not include potential erosion mitigation
solutions itself. The ‘Building with Nature’ framework
developed by Deltaresincludes general design guidelines
(Figure 1.3) and an overview of Building with Nature
experiences and opportunities for several environments,
including tropical coasts (Deltares, n.d.1). It is built on
lessons learnt from several pilot experiments, like
sediment engines, oyster reefs and wave-attenuating
forests (De Vriend, etal., 2014). Although potential NBS for //9ure 1.3: Five basic steps for generating
tropical mud coasts (mangroves, sea grass, oysters, Building With Nature design ideas (from

. . . Deltares, n.d.2).
sediment recharge) and the related habitat requirements
can be foundinthisframework, itis notstructuredin aclearoverviewspecifically for this environment
and it does not inform the reader of its effectivenessin erosion control. Furthermore, information
concerning ways of introduction or implementation in coastal environments is lacking. This is not
always straightforward and past attempts have not always been successful (Van Wesenbeeck, et al.,
2015; Ondiviela, etal., 2014; National Research Council, 2007; Lipcius, et al., 2015). Potential ways to
implement different NBS, the related failure and success factors of implementation of NBSin general
and restoration techniques in specific, and their efficiency in mitigating erosion are thus absent in
literature. From now on techniquestoimplement NBS will be referred to as restoration techniques of
NBS.

1. Understand the system

2, Identily reallstic alternatives

3. Valuate the quality of alternatives
and pre-select an Integral solution

4. Elaborate selectad alternatives

5. Prepare for Implementation in the
next phase onthe road to reallzation

1.3.2 Creating a framework

Since no structured overview of potential restoration techniques for NBS for tropical mud coasts was
foundinthe existing literature, this studyenvisages to create aframeworkto do so fortwo NBS. Herein
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the focus will lie on the two least known NBS: namely, mud recharge as a non-living solution, and
seagrass as a living solution. Thus, although mangroves and oysters can be implemented as living NBS,
these are excluded further from this study. The generictool formedin this study will be a starting tool
forcoastal managers who are creating erosion mitigationplans along specific coastal sites. This will be
completed by considering success and failure factors of implementation of the mentioned NBS. Since
developingadequate NBSis stillaninnovative processin which lessons are learnedfrom pilot projects
(De Vriend, etal.,2014; Bridges, etal., 2015), this may add to further development of erosion solutions
in muddy coasts. Furthermore, thiswill aidin comparing different restoration techniques to each other
to find the optimal solution for coastal managers fortheir specificlocation.

1.4 Aim

Thisstudyisinitiated as part of aninternshipat Wetlands International, to gain more knowledgein the
field of erosion protection along muddy tropical coasts. Wetlands International isan NGO which aims
at conserving and restoring wetlands among others to create resilient coastal landscapes in which
people are kept safe from coastal threats like erosion and sea level rise. Due to the likely growing
erosionrisks (Zanuttigh, 2011; McGranahan, etal., 2007), there isaneed toidentifylocations of strong
erosion and find eco-friendly erosion mitigation solutions for mud coasts. Especially for tropical areas
which are often developing countries with weak coastal management. This study will first provide an
overview of coastal erosion hotspots along tropical mud coasts, including both natural and
anthropogenic induced erosion. Secondly, a state of the art assessment of potential restoration
techniques forthe nature based solutions mud recharge and seagrass restoration for tropical muddy
coasts will be created. Assuming an executed technique can be implemented in a different location
with similar environmental conditions, the question remains under w hat conditions these solutions
can thrive? Furthermore, how do they influence morphological coastal processes to mitigate erosion?
And to what extent canthey be considered successful in abating erosion? To answerthese questions
a literature review will be performed in which projects will be analysed which attempted to reduce
coastal erosion by implementing different restorationtechniques of mudrecharge and seagrass. Based
on literature the success and failure factors of the two NBS and their related restoration techniques
will be identified to aid coastal managersin weighing pros and cons of the two solutions. The findings
will aid coastal managers in identifying potential solutions for their muddy coasts. Overall, this study
will aid coastal managers in identifying on a global scale the most vulnerable coastal areas where
mitigating coastal erosion is of highest importance and give insight in two potential solutions which
could beimplementedintheseeroding tropical mud coasts.

1.5 Research questions
This study will answer the following research questions:

1. Whereiserosion on mud coasts occurring strongestin tropical regions?

2. What restoration techniques of mud recharge and seagrass can be implemented to mitigate
erosion alongtropical mud coasts and how effectiveare they?

3. Whatsuccess and failure factors can be identified concerning the implementationand lifespan
of the erosion mitigation solutions, and their related restoration techniques, along tropical
muddy coasts?
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2 Theoretical background
2.1 Research area

2.1.1 Tropical zone

The research area of this study impliesmuddy coasts locatedin the tropical zone, as defined by Kelletat
et al.(2014) (Figure 2.1). Thisisa warmto hot and frost-free environmentin abelt alongthe equator.
This zone is divided into two subzones: 1) the subtropical zone, which is a permanent humid inner-
tropical zone with high precipitationand a very small temperature range throughout the year and
between day and night, and 2) an alternating tropical zone, characterised by an alternating dry and
humid zone with well-defined seasons caused by a shift in the Intertropical Convergence Zone.
Discrimination between the two zones is difficult. However, since tropical cyclones generally impact
coastlines poleward of 5° N and S, the inner-tropical zone is much less affected by cyclone related
strong swell and wave dynamics. The tropical coastal zone is characterized by the presence of
mangroves, sea grasses and coral reefs, although the latter cannot grow on muddy sediments. Grassy
marshlands are almost absent (Ibid.).

2.1.2  Muddy coasts

Sedimentary coasts can be classified as consisting of gravel, sand or mud sediments. However, most
sedimentary coasts contain sediments of all sizes (Healy, et al., 2002; Kjerfve, et al., 2002). Mud, or
cohesive sediments, may be defined as a fluid-sediment mixture consisting of water, sands, silt, day
and organic material in which sediment particle size is smaller than 0,063 mm, with silt and clay
particles ata minimum boundary of 0,002 mm. Muddy coasts are definedasland sea transitions which
are entirely orin substantial part composed of muddy sediments (Flemming, 2002).

Muddy coasts are formed on low gradient coasts, typically under low wave energy conditions and a
high tidal range (Healy, et al., 2002). However, they can also occur in relatively high energy
environments (Mehta, 2002) and in micro (< 2 m) and meso (2—4 m) tidal range environments (Wang,
etal.,2002). Mud can be presentinsuch quantities than entire stretches of coast can be classified as
being muddy. An example is the Amazon River dispersal system, northwest of the Amazon River
mouth. However, most coasts cannot be classified as entirely muddy. Rathertheyinclude sections of
coasts, large bays, estuaries, drowned river valleys, lagoons and tidal flats with extensive areas of
dominantly mud sediment (Kjerfve, et al., 2002). The typical form of expansive muddy coasts are
shallow tidal flats (Healy, et al., 2002).

Muddy coasts can form with rising and falling sea level rise. Muddy coasts can be classified into (1)
open muddy coasts, (2) muddy coasts along estuaries and bays, and (3) muddy coasts protected by
barriers (Kjerfve, etal., 2002). Examples of each type of coast are depictedin Figure 2.2. Inthis, back-
barrier areas are least exposed to waves, followed by estuaries/bays and consequently open coasts
(Daidu, etal., 2013).
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Coastal geographic zones

Figure 2.1: Map of geographical coastal zones of the world. Only main islands/ archipelagos are shown in the open oceans. The two dark yellow colors indicate the tropical

coastal areas (from Kelletat, et al.,2014).
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Figure 2.2: Range of common shallow-water depositional systems in a coastal classification on ratio of wave power
to tidal power. From left to right examples are shown of a (1) open coast tidal flats, (2) an estuarine coast, and (3)
two types of barrier coast: lagoon and estuary (adapted from Steel & Milliken, 2013).

2.2 Coastal erosion processes

Whether a shoreline will retreat or advance
depends on the net balance of sediment losses
and gains over time, the so-called sediment
budget (Figure 2.3). This is governed by sediment
transport in the alongshore and across-shore
direction. A beach will erode when input of
sediment is smaller than output. Input is
determined by longshore and onshore transport,
output due to longshore and offshore transport.
The final sediment budget will indicate erosion,
accretion/sedimentation or a steady state of a
shore (Pinet, 2011).

Definition erosion:

The conversion of land into water
because the input of sediment is
smaller than the output. Drivers of
sediment deficit can both be natural

or anthropogenic.

Figure 2.3: Sediment budget (from Winterwerp, et
al.,2014).

The dominant formation factor of muddy coasts is the
presence of a sediment source (Wang, et al., 2002), often
river sediments brought in by alongshore currents, and
large tidal currents. The strong currents associated with a
high tidal range provide a mechanism to transport silt and
clay particles towards the shore. At high tide, the tidal

currents approach zero, which provides opportunity for the
mud particles to settle (Kjerfve, etal., 2002). Thus, as mentioned inthe introduction, buildinga damin
a river will reduce the sediment input of a coast, inducing erosion. This also suggests that inhibiting
tidal currents can add to erosion. Sediment erosion is governed by wind waveswhich introduce energy
to coasts (Chinnarasri & Kittirart, 2012) and as mentioned in the introduction, relative sea level rise
(Paul & Rashid, 2017; Wong, et al., 2014; Chu, et al., 2006). Storms and storm surges can also add to
coastal erosion. However, these events can also accrete coasts and thus overall effects differ per
location (Mehta, 2002; Ke & Collens, 2002). Concerning wave erosion, Winterwerp et al. (2005) argues
that mainly small waves and not large waves add to erosion on mud coasts; occasionally occurring
large waves do not only erode sediments, they also mobilize sediments on the foreshore which can be
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transported to the coast during rising tide, forming a sediment source. However, continuously
occurring smallerwaves along the waterline only erode mud particles and cannot mobilize sediment
on the foreshore (Winterwerp, et al., 2005). Removal of coastal ecosystems also adds to erosion.
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3 Research strategy and method

3.1 Structure

The approach to identify erosion hotspots and potential erosion mitigation solutions for tropical mud
coasts was divided into two steps. Step one is related to research question 1 (identifying erosion
hotspots). Step 2to research question 2 and 3 (finding solutions). These steps were executed through
a literature research on quantitative data and qualitative information. The structureis shown in Figure
3.1. Dutch and English scientificand consultancy reports and Internet sourceswere found through the
search engines Scopus, GoogleScholar and Google.

Identify tropical Identify if hotspots Analyse based on coastal
erosion hotspots are muddy type and continent
(step A) (step B) (step C)

Nature Based Solution (NBS)

categories
Non-Living NBS Living NBS
¢ Mud recharge « Seagrass

Identify and analyse individual
4———p restoration techniques per NBS

General analysis

category category
A | A
i i
: v -
» General required Cross pattern » Description technique
environmental conditions search * Required environmental
» General succes + failure + conditions
factors Create solution « Effectiveness erosion
framework mitigation
i « Succes/failure factors
Answer research
guestions

Figure 3.1: Methodology framework. The light blew boxes with the striped arrows indicate the factors analysed of
the boxes they feed into. Step 1 is related to research question 1. Step 2 to research question 2 and 3.

3.2 Step 1:Identifying hotspots

3.2.1 Researchstrategy & data collection

Aim

Step 1 aimedtoidentifywhereerosionisoccurring strongest along tropical mud coasts, also identified
as muddy erosion hotspots. This was done by identifying where strong erosion is occurring in tropical
regions (step A) and subsequently determine if the found coastal locations were muddy or not (step
B). Due to time constraints, it was chosen not to map the presence of all mud coasts in this region.

19



Step 1A

First, tropical erosion hotspots were identified. This was done based on quantitative data provided by
the Aquamonitor. The Aquamonitor is a global scale tool developed by Deltares, that shows where
water is converted to land and vice versa (Donchyts, et al., 2016). It uses Google Earth Engine and
Global Land Survey Landsat data to create a full planetary scale view with a spatial resolution of 30
meterfrom 1985-2015. Itis afreely availabletool which makesit possibletolook atany area of interest
onglobal orlocal scale. Since drivers of coastal erosion like sea level rise, lack in sediment deliveryand
subsidence can cause highly nonlinear erosion and accretion, itisassumed thata period of 30 years s
long enough to cover a climatological relevant period which allows distinction between a consistent
trend and noise of (multi) annual variation (lbid.).

Erosion hotspots in this tool were identified as coastal land areas which have been converted into
water. Indicated in the Aquamonitor by blue areas. The Aquamonitor makes no distinction whether
erosion was natural or anthropogenicinduced. When the conversion driver is relative sea level rise,
then conversion can be caused both by erosionprocesses and longterminundation. However, it is still
aresearchissue to quantify coastal erosionand the related muddycoast land loss solely uponsea level
rise (Wang, etal., 2002). Making a distinctionbetween inundation and erosion is therefore not possible
yet. Identification of coastal erosion hotspot was shown when erosion occured more or less continuous
for an alongshore distance of at least 10 km or when the coastline had retreated with a minimum
distance of 2 km between the year 1985 and 2015. Further specifics are given in Table 3.1. Hotspot
identification was done on a scale of 1:1.000.000.

Coastal shape | Erosion hotspot definition

Along a e Alongshore

continuous o Acontinuousalongshore coastal stretch of minimum distance of 10km
coast o A discontinuous alongshore coastal stretch of more than 10 km, with
(open coast, maximum interruption length of 1 km per gap of no erosion and a
bay, lagoon, minimum total erosional length of 10 km. Accretion does not occur in
estuary) the gaps.

e Acrossshore
o The coastline hasretreated with a minimum distance of 2km.

Along a | Hotspots are identified as for a continuous coast, including further specifics as

discontinuous | identified below.

coast e Alongshore

(delta, o Acontinuousalongshore coastal stretch of minimum distance of 10km

estuary, bay o A discontinuous alongshore coastal stretch of more than 10 km, with

river mouth) maximum interruption length of 1 km per gap of no erosionand a
minimum total erosional length of 10 km. Accretion does not occur in
the gaps.

e Acrossshore
o The coastline has retreated with aminimum distance of 2km.

e Whenariver/gullyortidal channel enterstheseaand on eitherside of the river
erosion occurs alongshorethe coastline (withatotal minimum lengthof 10km)
thenthisis considered as a single hotspot.

e In case of a non-continuous coastlinedue toforexample the presence of
gullies, tidalchannels and river mouths, inclusion of erosion locationsis only
considered which occurs at the boundary between the oceanandthe land,
with a maximuminland depth of 5km land inwards.

Table 3.1: Definition of erosion hotspots along different coastal types.
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Step 1B

Secondly, identifying whether an erosion hotspot was muddy or not was based on qualitative
information from an extensive literature survey of Flemming (2002) concerning the geographic
distribution of muddy coasts. This survey includes documented coasts or shorelines along which mud
is visibly exposed for a substantial cross-shore width and longshore distance at low tide at the very
least. In this a substantial width and distance implies that the mud deposit should form a mapable
geological unitatascale of atleast 1:100.000. This excludes numerous smallestuarinedeposits (Ibid.).
The presence of mudis givenina descriptive way.

When necessary (and available), other sources were consulted to complement the review of Flemming
(2002) (Appendix 11.2). It should be mentioned that although Flemming’s (2002) survey is extensive,
it was often not complete. Even with the addition of more recent studies, knowledge was not always
available. Beside the fact that it isinevitable that some relevant studies would have been missed and
that the sediment character of some coasts may have been misrepresented (lbid.), the information
concerning the presence of mud coasts was not always available or specific enough to clearly
determineits exactlocation. Forsome countries, only a percentage of muddy coastline was available
or the description was vague. For example, when it was stated that ‘numerous small estuaries’ along
a specificcoastlineare muddy itis unclear whether all estuaries can be considered muddy or not. Other
vague terms related to the presence of mud coasts include ‘some’, ‘common’, ‘north of’ etc. Even
though this can lead to misinterpretation, it was considered an adequate starting point to point out
muddy erosion hotspots on a global level. However, when identifying muddy coasts, an ordinal scale
was giventothe presence of mud coasts, to indicate these uncertainties (Table 3.2).

Ordinal scale levels Terms usedin literature
High e Mudis present
e (Coastis ‘extensively or‘almostcontinuously lined by mud
Intermediate e Numerous/numberof/ most coastsina region are muddy
e Vaguedescription of exact mud location orboundaries, but mudis
present
e More than 66% of a coastal regionis considered muddy
Low e Parts of this coast are muddy

e Lessthan 67% of a coastal regionis considered muddy

Table 3.2: Ordinal scale indicating the likeliness of an erosion hotspots of being muddy. No hotspots were identified
along coast which indicated more than 66% of the coastal regions was muddy.

This study only indicates the midpoint of the locations of hotspots. The erosion surface is not
measured. Of each muddy hotspot, the GPS coordinates of the centre of the erosion area, continent,
coastal type and the level of likeliness of a hotspot being muddy is determined. Datais transferred to
excel.

3.2.2 Dataanalysis

Step 1C

Since the erosion surface of the hotspots was not measured, comparison between the extent of
erosion of mutual hotspots was not possible. Toidentify wherein tropical regions erosionis occurring
strongest the erosion hotspots were analysed based on their coastal type and the continent of
occurrence. To do so, the excel datawith GPS coordinates, continent, coastal type and mud likeliness
perhotspot were transferred to qGIS to make global maps to visualize hotspot distribution. This would
give coastal managers a clear overview of the locations of hotspots. Furthermore, to indicate where
erosion is occurring strongest, graphs were made in excel to show where the largest number of
hotspots were present per continent and per coastal type. This aids in identifying on a global scale
which continentis of prime importance when identifying areas to make erosion mitigation plans.
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Furthermore, identification of the coastal type where most erosion occurs gives a focus point for
finding mitigation solutions which can be implemented along this coastal type. Further research on
these solutions should be key focus.

3.3 Step 2: Finding solutions

3.3.1 Researchstrategy & data collection

Step 2 aimed at finding solutions for muddy coastal erosion and identifying their success and failure
factors. To do so, a literature review was performed based on grey and scientific literature. The
research strategy of this step was based on Eisenhardt’s framework on how to build theory from case
studies (1989). To build theory from case study research, the following steps were completed. The
stepsare loosely based on Eisenhardt’s framework (1989);

A. Casestudyanalysis
B. Crosscase patternsearch + create solution framework
C. Addto literature

In this study, case studies were identified as different restoration techniques, since often the
information available forthese solutions is derived fromimplemented projects or ‘cases’. They were
selected based on theoretical or stratified sampling. Thisimplies that solutions were chosen that are
likely to replicate or add to emergent theory, based on different categories (Eisenhardt, 1989). Two
solution categories are chosen of each type of NBS:

e seagrass bedsasa living NBS
e mudrecharge as a non-living NBS

Several restoration techniques were analysed of each solution category. To identify NBS restoration
techniques for each category, documents were consulted which described the implementation and
effects of measures in tropical muddy environments. However, when the techniques were not
available (yet) fortropical areas, lessons could still be learned from projects implemented along mud
coasts in other climate zones. Documentation of implemented projects was used to indicate whether
different techniques could aid in mitigating erosion and under which environmental conditions they
could be implemented. Onlyprojectswere selected whichmention the soil type as being muddy or the
percentage of mud of the soil being higherthan 70%. Of the selected projects, implementation of the
techniques had to be finished to obtain information concerning the endurance of implementation.
Data concerning the erosion mitigation potential was based on qualitative and quantitative
information, depending on availability. Grey and scientific literature was used to find success and
failure factors of implementation of different NBS and their related techniques. Appendix 11.1
indicatesthe search terms entered in different online search engines. In addition, the reference listof
studies was scanned and checked to find relevant other studies. Because this study only aimed to give
a general overview of potential solutions, specificspecies names of each NBS category are not used as
search terms. Furthermore, machinery needed to execute different restoration techniques was not
discussedinthis study.

It should be noted that in this study the term ‘restoration’ is given a broader definition than in
literature, covering both ecosystem ‘rehabilitation” and ‘creation’. According to Seddon (2004)
‘restoration’ refers to restoring degraded (existing) ecosystems to it pre -existing state. ‘Rehabilitation’
referstoreturning seagrass bedsinareas whereit waslostand ‘creation’ to establishingan ecosystem
where it did not occur before (Table 3.3). The latter two, ‘rehabilitation’ and ‘creation’, overlap the
definition of NBS of activelyintroducing a habitat. However, in documentation these terms of are all
used intertwined and/or not always clearly defined. Making it difficult to distinguish them. Since
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restoration is the most used term in literature, this term has been chosen to cover all possible
implementation techniques of NBS.

Seagrass restoration Definition

terminology

‘restoration’ Returning aseagrass meadow to its pre-existing condition (i.e. same
species composition, distribution, abundance and ecosystem
function).

‘rehabilitation’ A more general termand impliesreturning seagrass toan area

where seagrass meadows previously existed (but not necessarily the
same species, abundance or equivalent ecosystems function).
‘Meadow creation’ Implies the establishment of seagrass meadow in an areathat has
not previously been known to support seagrass.
Table 3.3: Seagrass restoration terminology according to Seddon (2004).

It is also important to note that this study only included on site erosion control solutions. However,
the origin of erosion can be located in the drainage basin, and not necessarily along coasts. For
example, when oil, gas or groundwater abstraction is the erosion driver, this should be stopped and
solutions should be found to reduce subsidence. In case of groundwater over pumping this could for
example beachievedthrough artificial recharge of aquifers (Xue, et al., 2005). Or when upstream dams
are the cause, this could imply finding solutions to remove sediments from these reservoirs to bring
thembackin the downstream riverlike described by Jokiel & Detering (n.d). This indicates the needto
address root causes of erosion beyond on site erosion control solution to create integrated
management plans. However, these solutions on drainage basin level are beyond this studies scope.

3.3.2 Dataanalysis

This study analysed both the restoration techniques (or ‘cases’) and the NBS categories. This embeds
the techniques in a larger context and made overall comparison possible. Both were done in a
descriptive way, backed up by quantitative data concerning erosion mitigation when available.

Before analysing the individual techniques, a general description will be given concerning each
category. Including the general required environmental conditionsin which the restoration techniques
are set in. Determining what restoration techniques can be implemented along tropical mud coasts,
does not only imply identifying possibilities, but also gaining insight in the potential environmental
factors restraining or enabling the implementation of these solutions. A certain technique might not
be suitable everywhere. The factors analysed to answer research question 2and 3 are depicted by the
lightblue boxesin Figure 3.1. Table 3.4 describes further operationalization for three factors.

Consequently, similarity and differences of the techniques were compared to see if cross case pattermns
are present within categories and between categories (Eisenhardt, 1989). Cross case patterns within
the two NBS categories were describedin Section 5.5 for mud recharge techniques and Section 6.3.4
for seagrass techniques. Cross patterns between NBS were described in Section 7. Section 7 also
includes solution frameworks which give overview of potential restoration techniques for different
coastal types. Based on these emerging patterns and the solution framework the research questions
can be answered.
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Variables

Environmental
conditions

Effectiveness  of
erosion mitigation

Success and failure
factors

Operationalization

The necessary environmental conditions in which different solutions
can reside, are inthis study related to three factors: 1) type of muddy
coast (Section 2.1.2), 2) where in the across-shore direction of the
coastal profile the solution can be located: intheintertidal or subtidal
zone, and 3) the necessary habitat requirements.

The effectiveness of erosion mitigation of a restoration technique is
operationalized in five factors:

1) reduced shoreline or coastline retreat

2) onshore wave attenuation translated into reduced wave height
or wave energy

3) reduced currentvelocity (only applicableto living NBS)

4) bed stabilization (only applicable to living NBS) and

5) deposition of sediments causingincreased soil elevation.
The latter two add to reducing relative sea level rise and wave
attenuation (Shepard, et al., 2011; Ondiviela, et al., 2014). The
influence of the categories and their related restoration techniques
on the morphodynamical system will be visualized schematically.

Success and failure factors can be technical (forexample life span of
the technique, maintenance, local availability of material etc.), sodal
(for example acceptance by the community), economical (average
costs) or environmental (forexample ecological effects or pollution).

Table 3.4: Operationalization of variables related to the different restoration techniques of mud recharge and
seagrass. These variables will be analysed to answer research question 2 and 3.
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4 Erosion hotspots

4.1 Results o S
4.1.1 Erosion hgtspots ‘ ‘ - . ‘
Globally, 129 tropical erosion hotspots have been identified which might be L la ///
located along mud coasts as depictedin Figure4.1and Figure 4.2. Coastal regions y @ ’
which show more than 4 erosion hotspotsin proximity of each other have been

zoomed into and shown as separate maps. In the figures an ordinal scale has beenassigned to indicate
the uncertainty in the coastal area being muddy based on the terms usedin literature (as explained in
the methodin Table 3.2).

7

However, only 112 of the 129 erosion hotspots are considered inthis study. Thisis because it appeared
that satellite datainthe Aquamonitor was not available for every coast for the period 1985-2015. For
40 of the 129 hotspots data was only available from 1990 or 1992 onwards. For 7 hotspots alongthe
Brazilian open coast, thiswas onlyfrom 2000. These 7 hotspots, together with 10 other hotspots which
are identifiedbased on datafrom 1990 and 1992 onwards, are located along the South American coast
between the Amazon river and Orinoco river in Venezuala (Figure 4.1, red hotspots in map 3). This
coast is characterized by alongshore migrating mud banks of up to 5 m-thick, 10 to 60 km-longand 20
to 30 km-wide.Source is the huge suspendedsediment discharge fromthe Amazonriver. Asthe banks
migrate alongshore, theirinteraction withwavesresultsin complex and fluctuating shorelines that are
associated with space- and time-varying coastal accretion phases and erosional ‘inter-bank’ phases
(Anthony, etal., 2010). The mudbanks migrate at a rate of about 0,5 to 5 km/year, depending on the
angle of the coastline to the direction of trade winds. Along the Guyana coast aroughly 30 year period
of mud bank accretion was followed by a 30 year coastal erosion process (Eisma, 1998). For the
Surinam’s coast an approximately 15-20year period of accretionis followed bya 15-year period coastal
erosion (LievenseCSO, 2017; Winterwerp, et al., 2013). Mudbank migration rates along the French
Guyana coast have been shown to vary (Gardel, 2005). However, along this coast some areas
experienced erosion of more than 2 km due to mudbank migration and others prograded over more
than 3 km in 20 years (Gratiot, et al., 2008). Consequently, the 17 hotspots identified between the
Amazon and Orinicoriver cannot be consideredreliable based on 15to 25 years of satellite data. They
are thus excluded further from this result section. Consequently, only 112 of the 129 hotspots are
considered in this study. According to Anthony et al. (2010) this mud-bank system between the
Amazonand Orinicoriverisunique interms of magnitude due to the extreme large mud supply from
the Amazon river. Mud migrating bank systems however do exist on other mud-rich coasts, such as
the West African coast between Guinea—Bissau and Sierra Leone and the Gulf of Papua (map 3in Figure
4.2). They are however much smaller and it is unknown if these banks influence the location of the
shoreline. Furthermore, the 6 hotspots found on these two coasts are identified based on 30 years of
satellite data. The reliability of the presence of these hotspotsis therefore considered adequate. Itis
assumed that the other 30 hotspots which are identified based on 23 to 25 years of satellite data still
representalongenough periodtoindicate longterm erosional processes.
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POTENTIAL MUDDY EROSION HOTSPOTS IN NORTH AND SOUT

~—— tropical coastlines

Erosion hotspots
@ High likeliness mud
@ Intermediate likeliness mud
> Low likeliness mud

Figure 4.1: Global overview of muddy erosion hotspots, with inclusion of several zoomed in maps of the north and south American coasts. Hotspots are identified based on 23 to
30 years of satellite data. Exception are the 17 red hotspots along the northern South-American coast between the Orinoco and the Amazon river, shown in map 3. They are
considered unreliable due to the limited period of satellite data available of this coast (Section 4.1.1).
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MUDDY EROSION HOTSPOTS IN ASIA AND AUSTRALIA
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Figure 4.2: Some locations in Asia and Australia with several muddy erosion hotspots. Hotspots are identified based
on 23 to 30 years of satellite data.

4.1.2 Division per continent

From Figure 4.1 and Table 4.1 it becomes clear that most erosion hotspots are in Asia, followed by
North-America and South-America. Although Asia has the highest number of erosion hotspots (52),
only 27% has a high likeliness of being on a mud coast and 60% an intermediate likeliness. This
uncertaintyis largely explained by the lack of detailed documentation concerning the sedimentology
of Indonesia (Flemming, 2002). After Asia, most hotspots are in North-America. Of the 27 hotspotsin
North-America, itis very likely that 40% is located along mud coasts, while 52% pertainintermediate
likeliness, among others due to the vague description of exactlocation of the pre sence of mud along
the Mississippidelta. Althoughlesshotspots have been observedin South-America (19), itis very likely
that 78% of these hotspots are locatedalong mud coasts. This high percentageis largely explained due
to the presence of the well documented world’s longest muddy coastline along the north-east coast
of South-America. This coast is shaped by sedimentation processes directed by the muddy Amazon
River (Flemming, 2002). Considering the number of hotspots and the uncertainty in the presence of
coasts being muddy, it can thus be stated with high likeliness that erosionis occurring strongest along
the South-American (15 hotspots) and Asian (14) coast. Followed closely by the North-American (11)
and Australian (8) coast. Differencesin the number of hotspot is thus not large. However, when
hotspots are included that have an intermediate likeliness of being muddy, Asia clearly stands out (45
hotspots), followed by the tropical North-America (27) and South-America (19). To avoid bias, it’s
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importantto mentionthatthese results only give anindication of the number of hotspots and do not
indicate the total areal extent of erosion. Looking at the latter factor might give different results.

NUMBER OF MUDDY COASTAL
EROSION HOTSPOTS PER CONTINENT
IN TROPICAL REGIONS

= Total potential hotspots per coastal type & High likeliness of being a muddy coast
Intermediate likeliness of being a muddy coast & Low likeliness of being a muddy coast
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Table 4.1: Number of erosion hotspots found in tropical regions per continent, in total and per category of the
likeliness of a hotspot being muddy. (hotspots are defined as a coastline which retreated with a minimum distance
of 2 km or an alongshore coastal erosional stretch of minimum 10 km in total length, with maximum alongshore
gapsof no erosion of 1 km. For further specifics see Table 3.1).

4.1.3 Division among coastal types

When looking along what type of muddy coasts erosion hotspots are located (Table 4.2), it becomes
obviousthat most hotspots are located along open coasts (66 of 112) and only 27 in bays or estuaries
and 13 within barrier coasts. This trend remains when only the hotspots are considered with high
likeliness of being muddy, either with or withoutinclusion of hotspots with intermediate likeliness of
being muddy. Furthermore, from Figure 4.1 and Figure 4.2, it can be observed that coastal regions
which show several hotspots (more than 4) in immediacy of each other are often located in the
proximity of ariverorit’sinfluentialarea. Regionsincludethe MississippiDeltain the south of the USA
(Figure 4.1, map 1), the South American coast west of the Amazon river (from Brazil to Venezuela,
Figure 4.1 , map 3), the Ganges deltain Bangladesh (Figure 4.2, map 1), the Mekong deltain Vietnam
(Figure 4.2, map 2), a deltaalongthe north-west coast of the Gulf of Papua, formed by several rivers,
inthe south of PapuaNew Guinea (Figure 4.2, map 3) and the estuary of the Fitzroyriverinthe north-
west of Australia (Figure 4.2, map 4). Several other more isolated hotspots also seemto be located in
the proximity of ariver.To name afew: the four hotspots in Malaysia, the four most southern hotspots
of Borneo (Indonesia), 2 of the three hotspotsin Colombia, the hotspotsin Gabon and Guinea etc. This
seems to suggest that strong erosion in tropical regions is often located in the proximity of a river.
However, this is biased since mud coasts are often located in the proximity of a river. This can be
explained since the largest extent of muddy coastal deposits is formed by a high riverine sediment

28



delivery (Kjerfve, et al., 2002). This presence of a continuous abundant sediment supply is the most
important formation factor of muddy coasts (Wang, etal., 2002).

NUMBER OF EROSION HOTSPOTS
ALONG DIFFERENT TYPES OF TROPICAL
MUDDY COASTS

= Total potential hotspots per coastal type = High likeliness of being a muddy coast

Intermediate likeliness of being a muddy coast® Low likeliness of being a muddy coast
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Table 4.2: Number of erosion hotspots found in tropical regions per coastal type, in total and per category of the
likeliness of a hotspot being muddy. (hotspots are defined as a coastline which retreated with a minimum distance
of 2 km or an alongshore coastal erosional stretch of minimum 10 km in total length, with maximum alongshore
gapsof no erosion of 1 km. For further specifics see Table 3.1).

4.2 Conclusion

Strong erosion alongtropical mud coasts appears to occur more often along mud dy open coasts then
muddy bays, estuaries and barrier coasts. When looking on a global scale, it can be stated that the
number of erosion hotspots which pertain a high likeliness of being muddy, are similar between
continents. Most erosion hotspots occuralong the South-American and Asian coasts. Closely followed
by North-America and Australia. However, when erosion hotspots are included with intermediate
likeliness of being located along a mud coast, then Asiaclearly stands out. Followed by South-America
and subsequent North-America. Only a few erosion hotspots have been observed in Africa and
Australia.
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Mudflat along mangrove coast (Wetlands International,2017a)

5 Mud recharge

5.1 Introduction

Mud recharge can be used to create/restore intertidal mudflats, wetlands and ',,};;',Q;”, ,
saltmarshes (Burt, 1996) to combat theirerosion (Park & Lee, 2007). Recharging W
mud flats can be done with different sediment types. In terms of physical Z7
processes, placing sands and gravel on mudflats can decrease resuspension of :
muddy material and hence the mobility of the foreshore profile. Such schemes
have been successful in reducing erosion along saltmarshes (Kirby, 1995). However, this might have
negative environmental effects. From an ecological point of view, itis best to use material with similar
grain size to the existing mudflat. Using coarse sediment can cause the replacement of the high
biomass benthic communities typical of muddy habitats with lower biomass, higher diversity
communities associated with coarser sediments. This change can reduce the food supplyfor birds and
fish of which mudflats form an important feeding ground (Kirby, 1995). Therefore, recharge of
mudflats with primarily sands and gravel material will not be considered in this study. However, it is
more complex to replenish with mud then

aHst with sand because fine sediments take longer
MHW to reach equilibrium due to complex de-

b R kg watgrlng and  consolidation processes
------ “~  convex mud flat profile (Atkinson, etal., 2001).

Although sediment recharge with muddy
material can be done in different ways, the
overall goal is the same. Eroding muddy tidal
......................................................... flats tend to have low and concave cross
MEW e section such that large waves reach close to
e g ' ;r::i;’l:tc:r':ﬂalze the high waterline, inducing rapid coastal

erosion. Creating a high level tidal flat to

restore the convex profile of the flat will
linear mud fiat profile below low water attenuate waves (Figure 51) (Klrby, 2013;
Winterwerp, et al., 2013), thereby reducing
wave energy (Bray, 2008) and subsequent
erosion. Depending on where the added

MSL e

MW

Figure 5.1: Convex and concave cross shore slope of the
foreshore (from Winterwerp, et al., 2013).
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sediments are placed or settle, they can thus mitigate erosion by elevating the bed and/or reduce
shoreline retreat. Recharge of sediment impoverished coasts can be done through direct placement,
trickle charge and sedimentstirring (Figure 5.2) (Fletcher, 2008). These three groups of techniques all
pertainto different sub techniques.

Alltechniques are described in the following sections. Since no generalinformation was found related
to the required environmental conditions and the success and failure factors of mud recharge, these
factors will only be discussed per category ortechnique. Techniques of direct placement are discussed
in Section 5.2, trickle charge in Section 5.3 and sediment stirring in 5.4. All three sections include
description of environmental conditions in which the techniques can be placed, their potential in
mitigating erosion and their success and failure factors of implementation. Section 5.5 will compare
the different techniques followed by a conclusionin Section 5.6.

 GAEEE—
— B Confined Intertidal
Direct placement |— —
 Unconfined Subtidal*/**
i Intertidal Intertidal*
placement*
Trickle charge e -
placement
* Water column O Some form of succes in erosion
— recharge* mitigation observed
Pobtent;]ally Vn'th (0 Less succesfull in mitigating
FHSIWO0 erosion
fencing 2ol T3 ;
T O No succes in mitigating erosion
Qggg:g; D Applied for other purposes, but
Sediment stirring not for mitigating erosion
Water injection i *  Level of successful erosion
dredging mitigation based on 1 study

Figure 5.2: Potential muddy sediment recharge techniques to mitigate coastal erosion. Light red= subtidal trickle
charge has been observed to be less successful in elevating the bed than water column recharge. **=wave
attenuation observed. However, it is not specified if this also referred to onshore small waves which mainly induce
erosion.

5.2 Direct placement

5.2.1 Technique description

Direct placement implies placing muddy sediments directly onto the seabed to raise the elevation
relative tothe tidal frame and/ortoincreasethe lateral extent of mudflats (Foster, etal., 2013), either
with construction of retaining structures(confined placement)or
without (unconfined placement). According to Fletcher et al.
(2000) direct placementcan both be intertidal or subtidal. Direct
placement is also referred to as recharge, replenishment or
habitat creation/restoration. Retaining structures can either be
soft structures that are likely to become mobile in the longer term, like for example gravel, sand or
clay berms, or be more permanent structure that are in principle immobile (Fletcher, et al., 2000;
Schratzberger, et al., 2006). Examples of implemented immobile structures include silt curtains,
brushwood fencing, straw or coconut matting, steel sheet piling together with rubble mound

Definition direct placement:
Placing sediments directly on
the seabed, either with or
without retaining structures.
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breakwaters (ABP Research, 1998) or geotextile tubes placed on sand foundations covered with
geotextile anchored scour blankets (Colenutt, 1999c). However, no documentation or comparative
studies related to factors like the effectiveness, durability and costs of these retaining structures were
available.

Figure 5.3 schematically horizontal view vertical view

shows how the different
techniques could
influence hydrodynamic
and morphological
processes. The retaining
structures used with
confined intertidal
placement dampen
waves. The arealandward
of these structures thus
becomes less energetic,
and consequently placed
sediments can settle. This
bed elevation can alter
the erosional profile of land
the mudflat into an

accretional profile (Burt, -

1996). The heightened unconfined intertidal
mudflat bed that forms NN

with confined and

unconfined intertidal )
placement might dampen 2" wave davnplng
waves and therebyreduce M W\M
coastal erosion. NN\ T S s s
Unconfined subtidal  fgpd |F e~ s
placement has been 1 o

observed to dampen o

waves. Sediments might g = :

be able to settle landward NI\ unconfined subtidal

of the subtidal placement  r;4 e 5.3: conceptualized influence of 3 direct placement techniques on
due to the reduced hydrological and morphological processes along coasts: confined intertidal,

energetic conditions unconfined intertidal and unconfined subtidal mud recharge (lllustrated by Van
(1bid.) Ginneken, 2017b).

Confinedintertidal recharge can also aid in the development of wetlands by elevating the bed level. A
small number of experimental recharge schemes for salt marsh restoration schemes with fine material
have been undertaken in the UK (ABP Research, 1998). Over time saltmarshes have been shown to
establish naturally (Hamer, 2007; Fletcher, etal., 2000).

5.2.2 Environmental conditions

Across-shore

Confined direct placement can both be intertidal and unconfined placement both subtidal and
intertidal (Fletcher, et al., 2000). Confined intertidal placement seemsto be performed the most
(Appendix 11.2).
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Habitat requirements / coastal type

Based onthe limited amount of documentation available, direct placement seems to be more suitable
inless energeticenvironments. Forexample, Burt (1996) indicates that unconfined subtidal mud berms
can only be placed in areas with moderate wave action and weak tidal currents to avoid erosion.
Sediment losses may be high when placed in areas with high currents. Also, a study performed by
French & Burningham (2009) showed that confinedintertidal recharge of cohesive material can restore
degrading mud flats and saltmarshes on low wave energy estuarine foreshores. Furthermore, all
implemented recharge schemes found in literature (8 in total) are in estuaries and bays (Appendix
11.3). Examples of direct recharge schemesin more energeticenvironments were not found.

5.2.3 Erosion mitigation

Direct placementaltersthe morphology, for example through extending the area of intertidal habitat
(Fletcher, et al., 2000). Based on Appendix 11.3, Figure 5.4 shows whether different types of direct
placementschemes have been observed to mitigate erosion by attenuating waves, elevating the bed
and/orreducing coastline retreat. Itis based on both quantitative and qualitative data from fieldwork
and descriptive documentation. As can been seen, limited number of implemented projects were
found. The implemented projects on which Figure 5.4is based are described in Box 2.

Results suggests confined intertidal recharge can aid in mitigation erosion by elevating the bed,
attenuate waves and potentially reduce coastline retreat. However, the latter service has only been
observedonce. Fieldwork dataindicated abed elevation of 1,1 m of an intertidal recharge schemein
the Orwell estuary (UK). After 2,5 years the mudflat was still stable (French & Burningham, 2009).
Another confined intertidal recharge project at Lymington Estuary (UK) measured bed elevations
between 3to 29 cm depending onthe location onthe mudflat. The mudflatalso seemed to be stable
after 2 years (Wightlink Ltd, 2015). The differencesin bed elevation between the two studies can be
explained due to differences in the volume of placed sediments. Implementation of unconfined
intertidal and subtidal placement is both limited to one time. In contrast to subtidal placement,
intertidal unconfined placement was unsuccessful. Subtidal unconfined direct placement has been
observed to contribute to wave damping. Under two different wave conditions a reduction in wave
energy was measured of 29% and 46% in Mobile Bay (USA) (Bray, 2008; Mehta & Jiang, 1993). Although
onlyimplemented once, the fact that natural unconfined subtidal mud berms have been observed to
attenuate waves (Box 2) shows the potential of this type of direct placement whenfeasible in practice
to implement. However, itisunclearif this wave dampingrefers to attenuation of small waves along
the waterline. Thisisimportant sinceit has been suggestedthat mainly small waves alongthe waterline
contribute to erosion (Winterwerp, et al., 2005). However, the observed wave attenuation does
indicate the potential of the erosion mitigation solution. Due to a lack of monitoringitisunclearover
what length of time these services are provided
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DIRECT PLACEMENT:
(1) CONFINED INTERTIDAL

B Number of studies M YES NO m UNKNOWN

2 3
2 1

TOTAL NUMBER OF WAVE ATTENUATION BED ELEVATION REDUCED COASTLINE
STUDIES RETREAT

(2) UNCONFINED INTERTIDAL

B Number of studies M YES NO m UNKNOWN

TOTAL NUMBER OF WAVE ATTENUATION BED ELEVATION REDUCED COASTLINE
STUDIES RETREAT

(3) UNCONFINED SUBTIDAL

B Number of studies B YES NO = UNKNOWN

TOTAL NUMBER OF WAVE ATTENUATION BED ELEVATION REDUCED COASTLINE
STUDIES RETREAT

Figure 5.4: Observed erosion mitigation services provided by 6 mud recharge projects for (1) Confined intertidal,
(2) Unconfined intertidal and (3) Unconfined subtidal recharge schemes. Information based on Appendix 11.3. For

unconfined subtidal recharge (3) it is not mentioned whether the observed wave attenuation also refers to small
onshore waves (the main contributor to erosion).
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BOX 2 Direct placement: implemented projects
Confined intertidal: Four example projects where found which mentioned the provision of erosion
mitigations services. Examples all include restoration of wetlands. French and Burningham (2009)
for example state that their intertidal recharge scheme in the Orwell Estuary (UK) was successful in
elevating the bed with 1,1m, restoring the salt marshes and reducing wave-erosion along a 450-m
length of seawall. Also, foreshore recharge with silt material behind brushwood fencing and sand
barriers along an eroding salt marsh at Horsey Island in England increased the mudflat area. This
elevated the bed level, so that over time saltmarsh could establish naturally and subsequent
schemes topped up the saltmarsh with more mud (Hamer, 2007; Fletcher et al., 2000). An intertidal
recharge scheme at Lymington Estuary (UK) showed that after two years the mudflat was stable and
stalled the ongoing process of physical erosion of the marsh. Elevation levels varied between 3 to 29
cm (Wightlink Ltd, 2015). More projects have been implemented of which no mention is being made
whether the scheme contributed in mitigating erosion (Appendix 12.3). Overall, it becomes clear
from Figure 5.4 that all confined intertidal schemes contributed to mitigating erosion by elevating the
bed. One study also states coastline retreat was reduced and two waves where dampened.

Unconfined intertidal: Only one scheme was found for unconfined intertidal placement: recharge
on an eroding saltmarsh along Horsey Island (UK) was deemed unsuccessful since most silt washed
off by the spring tide (EA, n.d).

Unconfined subtidal: Naturally occurring underwater (subtidal) mudbanks can absorb wave
energy, consequently attenuating waves on their leeward side. Thus that sediments can settle. The
degree of alteration in wave energy depends on their dimension, the composition of the sediment
and the incoming wave characteristics (Mehta, 2002). Natural examples include mudbanks in Kerala
(India) and former, prominent mudbanks on the eastern margin of the Louisiana chenier plain (USA)
where episodic waves were measurably damped over the banks (Mehta & Jiang, 1994). Only one
example of a constructed unconfined subtidal mud berm was found: it was constructed in 1988 in
the Gulf of Mexico off Dauphin island in Alabama (Mobile Bay) from dredged material which aimed to
absorb wave energy. Under two different wave conditions the measured reduction in wave energy
amounted to 29% and 46% (Bray, 2008; Mehta, 2002). It is not confirmed if this wave damping refers
also to small waves along the shoreline. In general, these offshore berms are aligned roughly
parallel to the coastline (Burt, 1996). No other implemented projects where found who executed
similar schemes.

5.2.4 Success factors of implementation
Technical
1. Hundreds of cubic kilometres of sediments are dredged each year for commercial and
recreational purposes, whichis often discharged in the ocean. This dredged material could be
used as a resource for stabilizingand restoring eroding coastsin case the dredged material is
uncontaminated (Costa-Pierce & Weinstein, 2002). However, much of the dredged material
removed from harbour and channel maintenance contains a mixture of contaminants arising
from industry, agriculture and domestic activities (Colenutt, 1999b). When uncontaminated,
mud replenishment can be a useful employment though of dredged material (UK CHM, 1999).
However, to minimize transportation costs, the dredging area should be as close as possible
to the placementarea, but not too close as to encourage immediate return of the material in
case of river dredging (Burt, 1996). For remote areas, the beneficial use of dredged material

might therefore not be economical. Inthis case anearby borrow pit must be chosen (Julianus,
2016).

Environmental
1. Although infaunal species are smothered during placement of dredged material, rich and
diverse infaunalcommunities have been shown to establish onintertidal mudflats constructed
of dredged material within one to three years (Bolam & Whomersley, 2005; Ray, 2000).

35



5.2.5

However, studies have shown differences to reference sites in community structures (Bolam
& Whomersley, 2005) and in total biomass. The latter indicates the importance to further
investigate future mudflat constructions, since mudflatshave an important function to support
highertrophiclevels (e.g. fish and birds) (Ray, 2000). Furthermore, Harvey et al. (1998) states
that the impact of sediment placement on benthic communities vary depending on many
factors like the amount and nature of disposed sediments, the water depth, frequency of
disposal, hydrography, time of year, types of organisms inhabiting the disposal area and
similarities of de deposited sedimentsto that of the area of placement. This could imply for
example that frequent placement of sediments inhibits resettlement of benthiccommunities.

Failure factors of implementation

Technical

1

While consolidation takes place, high losses of material can be expected due to the low
resistance to erosive forces (Burt, 1996), exceptinthe lowest energy environments (Fletcher,
et al., 2000). This is especially the case of unconfined placement. However, an intertidal
confinedrecharge schemeinthe Lymington Estuary experiencedalso loss of more than half of
the silty sediments placed in the recharge area (Wightlink Ltd, 2014). Kirby (1995) proposes
two available methods to increase the strength of dredged material prior to placement to
reduce erosion after placement. Thisimplies using mechanical/chemical de-watering process
plants or use temporary holding areas ashore for the dredged material. However, this may
change the particle size distribution of sediments, which can potentiallyimpact successful
colonization of particular flora and fauna who require particular sediment characteristics
(Kirby, 1995). Furthermore, this will increase costs. Burt (1996) also indicates that erosion of
unconfined subtidal mud berms (after placement) is likely due to wave forcing, potentially
requiring maintenance. However, when the eroded sediments move onshore this could also
aid in mitigating coastal erosion. In general, how long sediment particles will remain after
settlement/placement will determine their effectiveness in erosion mitigation. This is still a
knowledge gapandis likely site specificdue to differences in wave dynamics.

Softretaining structures like gravel bunds placed on low wave energy foreshores, have shown
to roll overlandward in the Orwell estuary (UK), reducing the width of the created mudflat by
60% in 10 year time (leaving 15 to 25 m of mudflat width behind) (French & Burningham,
2009).

Environmental

1

Sediments lost may cause atemporary unacceptable level of turbidity from an ecological point
of viewinthe nearby area (Burt, 1996). Turbidity refers to “the degree to which water contains
particles that cause backscatteringand absorption of light” (Dankers, 2002, p. 45). The higher
the amount of suspended mud particles, the higherthe turbidityand consequently the amount
of light penetrating into the water column and onto the seabed is reduced. This may affect
primary producers (aka phytoplankton and bed vegetation) at the basis of the marine food
chain and predators like fish and birds that feed on sight. Furthermore, the higher
concentration of suspended material can enhance sediment depositions. The latter may
influencethe growth and survival of bed floraand fauna (Ibid.). Direct placement alsosmothers
the existing habitat onsite (Figure 5.5) (Fletcher, etal., 2000).

Removingsediments froma borrow pit to use as a sediment source fordirect placement can
influencealongshore oracross-shore sediment transport at the pit (depending onits location)
(Julianus, 2016). Furthermore, potential ecologicalimpacts of removing sediments from a bed
should also considered (Figure 5.5). The possible physical and ecological effects should be
researched.
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Figure 5.5: Potential impacts of sediment recharge schemes on marine ecology (adapted from Dankers, 2002).

Economical

1. Tominimizetransport costs,the dredgingareashould beas close as possible, but nottoo close
as to encourage immediatereturn of the material in case of river dredging (Burt, 1996).

2. Besidesthe potential ecological impact of sediments lost, this loss of material can alsoimpact
commercial interest along- and off-shore, such as siltation of shellfisheries and sedimentation
of dredged channels (Colenutt, 1999c). This can cause opposition againstrecharge schemes.

Social
1. Whenapplyingdredged material, potentially publicopposition can arise. This was the case in

the New Yorks New Jersey Harbor (USA) where opposition arose to the near-shore placement
of dredged material determined to be unsuitable for open ocean disposal, even though this
scheme wasintended to restoredegradedhabitat (Yozzo, et al., 2004). Regardless of the actual
status of dredged material, it may stillbe perceived to be contaminated (ABP Research, 1998).
However, this perceptionis gradually being changed (Park & Lee, 2007).

5.3 Trickle charge

531

Technique description

Trickle charge implies bringing sediments into the natural system, using natural processes to
redistributethe material. Atthe side of placement, it does not intend to change the habitat.In essence,

it functions as a slow recharge source for the foreshore. It can be

Definition trickle charge:

done by placing sediment in the subtidal or intertidal zone, or Bringing sediments into the
through water column recharge (Fletcher, et al., 2000; Foster, et  papyral system to form a slow
al., 2013). Figure 5.6 shows a conceptualized image of the effect recharge source for the

of these three techniques on hydrological and morphological foreshore.

processes. In case of strong onshore currents, the sediments can

be placed justabove the low water mark (intertidal) orabove normal wave base (subtidal) (UK CHM,
1999). The deposited materialsare eroded and transported by the rising tide to increase the sediment
load on the intertidal zone (Colenutt, 1999a; MAFF, 1993). For coasts with strong longshore currents,
sediment can be placed up drift. The sediments will move naturally along the coast (UK CHM, 1999).
Subtidal orintertidal placement can be at a single pointorat a series of pointalongthe shore (Foster,
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et al., 2013). Water column recharge entails discharging material into the water column at such a
rate/dilution that the moving water column carries the recharged material away from the site of
introduction, withoutimpacting the seabed. The impact depends on energy within the water column
(tidal currents and turbulence) (Fletcher, etal., 2000).

Implementingtrickle charge will imply loss of material outside the targeted area. Possibly the loss of
sediment can be reduced throughcombining trickle charge withbrushwood fencing. These permeable
structures are composed of brushwood or similar material. Often a double row of wooden stakes is
driven well into the mudflat. They allow waterto pass through, dampen waves and reduce the water
velocity sufficiently to allow sediments to settle and increase the mudflat level (Figure 5.6). This can
be applied when plenty of finesedimentisin suspension. In case of stronglongshore currents this can
be done by placing shore normal brushwood structures. When there is also a strong across shore
current, structures can also be placed parallel to the coast, thus creating a box or sedimentation field.
The trickle charge is then placed offshore the fences(Colenutt, 1999c; Tonneijck, et al., 2015; Colenutt,
2001). Although no documented exampleswerefound of this combined technique, brushwoodfences
have been observed to accrete sediments to such bedlevels thatlost mangrove forestand salt marshes
could re-establish. Brushwood fences are currently being applied in the Mekong delta (Vietnam), in
Demak (Indonesia)and along the coastline near Paramaribo (Suriname) to elevate bedlevels to restore
mangroves (Deltares, 2016; Colenutt, 2001).

subtidal/intertidal trickle charge

wave dawmping {}

subtidal/intertidal trickle charge effect / result
with permeable structure

water column recharge
Figure 5.6: Vertical view of conceptualized influence of 3 trickle charge techniques on hydrological and
morphological processes along coasts: subtidal and intertidal trickle charge (with and without permeable
structures) and water column recharge. The figure on theright shows the targeted end results of all the three trickle
charge techniques (lllustrated by Van Ginneken, 2017c).

38



5.3.2 Environmental conditions
Across-shore
Trickle charge can both be done subtidal and intertidal.

Coastal type / habitat requirements

Environmental conditions under which trickle charge can be applied are unknown. Basedon the limited
numberof implemented projects found (one of each type of trickle charge, all located in bay/estuaries
(Appendix 11.3) it might be suggested that trickle charge is suitable for the bay/estuary mud coast
type. This could imply the requirement of sheltered conditions. However, itis unknown if trickle charge
might be suitable for other coastal types. Brushwood fencing is not suitable in every environment. A
trial at Zuidgors Salting in the Westerschelde (the Netherlands) showed that the brushwood groynes
were too weak to hold against the strong currents (Colenutt, 1999c).

5.3.3 Erosion mitigation

Three projects were found BOX 3 Trickle charge, implemented projects
which implemented muddy
trickle charge, one of each # Intertidal trickle charge: An example of a trickle charge
type: intertidal, subtidal and experiment on lower intertidal area was performed at Medway Port
water column recharge. (UK)in 1996 using 4000 m"3 of dredged silt. Results showed that
trickle feeding can achieve intertidal recharge for relatively small
infrequent volumes of fine material. It was estimated that
. . . e approximately 50% of the material was retained at the recharge
projects aided in mitigating  gjia (UKMPA Centre, 2001; ABP Research, 1998).
erosion: all three different
types of trickle charge # Subtidal trickle charge + Water column recharge: Within the
schemes increased the Stour and Orwell estuary (UK) an ongoing sediment replacement
intertidal bed level (ABP program exists since 1994 to compensate for lost intertidal habitat
Research, 1998; UKMPA due to increasing erosion rates of up to 5 hectares per year.
Centre, 2001; Mundy & Kelly, Subtidal tric':kle charge was being executed 2 to 3 times a year, but
2010). It is likely that this has replgced leh water column. recharg_e schemes since 2001 due to

. . the inefficient dispersal of silt material. They found that undertaking
alsoresultedinwavedamping. \ater column recharge on a rising tide is more efficient in terms of
However, no data is available  feeding intertidal areas than undertaking subtidal trickle charge
to support this. Water column  (Mundy & Kelly, 2010).
recharge was found more
successful in elevatingthe bed than subtidal trickle charge (Mundy & Kelly, 2010). Findings are based

on descriptivegrey literature. Thus, quantitative datais unavailable.

Examples are described in Box
3. Figure 5.7 shows how the

5.3.4 Success factors of implementation
Technical
1. Uncontaminated dredged material can be usefully employed for mud recharge, instead of it
beingregarded as waste. See Section 5.2.4, technical factor 1.

Environmental
1. Subtidal trickle charge avoids impacting the intertidal habitats due to the slow recharge rate
(Fletcher, etal.,2000). However, the creation of sedimentation polders may result in accretion
ratesabove that whichistolerable toinfauna (UK CHM, 1999).

Economic & Social
Knowlegde gap.
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TRICKLE CHARGE:
(1) INTERTIDAL PLACEMENT

B Number of studies M YES NO m UNKNOWN

TOTAL NUMBER OF WAVE ATTENUATION BED ELEVATION REDUCED COASTLINE
STUDIES RETREAT

(2) SUBTIDAL PLACEMENT

B Number of studies M YES NO ® UNKNOWN

TOTAL NUMBER OF WAVE ATTENUATION BED ELEVATION REDUCED COASTLINE
STUDIES RETREAT

(3) WATER COLUMN RECHARGE

B Number of studies B YES NO m UNKNOWN

TOTAL NUMBER OF WAVE ATTENUATION BED ELEVATION REDUCED COASTLINE
STUDIES RETREAT

Figure 5.7: Erosion mitigation services which have been observed to be provided by implemented projects of three
types of trickle charge: (1) intertidal trickle charge, (2) subtidal trickle charge, and (3) water column recharge. Note
forgraph (2): bed elevation through the subtidal trickle charge scheme was found inefficient. Graphs are based on
Appendix 11.3.

5.3.5 Failure factors of implementation
Technical
1. Sediment can be lost to areas outside the targeted area, which for example occurred in the
Stour and Orwell estuary (UK) when subtidal trickle charge was performed (Mundy & Kelly,
2010). Thus, more sedimentisrequired torecharge the targeted area. This can increase costs
and potentially temporarily impact marine life (see Section 5.2.5, environmental factor 2) and
affect commercial interest (see Section 5.2.5, economicfactor 2).
2. Therecharge processis slower comparedtodirect placement (UK CHM, 1999).

Environmental
1. Using differentgrain size to the existing mudflat can impact marine life (see Section 5.2.4,
technical factor 2).
2. Potential physical and ecological impacts of removing sediments from a borrow pit (see
Section 5.2.5, environmental factor 3).
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Economical

1. To minimizetransport costs,the dredgingareashould beas close as possible, but not too close

as to encourage immediatereturn of the material in case of river dredging (Burt, 1996).

Social
Knowledge gap.

5.4 Sediment stirring

5.4.1 Technique description

Sediment stirring can be referred to as agitation dredging.
With agitation dredging the muddy seabed sediments are
brought into suspension over the whole water column and
transported away by tidal currents (Verhagen, 2000). There
are different mechanical and hydraulictechniques to achieve
agitation dredging (Fletcher, etal., 2000). A related technique
is water injection dredging. By injecting water into the mud
layer, the water content of the mudincreasesand it becomes
fluid mud. This fluid mud will flow because its density is
higher than the surrounding water. The material can flow
overlarge distancesin orders of kilometres (Verhagen, 2000)
until it settles at a site of lower elevation within the river or

Definition sediment stirring:

# Agitation dredging: seabed
sediments are brought into
suspension over the whole water
column to form a recharge
source.

# Water injection: Water injected
into the bed to fluidize mud. The
fluid mud flows on the lower part
of the water column, driven by
density to form a recharge source
elsewhere.

estuary system. It differs from normal agitation dredging in

the sense that the mud layer flows horizontally on the lower part of the water column along the
waterbed (Bray, 2008). Although these techniques have been applied for maintenance dredgingto
remove muddy material from ports and channels (Sullivan, 2000; Fletcher, etal., 2000), no examples
were found where these techniques were applied to mitigate erosion along mud coasts. Figure 5.8
schematically shows how the techniques influence hydrodynamic and morphodynamic processes.
Similar as with trickle charge, permeable structures might be implemented together with sediment
stirring to reduce the loss of sediments outside the targeted area (Section 5.3.1) (Tonneijck, etal.,
2015).

wave dawping

effect / result

water injection
Figure 5.8: Vertical view of conceptualized influence of 2 sediment stirring techniques on hydrological and
morphological processes along coasts: agitation dredging and water injection. Stirred sediments transported
landward by the tide, might settle along the coast. The figure on the right shows the targeted end results of the
sediment stirring techniques (lllustrated by Van Ginneken, 2017b).
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5.4.2 Environmental conditions
Across-shore
Unknown.

Coastal type
Unknown.

Environmental conditions

Agitation dredgingis mainly used in areas with astrong (tidal) current and high background turbidities.
When currents are variable, agitation dredging can be restricted to periods when currents are high
(Bray, 2008). This is not the case for water injection dredging, in which sediments are transported
through a gravity-driven densitycurrent. The presence of tidal flow is not a precondition. However, an
outward tidal flow will ease the process and an inward tidal flow will slow the process (Verhagen,
2000). Potential otherenvironmental preconditions need to be researched.

5.4.3 Erosion mitigation

Since no implemented projects were found of sediment stirring for erosion control, observational
knowledge related to the erosion mitigation successis lacking.

5.4.4  Success factors of implementation
Environmental
1. Whensedimentstirringis performedinan estuary, an advantage is that the dredged material
remainsinthe sedimentary system. Thus, asediment balance is maintained (Bray, 2008).

Economical
1. Advantage are the lower cost, compared to dredging techniques related to direct placement
and trickle charge (Bray, 2008). This can be explained by absence of the need to transport
dredging materialand due to thelower energydemandcomparedto pumping mud (Verhagen,
2000).

Technical & Social
Knowledge gap.

5.4.5 Failure factors of implementation
Technical
1. Withagitation dredgingitis difficult to control the position where sedimentswill settle. Usually
the mud settlesinathinlayerspreads overalarge area. This makes this technique less suitable
for environmentallysensitive projects (Verhagen, 2000; Bray, 2008). Waterinjection dredging
is more accurate; it is possible to deliver a flat bed surface with an accuracy of 0,10 meter
(Bray, 2008).
2. Performance of water injection dredging reduces as cohesion and consolidation increases of
muddy particles (Verhagen, 2000).

Environmental

1. Thesuspendedsedimentswill temporary increase the turbidity of the water column. Froman
ecological point of view this may cause a temporary unacceptable turbidity level, which for
example may affect fish or primary producers (Burt, 1996) (section 5.2.5, environmental factor
1). With waterinjection dredging most of the material moves close to the riverbed, therefore
the effecton turbidity of the upperwaterlayersislimited (Bray, 2008).

2. Stirring might affect the benthic community at the stirring site and reduce alongshore
sedimenttransportdown drift. The latter could aid in down drift erosion.
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Economical & Social
Knowledge gap.

5.5 Compare techniques: direct placement, trickle charge & sediment stirring

5.5.1 Mitigating erosion & Environmental conditions

Based onthe limited documentation available, Table 5.1 gives an overview of the previously discussed
implemented recharge projects of which their contribution to erosion reduction is documented. No
implemented schemes were found for sediment stirring. Direct unconfined intertidal recharge was
unsuccessful in reducing erosion. Direct confined intertidal placement and all three types of trickle
charge (intertidal, subtidal and water column recharge) have been observed to mitigate erosion.
However, subtidal trickle charge was found less efficient than water column recharge, and is thus not
advised to implement. Bed elevation was the erosion mitigation service observed most. However,
wave attenuation and reduced coastline were also observed for direct confined intertidal placement.
Direct unconfinedsubtidal placement has also beenobserved to attenuate waves. It remainsunknown
thoughif this is also true for small waves along the shoreline, the main contributorto erosion (when
looking at wave influence). Thus, the potential of this erosion mitigating option has yet to be
confirmed. Most studies only indicated whether one type of erosion mitigation service was provided
(often bed elevation), not mentioning other services. This leaves large unknownsrelated to the erosion
mitigation services provided.

All recharge schemesfoundinliterature were performed inbays or estuaries, suggesting mud recharge
is suitable for more sheltered conditions. However, due to the limited availability of studies, further
research is needed to indicate if different recharge techniques can also be applied in other type of
muddy coasts. However, since barrier coasts entail more sheltered conditions than bays and estuaries,

itis likely mudrecharge is suitable heretoo. Depending on the type of recharge scheme, recharge can
both be performed subtidal and intertidal.
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Sediment Recharge | Environmental conditions Erosion mitigation services
schemes

Acrossshore | Coastal type Bed Wave Reduced
elevation | atte- coastline
Inter | Sub Open | Bay/ Barrier nuation | retreat

tidal | tidal | coast | estuary
Direct placement

e Confined X 4 YES (4) YES (2) YES (1)
intertidal

e Un-confined X 1 MAYBE
subtidal ** (1)

e Un-confined X 1 NO (1)
intertidal

Trickle charge

e Intertidal X 1 YES (1)
placement

e Subtidal X 1* YES (1)
placement ok

e Water column | X 1* YES (1)
recharge

Sedimentstirring
e Agitation
dredging
e Water
injection
dredging
Table 5.1: Environmental conditions and erosion mitigation services observed to be provided by different type of
mud recharge schemes. Only implemented project were included which indicated whether erosion mitigation was
successful or not. Grey=indicates knowledge is lacking or unavailable. ( )= Numbers between brackets indicate the
number of projects on which the results are based. X = based on literature. *=scheme occurred in one estuary,
however, this has been performed for 2 to 3 times a year for several years in a row. **=wave damping was observed
of 29% and 46%. However, unclear if this was true for small erosive waves along the shoreline. ***=less effective
then water column recharge. Information is based on Appendix 11.3.

5.5.2  Success & failure factors of implementation
When comparing success and failure factors related to the implementation of different techniques,
the following factors can be identified.

Environmental & Technical

With all solutions, sediment is removed from a borrow pit which can cause physical or ecological
impacts at the pit, dependingonitslocation across shore. Forexample, removing sediments from the
literal zone can alteralongshoresediment transport, potentially causing a sediment deficit down drift.
Fortrickle charge and direct placement thiscan be avoided by using uncontaminated dredged material
which is removed anyway. This is only possible when the recharge location is in proximity of the
dredging areas. Dredged material should have similar characteristics to local sediments to reduce
potential environmental impact. However, it should be considered that publicopposition might arise
due to the ‘contaminated’ perception of dredged material.

Direct placement smothers the benthiccommunity, thereby reducingthe food supplyto fish and birds.

Many intertidal areas are important international over-wintering grounds. Burial of infauna could have
majorimplicationsincethis deprives birdsfrom theirfood (UK CHM, 1999). However, re-establishment
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of rich community is possible over time, although possibly not equal to the reference community.
Frequentdirectrecharge mightinhibitthis. Withsediment stirringand trickle charge the slow recharge
rate will have lessimpact on marine life. However, combining the latter two solutions with brushwood
fencing could also imply smothering of benthic life in case the sediment settling rate is too high.
However, when the impact on marine life is of less importance, then direct placement could be
preferred due to the higherrecharge rate compared to trickle charge. The recharge rate of sediment
stirringis likely also slower compared to direct placement. Thisis however not confirmed.

Furthermore, all solutionsseem to be related to loss of sedimentsoutside the targeted area. This could
forma trickle source forotherareas, which might be beneficial. However, it can also cause temporary
unacceptable levels of turbidity which might be a threat to sensitive habitats like shellfish beds,
spawning habitats, clear water estuaries etc. (IADC, 2013) and impact commercial interestalong- and
off-shore, such as siltation of shellfisheries and sedimentation of dredged channels. Itis likely that
sedimentlosses are lower with direct confined placement compared to unconfined direct placement,
trickle charge and agitation dredging. Further research is needed to prove this. To reduce the loss of
sedimentsrelated to direct placement, the pumped mud can be de-wateredbefore placement. Trickle
charge and sediment stirring might be combined with brushwood fencing to reduce sediment losses,
however, this combined technique has not been implemented yet. Water injection dredging (aka
sedimentstirring) can be considered more environmentally friendlycompared to agitationdredging in
the sense thatthe latterinduces sediment suspensionin the whole height of the water column, while
water injection dredging only induces sediment transport just above the bed. The overlaying water
layers are not affected (IADC, 2013). Furthermore, with agitation dredgingitis difficult to control the
targeted location, which makes this techniqueless suitable for environmental sensitive areas.

Economical

The disadvantage of trickle charge and direct placementis that muddymaterialis obtained elsewhere.
This implies relatively high transportation costs and a sediment composition which might differ from
sediments on the recharge location. This might impact the lower biomass benthic community and
subsequently fish and birds. It is likely that agitation dredging is less costly compared to direct
placement and trickle charge because there is no need to transport sediments and because energy
requirements related to stirring are lower compared to pumping mud. Itis unknown if thisisalso true
for waterinjection dredging.

5.6 Conclusion

The limited availability of implemented recharge projects, suggests mud recharge schemes of direct
confined intertidal placement and trickle charge can aid in mitigating erosion in the coastal type
estuaries and bays. However, the efficiency cannot be quantified due to lack of quantitative data. Bed
elevation was observed most during projects. Data concerning the provision of other erosion
mitigation services (wave attenuation and reduced coastline retreat) is limited. Potentially direct
unconfined subtidal placement can also aid in mitigating erosion. However, it remains unknown
whether the observed wave attenuation is true for small waves along the water lines which cause
erosion. Due to the limited number of implemented projects and the large unknowns in the erosion
mitigating services provided, these results should be taken with caution. Sediment stirring has also
been suggested as a recharge technique, but not been implemented. Depending on the chosen
techniques, mud recharge can both be done intheintertidal and subtidal area. Furthermore, since all
implemented projects have been implemented in estuaries and bays, it is unknown whether mud
recharge can be applied successfullyalong openand barrier coasts to mitigate erosion. However, since
barrier coasts are more sheltered environments than estuaries and bays, mud recharge might be
applicable along barrier coasts too. It has been suggested that direct placement techniques can be
applied in low to moderate wave energy environments (definition unknown). Requirement of other
environmental conditions have not been found. This lack ininformation isalso true for trickle charge

45



and sediment stirring. This indicates the need for more experimental research to indicate the
effectiveness of direct placement, trickle charge and sediment stirringin mitigating erosion and under
what environmental conditions these techniques can be applied.

When choosinga mudrecharge technique, the following pros and cons could be taken considered. All
sedimentrecharge schemes are related toloss of sediment outside the targeted area, thus increasing
turbidity. Direct placement and potentially applying brushwood fencing with sediment recharge
schemes, causes smothering of benthic life. Consequently, applying sediment recharge might be less
suitable in areas with the presence of sensitive marine life, important overwintering grounds and
commercial activities like shellfisheries. However, when chosen, trickle charge and water injection
dredging (without brushwood fencing) are advised above direct placement and agitation dredging.
This is due to the lower recharge rate of sediment stirring and trickle charge, compared to direct
placement (UK CHM, 1999). Furthermore, injection dredgingis advised above agitation dredging since
controlling the position where sediments will settle is more accurate with water injection. Water
injection dredging might even be more environmentally friendly compared to trickle charge because
the dredged material remains in the sedimentary system, while trickle charge uses an extemal
sediment source. However, no implemented projects of water injection dredging were found to be
implemented to mitigate erosion, which makes the suitability of this technique yet unsure. When
executiontimeisofimportance, thendirect placementis preferred overtrickle charge and sediment
stirring due toits higherrecharge rate. From an economical point of view agitation dred ging would be
preferred above direct placement and trickle charge due its likeliness of lower transportation and
energy costs during execution. Relative costs of water injection dredging are unknown. However,
muddy sediment stirring (agitation dredging and water injection) has not been implemented yet for
erosion mitigation. Although sediment recharge with mud has not yet been implemented together
with brushwood fending, thismight aid in reducing the loss of sediment materialin lessenvironmental
sensitiveareas.

Knowledge concerning the lifespan of the solutions was unavailable. The only mention was that

underwater mud berms might need maintenance duetothe erosive forcesthat work on the mud. This
might be true forothersolutionstoo. Findings are broughttogetherin Table 5.2.
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Direct placement Trickle charge Sedimentstirring

Pros: Pros: Pros:

e Higherrecharge rate e Potential public e Potentially lowest cost
opposition when e (Likely) slower recharge
dredged material is used rate (=positive for marine

e Slower recharge rate life)
(=positive for marine e Water injection: only
life) sediment transport just
above bed (=positive for
marine life
e Sediments remains in
system
Cons: Cons: Cons:
e Potential publicopposition | e Removing sediment | e Removing sediment from

when dredged material is
used

Removing sediment from
borrow pit (when dredged
material is not available) >
physical +ecological impact
High impacts marine life

from borrow pit (when
dredged material is not
available) > physical +
ecological impact

Loss sediments outside
targeted area (impact
marine life and

borrow pit = physical +
ecological impact

Loss sediments outside
targeted area (impact
marine life and commerdial
interest)

Agitation dredging: difficult

Loss sediments outside commercial interest) to control targeted location
targeted area (impact
marine life and commerdial
interest)
Successful implementation on | Successful implementation | Successful implementation on
muddy substrate: on muddy substrate: muddy substrate:
e Across-shore:intertidal + e Across-shore:intertidal e Noexamplesfound
potentially subtidal + subtidal
e Coastal type: bay/estuary e Coastal type:
bay/estuary,

Table 5.2: Pros and cons which can be considered when choosing a mud recharge technique. Successful
implementation implies one or two erosion mitigation services have been observed. Implementation of mud
recharge schemes was not found along open and barrier coast.
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6 Seagrass

6.1 Introduction

Seagrass grows fully submerged and rooted in estuarine and marine
environments. In many places they cover extensive areas, thus forming seagrass
beds ormeadows. Seagrasses play animportantrolein the functioning of coastal
ecosystems like mangroves, oyster reefs and intertidal flats (Green & Short,
2003). Of the approximately 60 species of seagrasses, 31 can reside in tropical
areas (see speciesin Appendix 11.4.1). Two tropical geographicbioregions can be distinguished which
resemblesthe tropical region as defined in Section 2.1.1 (Figure 6.1). The Tropical Atlantic bioregion
has clear waterwith a high diversity of seagrasses on reefs and shallow banks. The Tropical Indo-Pacific
has the highest seagrass diversity in the world, mostly growing on reef flats between the reef break
andthe shore. However, seagrasses also occurinvery deep waters up to 70 meters deep (Short, etal.,
2007).

Seagrass typically grows
on soft substrates such
as sand or mud. It differs
per species  which
substrate is preferred.
However, often spedies
occur on a variety of
substrates (Green &
Short, 2003; IUCN,
2016). For example, of
the 6 most commons
tropical seagrass species
(Appendix 11.4.1), only 2
prefer sandy or coarser

Figure 6.1: Global seagrass distribution shown as blue points and polygons (data
sediments, but they are from 2005 UNEP-WCMC) and geographic bioregions: 1. Temperate North Atlantic,
also found on muddy 2. Tropical Atlantic, 3. Mediterranean, 4. Temperate North Pacific, 5. Tropical Indo-
substrates. The other 4 pacific, 6. Temperate Southern Oceans (from Short, et al., 2007).

specie both thrive on

sand and mud (IUCN, 2016). However, growth and survival rate of restored seagrass beds can
potentially be influenced by soil type (Zhang, et al., 2015).

Section 6.2 will describe the general required environmental conditions for seagrass to grow.
Restoration techniques and their related required environmental conditions and success and failure
factor will be discussed and compared in Section 6.3. No information was found to indicate how
effective different restoration techniques are in mitigating erosion. More important seems the
influence of the differenttechniques on the efficiency of seagrass restoration. Therefore, the relation
between seagrass restoration techniques and erosion mitigation can be considered indirect.
Consequently,only the general ability of seagrassto aid in erosion reduction will be discussed (Section
6.4). General pros and cons of seagrass transplantation will be discussed in Section 6.5 and 6.6,
followed by a conclusionin Section 6.7.

6.2 General environmental conditions

Across-shore

In the tropics, seagrass beds occur both on shallow reef flats in subtidal nearshore areas (Christianen,
et al.,2013), as well asintertidal areas (De Fouw, 2016). In fact, more tropical species can grow in the
intertidal area then temperate species, where they are often exposed to high irradiance levels and
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desiccating atmospheric conditions (Shafer, et al., 2007). Location preferences across-shore are
speciesdepended (NAOO, 2011)

Coastal type

Seagrass species have been observedto grow along open coasts, bays, estuariesand in lagoo ns behind
coastal barriers (Appendix 11.4.2, Table 11.5). However, this may differ per specie. More important is
whether habitat requirements for each species are met at the coastal location since these can be
different at equal coastal type.

Habitat requirement

Environmental factors such as light availability (water depthand turbidity), temperature, salinity, tidal
range, sediment stability and physical disturbances from waves and associated sediment movement,
may be used to determine in advance whether seagrass growth could be supported at a given site
(Fonseca, et al., 1987; Christianen, et al., 2013). Foraging of herbivores also influences growth
(Christianen, et al., 2013). All these factors are important for initial establishment and long term
survival (Turner & Schwarz, 2006). Most tropical speciesreside in water lessthan 10 meter deep (Short,
et al., 2007). For restoration, sheltered locations with adequate light environments where seagrass
beds historically resided, are preferred (Van Katwijk, et al., 2016). Preferred water depth is species
depended (NAOO, 2011). Minimum water depth is mainly determined by wave orbital velocity, tide
and wave energy. Maximum depth by light availability (De Boer, 2007). Furthermore, the water depth
should be similarto nearby natural seagrass growth (Van Katwijk, etal., 2009). For more specifics on
habitat requirements forseagrasssee link below?.

1 https://publicwiki.deltares.nl/display/BWN1/Building+Block+-+Habitat+requirements+for+seagrass
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6.3 Restoration techniques
6.3.1 Qverview
6.3.1.1 Introduction

Rhizome
‘ : fragments [ |
Sediment free Seediings ||
Vegetative
material Sediment
Planting material associated [ Sods
Seeds ERLLEETERES
1
v Weights
No-achoring
ilizi Staples
Planting technique | Stabilizing ‘|:: _
Anchoring
T Frames

Restoration succes observed

Least successfull

Protection (@ Noimpact on successful
‘measures : restoration
Mechanical
D Applied along sandy coasts, but
not along mud coasts
Manual . N
D Not included in this study

Figure 6.2: Potential restoration techniques of seagrasss (white boxes). Information is largely based on a review
of best practices of seagrass restoration of seagrass restoration of Van Katwijk et al. (2016), which makes no
distinction between soil types dueto lack of data.

Worldwide the success of seagrass transplantation and restoration is uncertain and the experiences
among species vary enormously. The most widely transplanted specie is Z. marina, a non-tropical
specie. Survival rates vary with planting method, but a compilation of 53 planting experiences in the
USA (not specified which soil type) showed amean planting unitsurvival of 42% afterone year. Only
5% of the planting projects with Z. Marina had a 100% survival rate (Ondiviela, et al., 2014). This
indicates the difficulty of successful restoration.

Figure 6.2 shows techniques torestore seagrass based on the results of aglobal systematicanalysis of
seagrass restoration of Van Katwijk et al. (2016). Van Katwijk et al. (2016) identified best practices
based on the evaluation of 1289 trials of both tropical and temperate species. Soil type at the
transplantation location was not considered due to lack of data (Van Katwijk, 2017, personal
communication).However, according to Van Katwijket al. (2009), sediment composition seems not to
be vital for seagrass transplantation and is probably not a habitat requirement. This could be because
sediment composition often reflects the prevailing water dynamics atalocation, which isimportant to
seagrass. This study thereforeassumesthat restoration technigquesare independent of soil type. Local
and regional expertise for seagrass restoration however remain important since Van Katwijk et al.’s
(2016) global analysis only provides generalities.
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Van Katwijk et al. (2016) indicated that planting material and the application of anchoring were the
most important factors influencing restoration success when planting procedures were considered.
Whether planting was done manual or mechanical was of lesser influence and will therefore not be
elaborated oninthis study. However, manual plantingisthe most common used practices compared
to mechanical planting. Manual planting has been found to reduce initial survival, but somewhat
improve later success scores as compared to mechanical planting (Ibid.). Habitat manipulation and
implementation of protection measures with seagrass restoration had no positive effect on
transplantation. Habitatmanipulationrefers to anti-bioturbation measures and sediment stabilization.
Protection measures to creating shelter against hydrodynamics or grazing (lbid.). Therefore, this
section will only discuss planting material (Section 6.3.2) and stabilizing techniques (Section 6.3.3).

6.3.2 Planting material
6.3.2.1 Description

Planting material can be seeds based or BOX 4 Planting material
vegetative material (seedling, rhizome fragments

with shoots or sods (Box 4)) (Park & Lee, 2007, 0 Q seed

Van Katwijk, et al., 2016). Van Katwijk et al’s Q

(2016) review indicated that seedlings
consistently perform worse compared to other
planting material and is therefore not considered

further. SCCd‘in

Seedscan be planted intothe bedorreleased into

the water through hand-broadcasting or buoy-

deployed seeding. The latter implies putting rhizome WQQ\MGM‘S
harvested flowering shoots suspended in mesh :

bags buoyed above the sediment of a targeted Wl“h ShOO"S
restoration area (Marion & Orth, 2010). Sods
imply intact units of native sediment with roots,
rhizomes and leaves (Van Katwijk, et al., 2016).
Various materials have been used to extract
plugs/cores from the donor site, including PVC
pipes, small metal cans, sod pluggersand shovels
(Bulseco-McKim, 2012). Removing a sod with a
shovel is most applicable for hard, compact © Van Ginneken, 2017e
substrates and deep-rooted and large spedies

(Perrow & Davy, 2002). Due to the weak structure of mud, it seems unlikely that this methodis suitable
for mud sediments. However, for small species the sediment with seagrass can for example be
removed from the donor bed with a PVC pipe with caps on both sides and transported to the
rehabilitation site (Perrow & Davy, 2002).

sod

6.3.2.2 Successfulness of restoration

Van Katwijk etal.’s (2016) global analysis showsthat the average success rate of seagrass transplanting
(regardless of soil type) is highest when sods or rhizome fragments with anchoring are applied as
planting material (Figure 6.3) and lowest for seeds or rhizome fragments without anchoring. Anchoring
will be discussedin Section 6.3.3.
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5.5 — Plant material and anchoring technique
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Figure 6.3 Relative performance of seagrass restoration trials in relation to plant material and anchoring
techniques. The semi-quantitative integrated success score and its standard error of the mean were calculated
from initial survival and long-term performance after initial survival of 1289 seagrass transplantation projects.
Results included studies on both on sandy and muddy beds (from Van Katwijk, et al., 2016).

Eighteen seagrass restoration projects were identified through a literature search (Appendix 11.4.3)
which implemented sods or rhizome fragments as planting material for seagrass restoration in a
muddy environment. Most specieswereZ. Marina. Only one project wasin atropical area. No projects
were found which applied seeds. All projects which implemented sods and two third of the projects
with rhizome fragments showed some level of restoration success (Figure 6.4). However, itis difficult
to assess a standard level of success over a certain length of time since studies do not always define
what ‘successful’ means and monitoringis oftenonly afewmonths.Only 4 of the 18 studies monitored
over a period of 2 years or longer. Only 6 studies indicate a percentage of survival and some studies
only see success for one growing season (for temperate species). Therefore, this study only makes a
distinction between two categories: unsuccessful and successful. Successful referring thusto all studies
indicate some form of success, whether temporary (one season only) or low (25%) or high (100%)
survival percentage. Comparisonon the level of success of muddyseagrass restoration projectsis thus
not possible with suchalimitedamount of data. It should be notedthat seasonal effects are considered
of lesserimportance to tropical species compared to temperate species.
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MUDDY SEAGRASS RESTORATION PROJECTS
BASED ON PLANTING MATERIAL

M Succesfull to some level H Unsuccessful

RHIZOME FRAGMENTS SODS SEEDS

Figure 6.4: Level of success for muddy seagrass restoration projects found in literature.

6.3.2.3  Environmentalconditions

Across-shore

15 of the 18 studies indicated whether restoration was done subtidal or intertidal. Figure 6.5 shows
the number of projects which were placed subtidal or intertidal per planting material. It shows most
restoration projects used rhizome fragments as planting material. Restoration projects were mainly
performedintertidal. Successful restoration withrhizome fragments both has been performed subtidal
and intertidal. Sods project were only implemented in the intertidal area. However, sods have been
planted subtidal in sandy environments (Suykerbuyk, et al., 2016) and might therefore also be
applicable in muddy substrate.
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ACROSSHORE LOCATION OF IMPLEMENTED
SEAGRASS RESTORATION PROJECTS BASED ON
PLANTING MATERIAL

M Intertidal m Subtidal Unknown

RHIZOME_SUCCES RHIZOME_NO SODS_SUCCESTO SODS_NO SUCCES SEEDS
TO SOME EXTEEND SUCCES SOME EXTEND

Figure 6.5: Number of seagrass restoration projects in muddy environments which were performed in the subtidal
or intertidal area, based on planting material and successfulness of restoration. Two categories of successful
restoration are considered: no success and successful to some extent (results based on Appendix 11.4.3).

Coastal type

Figure 6.6 shows along what type of coast the 18 found seagrass restoration projects were located.
Restoration with some form of success in plant establishment was both observed along bay/estuaries
and barrier coasts for both the planting materials rhizome fragments and sods. However, especially for
sodsthe number of projectsislimited.

COASTALTYPE OF IMPLEMENTED SEAGRASS
RESTORATION PROJECTS BASED ON PLANTING
MATERIAL

MW Bay/Estuary M Barrier coast Open coast

1
2

RHIZOME_SUCCES RHIZOME_NO SODS_SUCCESTO SODS_NO SUCCES SEEDS
TO SOME EXTEND SUCCES SOME EXTEND

Figure 6.6: Number of seagrass restoration projects in muddy environments which were performed in three
different coastal types, based on planting material and successfulness of restoration. Two categories of successful
restoration are considered: no success and successful to some extent (results based on Appendix 11.4.3).
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Habitat requirements

Environmental parameters like light availability and tidal range etc. (as mentioned in Section 6.2) of
the restoration site must closelymatch those of the donorssiteif restorationis to be successful (Tumer
& Schwarz, 2006). Thisimpliesthatdonormaterial cannot be retrieved from every location.

When applying seeds as planting material it should be considered that large numbers of seeds can be
consumed by seed predators (Park & Lee, 2007) and settling might be difficult in energetic
environments with strong currents and high waves (Fonseca, et al., 1998). Applying seed as planting
material mightthereforeonly be applicable in low energy environments (Short & Coles, 2001).

Sods have the advantage that they are less susceptible to erosion and bioturbation than bare root
planting units (Boyer & Wyllie-Echeverria, 2010). For more hydrodynamicallyrigoroussettings planting
large sods might be most appropriate. They may have sufficientintegrityin comparison too small cores
or bare root plantingto preventthem from being quickly eroded away (Fonseca, et al., 1998).

6.3.2.4 Success & failure factors of implementation

Sods

Although the root-rhizome-sediment system remains intact with the sod method, it will significantly
impact the donor bed and holes must be filled to avoid erosion of adjacent areas of the bed.
Furthermore, whenthe donorsite is faraway, transporting the material may presenta problem as the
weight poses aphysical burden (Perrow & Davy, 2002; Boyer & Wyllie-Echeverria, 2010). This method
is considered the most labor and cost intensive (compared to rhizome and seeds). Especially in the
case of subtidal planting which requires SCUBA diving (Bulseco-McKim, 2012). Furthermore, in case of
manual planting inexperience of planting personnel has been observed to reduce the success of
seagrass establishment. Likewise, with mechanical planting when the planting installation is poor
(Statton, etal., 2012).

Rhizome fragments with shoots

Adult plants must be removed from thedonorbed toretrieve the rhizome. Thisis less damaging to the
donor site compared to the sod method but still labor intensive, among others due to necessity of
SCUBA diving in case of subtidal planting (Bulseco-McKim, 2012). Like with sods, inexperience of
planting personnel and poor planting installation can reduce the success of seagrass establishment
(Statton, etal., 2012).

Seeds

Seeds can be retrieved from a donor bed or laboratory. However, producing seeds in a laboratory is
costlier compared to collection from donor beds (OCEANA, n.d.) and removing them from the donor
bed will reduce natural recruitment at the donor bed (Bulseco-McKim, 2012). Furthermore, not all
species produceseeds.Forexample, H. wrightii,one of the six most common tropical species, produces
seeds only under extremely rare circumstance (Garvis, 2012). Using seeds might therefore not be
applicable forevery specie and be most suitable for species that produce seedsin large quantities on
annual basis (Marion & Orth, 2010). Once seeds are collected, theycan be sown quickly and easilyover
large areas. Limited experience to utilize seed material has been observed to cause failure in seagrass
establishment (Statton, etal., 2012).
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6.3.3 Planting technique: stabilizing

BOX 5 Examples of anchoring devices for seagrass transplantation

# Example weights:
seagrass attached to
weighted TERFS.

# Example plugs: seagrass
attached to bamboo stakes.

# Example frames:
seagrass is attached to
coconut hair mats

© Van Ginneken, 2017f

Seagrass (rhizome fragments or seedlings) can be planted directly into the bed or anchored using a
variety of devices of different types of weights, staples and frames (Table 6.1 and examplesin Box 5)
(Perrow & Davy, 2002).

Anchoring device Implies

Weights sand bags, stones/rocks, bricks, shells, TERFS

Staples rods, bamboos, pegs, sprigs and washers

Frames attachingthe planting material to frames, girds, quadrats, nets, mats or

meshes thatare not weighted

Table 6.1: Different types of anchoring devices for seagrass restoration. TERFS=Transplanting Eelgrass Remotely
with Frame System (Van Katwijk, et al., 2016).

6.3.3.1 Successfulness ofrestoration

The seagrass restoration review performed by Van Katwijk et al. (2016) showed that any anchoring
(weights, staples, frames or using sods) will improve the initial survival of plants by 84% on average.
The application of weights improved later success scores by 45%. Otheranchoring methods like staples
and frames did not contribute to later success scores. However, these findings only indicate averages
and are non-specificformuddy environments.Forexample,a study performedby Park and Lee (2007)
on a non-tropical specie in a muddy environment, showed different survival rates for different
anchoring devices (2 years after planting) (Table 6.2). They found that using metal staples as an
anchoring device gave the quickestinitial establishment and highestlongterm seagrass survival rates
compared to using weights (Oyster shellsand TERFS2). Thisisin contrast with Van Katwijk et al.’s (2016)
global analysisinwhich it wasfoundthat staples did not seemto contribute to longterm survival and
showed lower survival rates compared to weights (Figure 6.3). Van Katwijk et al.’s (2016) results
concerning anchoring therefore might not be true for muddy environments. This might in part be

2 Transplanting Eelgrass Remotely with Frame Systems
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because applyingweights might not be suitableon every muddy bed since heavystructures mightsink
on soft, muddy bottoms, prohibiting the transplants to survive (Almela, etal., 2004). Furtherresearch
should give more insightin this formuddy substrates.

Method Initial establishment | Survival rate Characteristics
after (average) after 2 years
Metal staple 1,5 months 75-95% Laborintensive+need scuba
diving fortransplanting
Weight: TERFS 2,6 months 60-75% Reduced amount of divingtime

+ needremovingframes after
rootingtime
Weight: Oystershells | 3,2 months 60-95% Shells are dropped of boats

Table 6.2: Site-specific success of three transplanting methods of Zostera marina in the muddy Kosung Bay
(Korea) (Park & Lee, 2007).

6.3.3.2  Environmentalconditions

Four seagrass restoration studies were found which implemented anchoring with rhizome fragments
as a restoration technique.Survival rates varied between 60-100% after respectively 4months for one
study and 2 years for the other three studies. Two studies applied staples, two weights (Appendix
11.4.3).

Across-shore
Figure 6.7 shows anchoringrhizome fragments have both led to successful restoration of seagrass
bedsinthe subtidal andintertidal area.

ACROSSHORE LOCATION OF IMPLEMENTED
SEAGRASS RESTORATION PROJECTS WHO
APPLIED ANCHORING

M Intertidal M Subtidal

3

1
RHIZOME_SUCCESTO SOME EXTEND RHIZOME_NO SUCCES

Figure 6.7: Number of seagrass restoration projects in muddy environments which applied anchoring with
transplantation in the subtidal or intertidal area. Two categories of successful restoration are considered: no
success and successful to some extent (results based on Appendix 11.4.3).

Coastal type
Figure 6.8 shows anchoringrhizome fragments has led to successful restorationin the coastal type
bays/estuary and alongbarriercoasts. No projects were found along muddy open coasts.
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COASTALTYPE OF IMPLEMENTED SEAGRASS
RESTORATION PROJECTS WHO APPLIED
ANCHORING

m Bay/Estuary W Barrier coast Open coast

RHIZOME_SUCCESTO SOME EXTEND RHIZOME_NO SUCCES

Figure 6.8: Number of seagrass restoration projects in muddy environments which applied anchoring with
transplantation along different coastal types. Two categories of successful restoration are considered: no success
and successful to some extent (results based on Appendix 11.4.3).

Habitat requirements
Knowlegde gap.

6.3.3.3 Success & failure factors of implementation

Park and Lee (2007) compared the implementation of staples, TERFS and shells. They found that
applying seagrass with metal staples was most labor intensive and required scuba diving for
transplanting, thereby increasing costs. They found that the TERFS method minimizesthe amount of
time and related costs of diving, however, the frames need to be removed after rooting time. Using
shellsasanchoring device was found to be most laborand cost effective. TERFS, and especially shells
are thus considered moresuitable for large scale rehabilitation. However, the success of TERFS is highly
site-specificbecause it has been observed to attract bioturbators (Bulseco-McKim, 2012). Considering
shells, the application is restricted by local availability. In case staples are chosen, bamboo staples (U-
or L-shaped) might be more desirable because they are biodegradable, less expensive than metal
staples (US $0,01 for each metal staple, US S0,006 for each bamboo staple) and often availablein large
guantitiesintropicalareas (Fonseca, et al., 1982; Thangaradjou & Kannan, 2008; Perrow & Davy, 2002).
Furthermore, in calm areas, plants can be stapledto the bottom without attaching them to the staples
beforehand, saving time (Fonseca, et al., 1998). In general, it thus seems that using weights as
anchoring devices is less labor intensive then applying staples, among others due to the reduced
amount of scuba diving time. No documentation was found of implementation of frames as anchoring
devices on muddy sediments.

6.3.4 Compare restoration techniques

6.3.4.1 Restoration success & Environmental conditions

The average success rate of seagrass transplanting seems to be highest when sods or rhizome
fragments with anchoringare applied as planting material, and lowest for rhizome fragments without
anchoring, followed by seeds (Figure 6.3). Planting rhizome fragments without anchoring should
therefore be avoided. Furtherresearchin muddy environments should giveinsightin which anchoring
material (weights, staples or frames) is most suitable in terms of restoration success in different
environmental settings. However, one study does suggest staples are more effective then weights.

Table 6.3 gives an overview of the limited number of muddy restoration projects in different
environmental settings. No projects were found which implemented seeds as planting material or
anchored rhizome fragments with non-weighted frames. Most projects include the planting material

59



rhizome fragments. Seagrass has successfully been restored in the coastal types bays/estuaries and
barrier, suggesting seagrass restoration is suitable for more sheltered conditions. However, further
research is needed to indicate if seagrass restoration can also be successful along open coasts.
Restoration with rhizome fragmentswas successfulin theintertidal and subtidal area. Restoration with
sods was successful in the subtidal area. Due to lack of data itis unknown if this is also true for the
intertidal area. Itis stated that applying seeds as planting material might only be applicable in low
energy environments. For more hydrodynamically rigorous settings planting large sods might be most
appropriate.

Seagrass restoration Environmental conditions

techniques Across shore Coastaltype

Intertidal | Subtidal | Unknown | Open | Bay/ Barrier
coast | estuary
Planting material (18 projects

in total)

e Seeds

e Sods 2(2) 1(1) 2(2) 1(1)

e Rhizomefragments with | 10 (5) 3(3) 2(2) 5(5) 10 (5)
shoots

Rhizome fragments with
shoots with anchoring

e Weights 2 (2) - 2(2)

e Staples 2(2) = 1(1) 1(1)

e Frames (non weighted)

e Unknownifanchoring 9 9 (4)
was used (4)

Table 6.3: Overview of number of seagrass restoration projects in muddy environments implemented in different
coastal types and locations across-shore. Of the total 18 seagrass beds, only one project was tropical, other studies
were located in temperate areas. Numbers between brackets indicate a certain level of success was achieved during
restoration (other projects were unsuccessful. Grey implies data is lacking (data based on Appendix 11.4.3).

6.3.4.2 Success & failure factors of implementation

Althoughrestorationsuccessis higherforseagrass projects which choose rhizome fragments and sods
as planting material, the impact on the donor bed is lower for seeds as planting material (Seddon,
2004). Using sods and rhizome both rely on the use of adult seagrass plants which may lead to a
possible loss in genetic diversity when removed in large quantities, making the donor beds more
vulnerable todisturbances and climate change (Bulseco-McKim, 2012). Potentially plants can also be
reared and grown in laboratories from plant fragments, however, thisis costly. When donor seagrass
isscarse and/or in case of large scale planting, seeds may thus be preferred as planting material (Ibid.;
Seddon, 2004). However, this is only true when seeds are harvested from the donor bed, not when
plants are harvested to release its seeds through buoy-deployed seeding. Furthermore, using seeds
might only be applicable for species that produce seeds in large quantities on annual basis. Not all
species produce seeds. In case ample of donor bed is available sods and rhizome fragments with
anchoring can be chosen as planting material.

In terms of labor intensity and costs, seeds are the least labor intensive to implement and sods the
most labor and cost intensive (amongothers due to the physical burden of the sods and the necessity
of scubadivingin case of subtidal planting). Concerninganchoring, using weightsis less laborintensive
then using staples to attach seagrass to the bed. Mainly since weights can be dropped off a boat or
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placed on the soil, while staples need to be attached to the bed. Regardless of the planting material
chosen, inexperience of planting personnelhas shown to reduce the successof seagrass establishment
(Statton, etal., 2012).

6.4 Erosion mitigation

In general, it is assumed in ane daWPMg

literature that submerged
seagrass beds significantly
influence the hydrodynamic
environment by reducing
current velocity within the
bed and dissipating wave
energy, thereby altering
sediment dynamics.

Sediment deposition and seagrass process

stabilization in the near- or Figure 6.9; Conceptualized contribution of seagrass to erosion mitigation along
foreshore is influenced by mud coasts (lllustrated by Van Ginneken, 2017g).

sediment trapping and flow velocity reduction provided by the above-ground biomass, rhizoidal and
root system (Ondiviela, et al., 2014) (Figure 6.9). However, documentation of the efficiency of the
erosion mitigation services provided by different seagrass species is poorly done (De Boer, 2007),
especially forseagrass growing on muddy beds.

PR S— 4—0“((6"" Fl W
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Figure 6.10shows erosion mitigation services of differentseagrass beds that have been observed along
mud coasts. It is based on 5 studies with different species. 2 studies (5seagrass beds) are tropical. No
mention was made of whetherthese beds were natural or transplanted. Studiesincluded qualitative
and quantitative data from field, flume and model studies. Studies only indicated the level of one or
maximum two erosion mitigation services provided. No study exists which measured all 5 erosion
mitigation services which seagrass beds have been suggested to offer. The limited available data
suggests seagrass can aid in mitigating erosion. However, notin every situation and time of the year.
For example, the contrasting resultsforbed elevation can be explained by a difference inspecie and
biomass: structural small species with low biomass were unable to trap and accumulate sediments.
Large specieswith high biomass were (Mellors, etal., 2002). Mellors etal. (2002) field measurements
howeverdo not give anindication of absolute bed elevation. Halleyet al (2000) indicated that seagrass
bed accumulated sediments of upto 2,5 cm/yearinsheltered parts of Florida Bay (USA). Although the
small speciesin Mellors etal. (2002) study do not contribute to sedimentaccumulation, this does not
exclude theirpotential in stabilizing mud beds. Christianen et al. (2013) for example found that even
intensively grazed subtidal seagrass meadows with avery short canopy (growing on sandy substrate)
could stabilize sediments effectively compared to bare soil conditions. Further research should give
insightin whetherthisisalsotrue forseagrass on muddy soils. The contrasting results concerning bed
stabilization cannot be explained due to incomparable settings of the locations. Flow reduction only
occurred at low velocities. One flume study measured a 18% reduction in current velocities at 0,05
m/s, and 8% reduction at 0,25 m/s (Prager & Halley, 1999). Field measurementsindicated a reduction
of up to 39% at 0,64 m/s (Hasegawa, et al., 2008). Only one study observed wave attenuation. Wave
measurements and modelling indicated wave damping of up to 80% in the presence of intermediate
and dense seagrass along the mudflat’s upwind edge (Prager & Halley, 1999). However, the study does
not mentionif thisinfluencesthe erosion inducing smallwavesalongthe shoreline.No documentation
was found toindicate whetherseagrasses can aid in reduced coastline retreat. In general, the provision
of erosion mitigation services, might be seasonaldue to differencesin biomass, whichwas true for the
non-tropical studies which considered bed stabilization and current velocity. This effect might be
eliminated inthe subtropical areas (Figure 2.1). However, seasonal effects mightbe observed incoastal
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areas located in the alternating tropical zone (Figure 2.1), as even near the Equator seagrasses have
shown seasonal growth variation (Short, etal., 2007).

OBSERVED EROSION MITIGATION SERVICES
PROVIDED BY SEAGRASS BEDS

HYES mNO Unknown

2
1
P 2 P

WAVE REDUCED CURRENTBED STABILIZATION BED ELEVATION REDUCED
ATTENUATION VELOCITY COASTLINE
RETREAT

Figure 6.10: Erosion mitigation services provided by 8 seagrass beds based on the results of 5 studies. 5 Seagrass
beds are tropical, 3 non- tropical. Studies include field and flume studies and modelling. Results are based on
Appendix 11.4.4. Results of one study which indicated reduced current velocity mainly show reduced current
velocities at low flow. Wave attenuation was observed in general, but not specified if this also referred to onshore
small waves which induce erosion.

Due tothe limited data, itisdifficult to say whether seagrass species can provide all services. In general,
it is found that seagrass beds cannot protect shorelines in every location and/or scenario. The
efficiency of the services provided dependslargely onthe incident hydrodynamicenergy flux, density,
standing biomass, plant stiffness and leave length (Ondiviela, et al., 2014). Furthermore, current
velocities are more efficiently reduced when seagrass occupies the entire water column. When water
depthis greaterthan the maximum meadow height, wave attenuationis less efficient, and sediment
bothis deposited and resuspended (Widdows, etal., 2008). The optimal conditions forenhancing the
erosion mitigation services seagrasses provide might therefore be in shallow waters and low to
moderate wave energy environments. Combined with high interaction surface in the vertical and
horizontal dimension between waterflowand seagrasses (Ondiviela, etal., 2014). Otherfactors which
influence the defense services include the seagrass distance from the shore, the beach slope, the
reproductive stage and the tidal stage (Barbier, et al., 2011). Furthermore, seasonality of seagrass
growth or random variation of standing biomass modifies wave attenuation (Ondiviela, et al., 2014).
In general, itcan be stated that large, longliving and slow growing seagrass species, with biomassand
density largely independent on seasonal fluctuations and with the maximum standing biomass
achieved under the highest hydrodynamic forcing might be most favorable for mitigating coastal
erosion (Ondiviela, et al., 2014). However, although seagrass meadows might aid the best in coastal
protectioninshallowwatersand low to moderate wave energy environments, Van Katwijketal. (2016)
analysisonthe relation between planting depth and restoration success, showed that lowest success
rates are found forshallow depth (<0,5 m), especiallyinintertidal areas, due to wave dynamics.
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6.5 General success factors
Technical

1. Restorationsuccessincreases with proximity to and recovery of donorbeds. Thisindicates the
suitability of the environment for seagrass growth and increases its recovery potential. The
closer the distance from the donor site, the higher the chance of successful restoration (see
Figure 6.11) (Van Katwijk, etal., 2016).

2. Largescale planting has beenobserved to be more successful in restoration due to the positive
relationship between the number of plants or seeds initially transplanted and the trial survival
and seagrass population growth rate. There seems to exist a threshold scale required for
restoration progress between 1000 and 10.000 shoots/seeds. However, large scal e planting is
costly due to extracting of donor material and operational costs. Regained ecosystem services
may compensate these investments costs (lbid.).

Cause of decline prior to planting Distance from donor site
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Figure 6.11: Performance of seagrass restoration trials in relation to degradation prior to planting and distance
from donor site. Cause of degradation include among others substrate manipulation like dredging and filling,
construction activity or reduced water quality (from Van Katwijk, et al., 2016).

Environmental

Seagrasses are often the dominant primary producersin coastal areas, formingadirect source of
food for dugons, seaturtles and parrot fish and are closely linked with high fisheries production due
to the critical nursery habitat they provide (Unsworth, etal., 2014)

Social
Knowlegdegap.

Economical
Knowlegde gap.

6.6 General failure factors

Technical
1. Both successful regrowth of seagrass species and wave attenuation requires crossing a
minimum density of reintroduced individuals, which must be determined per specie (Van
Katwijk, etal., 2016; Ondiviela, etal., 2014).
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Seagrass meadows are vulnerable to external impacts, which makes their durability
questionable. Trends of climate change related factors like seawater warming, increasing
storms and sea level rise, together with growing populations and anthropogenic threats in
coastal areas may impact seagrasses to an extent that disables them to adapt and maintain
their erosion mitigation services. Sea level rise for example will cause an increase in water
depth whichamong others reduces the availability of light at the bed. Anthropogenicthreats
include for example mechanical damage of meadows (e.g. dredging and construction
activities), deterioration of water quality due to urban/industrial/agricultural runoff or
introduction of invasive species (Ondiviela, et al., 2014). Anthropogenic actions form the
greatest threat (Grech, et al., 2012). Van Katwijk et al. (2016) found that especially reduced
water quality (mainly eutrophication) and construction activities led to poorer restoration
success than factors like dredging, local direct impacts and natural causes (see Figure 6.11).
Thisindicatesthe vulnerability of seagrass to externalfactors. Itis therefore recommended to
remove threats which caused the degradation of habitat prior to restoration (lbid.). But also
to avoid these impacts on the long term to ensure the durability of this erosion mitigation
measure. These activities are largely terrestrially based, which implies the importance of
combining coastal planning with adjacent watershed planning (Grech, etal., 2012).

Other observed reasons causing poor seagrass establishment during transplantation project
are numerous. They include among others slow growth and poor root development of some
seagrass species, bioturbation, grazing, hydrodynamics, salinity fluctuations, erosion,
sediment deposition, insufficient anchorage, disease, poor water quality etc. (Statton, et al,,
2012; Paling & van Keulen, 2002).

Economical

1

Restoring seagrass meadows is expensive. Cost of restoration are determined by different
components of restoration, like planning, purchasing, landacquisition, planting, maintenance,
monitoring, and equipment repair/replacement (Bayraktarov, etal.,2016) . Cost may vary with
planting technique, project area, project duration, and increase due to factors like
inappropriate siteselection, inexperiencein planting, disturbance events like bio perturbation
and storms, low water visibility, increased water depth (related to SCUBA diving), etc.
(Calumpong & Fonseca, 2001). Consequently, costs of seagrass restoration projects vary
largely. A systematic review of the cost of coastal restoration by Bayraktarov et al. (2016),
found average total cost of 700.000 USS perhectare and median cost of 384.000 USS/hectare
forseagrass restoration projects (Table 6.4). All projects were smallscale (<20ha) and located
indeveloped countries. Cost may be lowerin developing countries and for large scale projects.
No distinction was made concerning the soil type of the restoration project. However, these
findings due give anindication of average costs.

Restoration cost Total restoration cost

N
64
64

2010 US $ N 2010 US $
107.000 (400.000) 22 384.000 (700.000)
107.000 (400.000) 22 384.000 (700.000)

Table 6.4: Median (and average in brackets) values of restoration/rehabilitation cost per hectare represented in
2010 US dollars. N= number of observations. ‘Total restoration cost’ implies projects which both included capital
and operating costs. ‘Restoration cost’ include observations which did not specify what costs included. Findings
indicate general restoration cost, regardless of soil type (from Bayraktarov, et al., 2016).

Environmental
Knowledge gap.

Social

Knowledgegap.
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6.7 Conclusion

6.7.1 Successful Nature Based Solution?

6.7.1.1 Mitigating erosion

Implementing seagrass as a NBS implies both successfulrestoration as well as the provision of erosion
mitigation services. Seagrass beds on muddy substrate have been observedto contribute to mitigating
erosion by providing the following services: wave attenuation, reduced current velocity at low flow
and bed stabilizationand elevation. However, itis unclearif this wave attenuation also occurred along
the shoreline, and thus ifit contributed to mitigating erosion. No documentation was found to indicate
whetherseagrass beds can aid directly inreducing coastlineretreat. However, thesefindings are based
on a limited amount of studies (8) and should thus be considered with care. Services provided might
be subjected toseasonal variation, evenin tropical areas, and not applicable forevery specie in every
location and/or scenario due to a wide variability in factors both related to plant and bed
characteristics, hydrodynamic conditions and physical settings. Large, long living and slow growing
seagrass species, not subjected to seasonal fluctuations, growing in shallow waters and low to
moderate wave energy environments might be most successful in protecting shorelines. However,
lowest restoration successes are found for shallow depths (<0,5m), especiallyin intertidal areas, due
to wave dynamics. All this indicates the uncertainty of implementing seagrass as erosion mitigation
solution and the need forfurtherresearch.

6.7.1.2 Restoring seagrass

Seagrass has been restored with some level of success in the muddy coastal type bay/estuary and
barrier coast. No restoration projects were identified for open mud coasts. Potential restoration
techniquesimply three different planting materials: seeds, sods or anchored rhizome fragments with
shoots. Due to a lack of implemented projects (18), successful restorationin mud areas has only been
observedforrhizome fragmentsintheintertidal and subtidalarea, and for sodsinthe intertidal area.
No projects were foundwhich used seeds as planting material orapplied sods in subtidal muddyareas,
making it unclear if this option can be successful along muddy coasts. Anchoring can be done with
weights, staples or non-weighted frames made of different materials. Anchoring rhizome fragmentsto
staples seems to be more successful in terms of survival rate compared to weights. However,
transplanting seagrass withstaplesis more laborinte nsive than weights. No studies were found which
implemented frames. A non-soil specific relative success scale of seagrass restoration, suggests
restoration with anchored rhizome fragments and sods give highersuccess rates compared to seeds.
Confirmation of thisformuddy coastsis yet needed. Because monitoring was mostly less than ayear,
no statement can be made of the sustainability of this NBS solution onthe longrun.

6.7.2 Success and failure factors of implementation

6.7.2.1 General

The chance of successful seagrass restorationincreases with proximity to and recovery of donor beds,
with large scale plantingwhen a threshold scale between 1000 and 10.000 shoots/seeds is exceeded
and whena minimum density of reintroduced individuals (species depended) is crossed.

General failurefactorsinclude the vulnerability of this NBS to external impacts like climate change and
in especially anthropogenic threats. Climate change related impacts include seawater warming,
increasing storms and sea level rise. Anthropogenic threats include mechanical damage of meadows
(e.g. dredging and construction activities), deterioration of water quality due to
urban/industrial/agricultural runoff and/orintroduction of invasive species. Whenthese impacts are
not removed (before restoration and on the long term), they might unable seagrass to adapt and
maintain their erosion mitigation services. Because these activities are largely terrestrially based, itis
recommended to combine coastal planning with adjacent watershed planning. Other observed
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reasons causing poor seagrass establishment during transplantation project are numerous. They
include amongothersslowgrowth and poorroot developmentof some seagrass species, bioturbation,
grazing, hydrodynamics, salinity fluctuations, erosion, sediment deposition, insufficient anchorage,
etc.

Restoring seagrass meadows is expensive and vary widely due to variation in planting techniques,
project area and project duration, and increase due to factors like inappropriate site selection,
inexperience in planting, disturbance events like bio perturbation and storms, low water visibility,
increased waterdepth (related to SCUBA diving), etc. Average total cost (non-soil specific) are 700.000
USS/hectare and median cost 384.000 USS/hectare for small scale projects (<20 ha) located in
developed countries. Cost may be lowerin developing countries and for large scale projects. Costs of
seagrass restoration projectsvary largely

6.7.2.2 Restoration techniques

The pros and cons of the three type of planting materials are shown in Table 6.5. Choice of material
can be made on local conditions or preference. However, when the energetic conditions are not
restrictingand ample of donorbedisavailable,itis advised to choose anchored rhizomefragments as
restoration technique since this appears to have a higher restoration success rate than seeds (and
sods, depending on anchoringtechnique), andisless laborintensive, costlyand impacting to the donor
site compared to sods. Noinformationis available concerningsuccess and failure factors related to the
lifespan of different techniques.

Seeds Anchored rhizome fragments | Sods
with shoots
Pros: Pros: Pros:
e least labor and cost e Intermediate labor and e Large sods can be applied
intensive cost intensive in more energetic
e leastimpact donorbed e Most implemented, thus environments
e Potentially bestoption for most experience
large scale planting
Cons: Cons: Cons:
e lowestsurvival rate e Only possible when | ¢ Most labor and cost
e Only in low energy ample donorbed available intensive

environments
e Not all specie produce
seeds (in large enough

guantities)
Successful  restoration on
muddy substrate:
e No implemented projects
found

e Intermediate impact
donorbed
Successful  restoration on

muddy substrate:

e Across-shore:intertidal +
subtidal

e Coastal type: bay/estuary,
barrier coast

e Only possible when ample
donorbedavailable
e Highestimpactdonorbed

Successful  restoration on

muddy substrate:

e Across-shore:subtidal +
intertidal?

e Coastal type: bay/estuary,
barrier coast

Table 6.5: Pros and cons which can be considered when choosing a technique to restore seagrass beds. No
quantitative definition of low and more energetic environments is available. Successful restoration implies some
form of success has been achieved. Seagrass restoration project where not executed along open coast.
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/7 Comparing NBS

7.1 Erosion mitigation

Table 7.1 shows the erosion mitigation services that have been observed to be provided by muddy
seagrass beds and mud recharge schemes. Both are based on a limited number of studies. For mud
recharge, the differences in success in erosion mitigation services provided can potentially be
explained by an unsuccessful restoration technique (unconfined intertidal) and for seagrass in part due
to differences between species characteristics. However, reasons remain uncertain due to the limited
number of studies.

All erosion mitigation services applicableto mud recharge have been observed (wave attenuation, bed
elevation and reduced coastline retreat). Available quantitative field dataindicated wave attenuation
of 29% and 46% and stable bed elevations of 1,1m and 0,03-0,3m after 2 years. Concerning seagrass,
all erosion mitigation services applicable to this NBS were observed except reduced coastline retreat.
Available quantitative data indicate bed elevation rates of up to 2,5 cm/year and reduced current
velocity at low flows of 18% at 0,05 m/s, 8% at 0,25 m/s and up to 39% at 0,64 m/s. Wave damping
was observed of up to 80%, However, itisunknown if the observed wave attenuation also referred to
the erosive inducing small waves along the shoreline. Making a quantitative comparison between the
mitigation services provide by mud recharge schemes and seagrass is difficult due to the incomparable
settings. Forexample,itis unknown under what wave conditionsthe observed wave attenuations were
measured. Also, differences in bed elevation levels might be explained by differences in sediment
deliverytolocations.

Concerning seagrass beds, it should be considered that services provided might be subjected to
seasonal variation and thatthey are not applicable forevery speciein every location and/orscenario.
Furthermore, the provision of mitigating services provided by seagrass is only possible when
restorationis successful onthe longrun. Thisis notalways achieved. This suggests that mud recharge
might be a more reliable NBS to mitigate erosion than seagrass. However, maintenance might be
necessary for mud recharge, while a healthy seagrass bed may remain for years when not degraded
by external impacts.

Wave Reduced Bed Bed Reduced
NBS attenuation | current stabilization | elevation shoreline/coastline
velocity retreat
Mud YES (1), n/a n/a YES (7) YES (1)
recharge MAYBE (1) NO (1)
Seagrass MAYBE (1) YES (2, at YES (2) YES (2) ?
low flow) NO (1) NO (2)

Table 7.1: Erosion mitigation services observed by two NBS. Numbers between brackets indicate the number of
studies the results are based on. MAYBE=wave attenuation has been observed, but no mention was made if this
referred to small waves along the shoreline which mainly induce coastal erosion. ?=unknown

7.2  Environmental conditions

An overview is given of the restoration techniques of mud recharge and seagrass for the coastal type
bays and estuariesin Figure7.1and barrier coastsin Figure 7.2. These solutionframeworksgive insight
in whether techniques were implemented with some level of success on a specific coastal type. For
seagrass restoration, success revers to successful transplantation. For mud recharge this revers to
successful erosion mitigation. Implemented NBS along open coasts were not found. Thus, this study
cannot provide a solution framework for this muddy coastal type. All seagrass restoration projects
were located in bays and estuaries or along barrier coasts. All implemented mud recharge projects
were in bays or estuaries. However, since back-barrierareas can be considered less exposed to waves
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than estuaries and bays (Daidu, et al., 2013), it could be assumed that mud recharge projects might be
successfullyimplemented along barrier coasts too.

Depending on the restoration technique chosen, mud recharge and seagrass restoration have both
beendone successful inthe subtidal and intertidal zone. It has been suggested that direct placement
techniques can be applied in low to moderate wave energy environments (definition unknown).
Requirement of other environmental conditions have notbeen found. The latteris also true fortrickle
charge and sediment stirring. This makes comparison difficult. However, seagrass species might also
be most successful in protecting shorelines in low to moderate wave energy environments. These
results suggest mudrecharge and seagrass as NBS might be most suitable in more sheltered conditions.
However, this should be taken with caution since expe rimentation along open mud coasts and under
more energeticenvironments have not been performed yet.

: Rhizome
.............. : fragments

Sediment free Seedlings | —

Vegetative
material Sediment
Planting material associated [ "1 s
—
Seeds  |----------- 1
S — :
L Weights
No-achoring
Planting technique —»  Stabilizing — Staples*
Anchoring
T Frames
Confined Intertidal
Direct placement
Unconfined —» Subtidal*/**

Intertidal
’_' placement*
Trickle charge B e e
placement*
Ty —— — O Some form of succes in erosion
* tecHarcie mitigation (for mud recharge) or
Potentially with 9 seagrass restoration observed
brushwood (0 Less succesfull in mitigating
fencing erosion (for mud recharge) or
T Agitation seagrass restoration
dredging D No succes in mitigating erosion
Sediment stirring O Not applied
Water injection
dredging *  Only one project found

Figure 7.1: Solution framework showing restoration techniques of mud recharge and seagrass for the coastal type
bays and estuaries. Pros and cons of mud recharge techniques can be found in Table 5.2 in Section 5.6. Pros and
cons of seagrass restoration techniques can be found in Table 6.5 in Section 6.7. **=wave attenuation observed.
However, it is not specified if this also referred to onshore small waves which mainly induce erosion.
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Figure 7.2: Solution framework showing restoration techniques of mud recharge and seagrass for the coastal type
barrier coast. Pros and cons of mud recharge techniques can be foundin Table 5.2 in Section 5.6. Pros and cons of
seagrass restoration techniques can be foundin Table 6.5 in Section 6.7.
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8 Discussion

8.1 Reliability of the results

8.1.1 Definitions

Terms used in documentation are not always clearly defined. For example, mud has no precise
definitioninthe sense of the percentage of cohesive sedimentspresentinthe soil. However, so called
mud often contains a high percentage of sand (Burt, 1996). Consequently, implemented NBS projects
found in this study do not pertain equal percentages of mud particles in the soil. Morphological
processes might therefore differ, which might impact the successfulness of the erosion mitigation
potential of the restoration techniques. However, datais considered adequateforageneral overview
study like this.

Also, inindicating under what environmental conditions NBS can be implemented, termslike ‘low’ and
‘moderate’ energyenvironments are used in literature. Not specifying what this meansin for example
tidal currentspeeds or wave energy and/or height.

Furthermore, inthis study restoration techniques wereidentified with the search terms ‘restoration’,
‘rehabiliation’ and ‘creation’. However, in case a difference existsin techniques between these three
terms, this could reduce the reliability of the results. However, noindication was foundin literature to
assume this, and it istherefore considered of havinglittleinfluence.

Anotherdiscussion point of unreliability of the sources are the non-scientific(and not peer reviewed)
sources. These ‘grey’ sources can provide usefulinformation but are not always compl etely objective.

8.1.2 Erosion hotspots

A few short comings can be identified related to the identification of hotspots with the Aquamonitor.
First, when relative sea level rise is the driver of the conversion of land into water, then this can be
caused both by erosion processes and long term inundation. Since it is impossible yet to make
distinction between inundation and erosion this might have caused an overestimation of the number
of erosional hotspotsinthisstudy. Church and White (2011) forexample,found an average global sea
level rise for 1993-2009 of 3.2 +0.4 mm/yearfrom satellite data and 2.8 £ 0.8 mm/yearfrom in situ
data. Although modern satellite records have shown that the sealevel does notrise uniformly around
the globe, this might have caused inundation along shallow coasts, a common characteristic of mud
coasts (Healy, etal., 2002). Local natural or anthropogenicinduced land subsidence only adds to this.
Whetherthis observedinundationis significant compared to erosion trends depends on the gradient
of the coast. However, no representative data was found concerning mudcoasts gradients. A simplified
calculationisgivenin Table 8.1toindicatethe potential significance of inundation on identified erosion
hotspots in this study. Identification of coastal gradients and sea level rise at coastal sites could give
insightinthisrelation.

It is unlikely that he suitability of mud recharge and seagrass as a NBS is affected by whether the
conversion of land into wateris driven by inundation and/or erosion. These NBS can aid in all scenarios
due to the bed elevation services they provide.

Knowledge concerning the presence of mud along coasts is notalways known. For example, except for
some detailed local studies, little isknown concerning the coast of Cambodia and Indonesia (Flemming,
2002). Also, the scale on which hotspots are identified on the Aquamonitor (1:1.000.000) implies
hotpots could been missed which might have been visible on a larger scale. It is likely these factors
have caused an underestimation of the number of hotspots.
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Potential gradients | Horizontal inundation | Inundation % of a 10 km coastal erosion

of mud coast (perpendicular to the | stretch (inalongshore direction)
coast)

0,5% 18 m 1,8 %

0,2% 45 m 4,5 %

0,1% 90 m 9%

0,05% 180 m 18 %

Table 8.1: Simplified calculation of the percentage of alongshore areal extent of erosion hotspot which could be
caused by inundation, depending on the coastal gradient. It assumes a 3 mm globalsea level rise per year over a
30 years period. This implies a 90 mm level of inundation over this period. This 30 year period is chosen since data
from the Aquamonitor indicates 30 years of data. The 3 mm per year is taken as simplified average from Church
and White (2011).

For the northern South-American coast between the Orinoco and Amazon river, data was only
available fora 15 to 23 year period. However, this coastline is characterized by strong erosion and
accretion phases, influencing the location of the coastline. Consequently, the 17 hotspots located
alongthis coast have been excludedfrom this study. However, thiscoastis the largest muddy coastline
of the world. Not including this coast for identification of erosion hotspots implies comparison
between the number of hotspots per continent could be skewed. This will not change the outcome
that along the African and Australian coast the number of hotspots are lower compared to the other
continents. However, it makes comparison between North-and South-America and Asia difficult. The
overall outcome of comparing the number of hotspots between different coastal types is not
influenced. Most hotspots (51%) are already located along open coast. Potential erosion hotspots
which would appear along the South-American coast when 30 year satellite data would be available
wouldincrease the number, but not change the overall outcome: that most hotspots are locatedalong
the open coast type in comparison to bay/estuaries and barrier coasts.

Furthermore, the extent of the mud migrating bank systemsin othercoastal areas will not reach the
magnitude of the Amazon related banks, creating some unreliability in identified hotspots. This
depends however on the extent of the banks, their periodicity and calculation method of land -water
conversions in the Agquamonitor. However, no documentation was available explaining how the
calculation of the AQquamonitor was performed. Forexample, are the land-water conversion averaged
overtime or do they show a difference between 1985 and 2015? Also, didthey account for the tide?
Orconsiderthe potential presence of large stormswhich can cause erosion on short time scales (Wong,
et al., 2014)? All these factors should be taken into account when indicating long-term land-water
conversions. Thisindicates the need forfurtherinsightinthe setup of the Aquamonitor, butalsothe
importance of looking at specific hotspots and all the potential drivers of coastal erosion working on
thisareato determine longterm erosion trends.

8.1.3 Mud recharge

Although only 9implemented projects of mud recharge were found in this study, itis likely more mud
schemes have beenexecuted. The US Army Corps of Engineers forexample has 30years of experience
of using dredged material for wetland restoration and creation. However, itis not always mentioned
what type of sediments are used in documentation of recharge schemes (ABP Research, 1998;
Colenutt, 1999¢). If so, most recharge schemes seem to be done with sandy material. Recharge
projects which applied muddy material might therefore have been missed. Furthermore, according to
Fletcher (2008) the most widelyapplied beneficial use of muddy dredged material to create or enhance
mudflats (within the UK) is trickle charge and agitation dredging. It is also stated that small scale
experiments of fine-grained intertidal recharge have been undertaken (Schratzberger, et al., 2006;
Fletcher, etal., 2000). However, documentation of these schemes is mostly not available or accessible
and monitoring is often lacking. Fletchers (2008) findings are in contrast with this studies results in
which it was found that direct placement was performed most (6times), trickle charge 3timesand no
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implemented projects were found of sediment stirring (agitation dredging and water injection
dredging). It seems therefore likely that more muddy recharge schemes have been executed than
results suggest in this study. Furthermore, in case monitoringis performed, it often only includes
ecological effects. Thisreflects the phenomena that most recharge schemes are undertaken for habitat
and wetland restoration purposes, and not necessarily for coastal protection (ABP Research, 1998).
Consequently, documentation does not always mention whether the recharge scheme was successful
in mitigating erosion.

Thus, little is known concerning the implementation, effectiveness and impacts of mud recharge for
erosion mitigation. In the Netherlands, pilot studies are still being performed to better understand
physical and ecological processes of mud nourishment. For example, a pilot project started in 2014
alongthe port of Harlingenin the Wadden Sea, where mud dredged from the portis disposed close to
the shore as a subtidal trickle charge to increase coastal protection and/or prevent drowning of salt
marshes under relative sea level rise. It is excepted that tidal flows will transport the material to the
intertidal and salt marsh zones, forming a ‘Mud motor’. Dredging and dumping will be done over a
period of 8 months for three consecutive years which differs fromthe ‘Sand engine’ along the Dutch
North Sea coast, where a large volume of sand was placed once (Eekelen, etal., 2016).

8.1.4 Seagrassrestoration

In this study, it is assumed that the success of restoration techniquesfor seagrass transplantation is
independentof soil type. However, this should be taken with caution. A study for example by Park and
Lee (2007) showed that anchoring seagrass to shells was effective for muddy seabed’s (survival rate
after 2 years approximately 60-95%), butineffective for sandy beds (survival rate <5%). However, for
otherrestoration techniques (attaching seagrass to staples and frames) successful transplantation was
both observed on muddy and sandy soil. No mention was made of the hydrodynamic regime in the
different experimental settings, makingit difficulttoindicate whetherthe ineffectivenessof the shells
as anchoring was related to the soil type, the hydrodynamic conditions,a combination of both or some
otherfactor. Due to lack of data concerningthis dependency, Van Katwijk etal. (2016) global analysis
is considered a good starting point to indicate restoration techniques for muddy coasts. However,
furtherresearchis neededto confirmthis.

Like with mudrecharge, the number of implemented seagrass restoration projects found in this study
is probably an underestimation of reality. Two reasons can be distinguished. Firstly, soil type is often
not mentionedin seagrass studies. Secondly, due to time constrains specificspecies nameswere not
enteredinsearch engines whenlooking fordata.

Itis importantto note that thisstudy only provides generalities and that local and regional expertise
forseagrass restoration are importantto achieve greatersuccess (VanKatwijk, etal., 2016). Especially
since natural variability among locations, the local biology and ecology of the restored species, and
environmental conditions during the restoration process all have a stronginfluence onthe success of
rehabilitation projects, such that the success of a projects in a given area cannot be guaranteed
(Ganassin & Gibbs, 2008). Furthermore, seagrass restoration techniques have still only been
documented to successfully replace small areas of seagrasses. Thus, the restoration of large areas of
seagrass is more uncertain. Also, optimal restoration techniques might differ per specie. However,
seagrass restoration techniques have not been developed so far that methods can be recommended
for different species in different habitats (lbid.).

8.2 Management implications
For coastal managers, two useful ‘products’ resulted from this study. The first implies the maps
indicating the locations of erosion hotspots (Figure 4.1 and Figure 4.2). Abating erosion should be
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prime focusinthese areas. Although comparisoninthe severity of erosionbetween continentsis only
in part possible due tolack of data, it seems that muddy erosion problemsare occurring most often in
Asia and North and South America. Relatively speaking, erosion occurring along mud coasts in Africa
and Australia is of little importance. Coastal manager should therefore focus on muddy erosion
hotspotsin Asiaand America.

Furthermore, this study provides coastal managers with an overview of potential restoration
techniques which have been implementedfor mud recharge and seagrassrestoration along the coastal
type bays and estuaries and barrier coasts (Figure 7.1 and Figure 7.2). Together with the related
success and failure factorsof implementation (see Section 5.6 and Section 6.7.2 for an overview), these
findings can aid coastal managers in choosing a technique based on economical, technical and
environmental preferences. However, no techniques were applied along open coasts where most
erosion occurs. Results suggest thatimplementation of mud recharge and seagrass seems to be most
suitable inless energeticenvironments like barrier coasts, bays and estuaries. The same might be true
for the NBS oysters and mangroves. For example, coastal protection offered by oyster reefsin sandy
environments has been documented to be most effective in low energy environments (Beck, et al,,
2014). The best locations for mangroves to grow include more sheltered environments like bays,
lagoon, estuaries and shores behind barrier islands. Establishment of mangrove seedlings is difficult
along open exposed coasts due to wave action. However, mangroves modify the local wave climate
and can therefore grow out from a sheltered environment, progressively growing into medium-high
energy environments (Saenger, 2002). When sheltered from wave action, mangroves seedlings might
therefore establish along opencoast. This suggesting the mangroves might be a suitable NBS for more
energeticenvironments. Researchis needed to confirmthis.

Although seagrass and mud recharges schemes have been shown to provide erosion mitigation
services along bays, estuaries and barrier mud coasts, these solutions are still in the experimental
phase and data availability is limited. Consequently, success is not guaranteed and they seem to be
most suitable in less energetic environments like barrier coasts, bays and estuaries. Especially
implementing seagrass as an NBSis uncertain due to varying restorationsuccesses and vulnerabilityto
external impacts like climate change and anthropogenicthreats. When seagrassis chosen as a NBS it
is therefore importantto combine coastal planning with watershed management. Mud recharge and
seagrass meadows should therefore not be seen as a single solution (yet) to mitigating erosion, but
more as part of an integrated mitigation plan. Funding for more research is needed to quantify the
erosion mitigation potential of all NBSs and their individual technique under different hydrodynamic
conditions. Inthis, especially forthe living NBS, long term monitoring is essential. Particularly because
monitoringis often only done for a comparatively shorttime frame (1-3 years), making evaluation of
restoration successes difficult (Statton, et al., 2012). In terms of execution costs of mud recharge,
sediment stirring might pertain lowest cost compared to direct placement and trickle charge. Thus,
although sediment stirring has not been executed yet in muddy environments to mitigate erosion,
experimental research related to this technique might be useful for coastal managers. Relative costs
of seagrass restoration techniques are unknown.

Besides seagrass planting, itisalsoimportantto preserve existing seagrass beds. This is because while
seagrass die-off tends to be rapid, natural recovery of disturbed seagrass habitats is comparatively
slow. Furthermore, the success of seagrass transplantation and restoration is uncertain and the
experiences among species vary enormously (Ondiviela, et al., 2014). Also, from an economic
viewpoint, itis far more cost effective to preserve aseagrass habitat from damage than to restore an
area afterits degradation (Paling, etal., 2009).

73



Beside implementing mud recharge, seagrass, oyster or mangroves along a coastlineas NBS, a different
type of solution could also be applied: coastal realignment aka managed retreat. Managed retreat can
be applied on eroding mud coasts which are backed by low value land. With this approach a buffer
zone is created by setting back the defence works and breaching the existing wall. Atem porary bund
can be created behind which mud sediments can be placed to raise the backshore area where
vegetation can grow (Burt, 1996).

This study only included on site erosion control solutions. However, formulating a complete advice
would alsoimply considering the broader hydrological and morphological systemin which the erosion
hotspotislocated. Inthisitisimportantto tackle the drivers of coastal erosion which might be located
furtherupin the drainage basin.

8.3 Scientific implications

This study is an overview study. New insights were obtained by combining knowledge of grey and
scientific sources with satellite data. Thus, this study gives the first global overview of locations of
strong erosion along muddy tropical coasts. Also, the first state of the art overview of potential
restoration techniques for mud recharge and seagrass beds has been created. Showing that knowledge
related to these NBS in muddy environments is still in its infancy. Since mud recharge and seagrass
restoration seem to be most suitable for less energetic environments, this study shows a knowledge
gap related to potential NBS for erosion mitigation along open mud coasts.

8.3.1 Further research

Future research is recommended to address the knowledge gaps identified in this study. Further
research should give insightin which hotspots should be of prime concern to coastal managers of the
112 found. To make comparison between hotspots possible the physical extent of erosion should be
determined for each hotspot, combined with social and economic knowledge to indicate the level of
societal importance of each coastal hotspot. In this, adistinction should be made between inundation
and erosion. Furthermore, moreresearch needs to be executed to indicate pote ntial long termerosion
along the South American coast between the Amazon and Orinoco river. To separate potential long
term erosion from natural erosion phases along this coast, satellite data must be available forat least
60 years (total period of mudbank migration and coastal erosion along Guyana coast).

All documentation found in this studyshow implementation of mud recharge and seagrassrestoration
inbays, estuaries and along barrier coasts. Experimentation isthus needed for planting of seagrass and
implementation of mud recharge along open coasts in high energy environments (Fonseca, et al.,
1998). Furthermore, comparison with the NBS mangrove forests and oyster reefs might be useful in
finding solutions forerosion problems. In this, different environmental settings should be considered
and hydrodynamic conditions and changes should be quantitatively measured (wave height, tidal
currentspeed, bed elevation etc.). This will giveinsightin what terms like ‘low’ and ‘moderate’ energy
environments imply. Research should also include implementation costs of different restoration
techniquesandtheirlifespan. Furtherseagrass restoration projects mustindicate if planting seagrass
bedscan aidin reducing coastline retreat.

Specifically, for direct mud placement, more experimental research is needed related to different
potential types of retaining structures and their successfulness in retaining sediment particles.
Furthermore, research should show if direct placement can also be applied successfully in subtidal
muddy environments and if sediment stirring (agitation dredging and water injection) is a successful
technique for mitigating mud erosion. Experimental research is also needed to confirm if combining
brushwood fencing with trickle charge and/or sediment stirring will increase the recharge abilities of
these restoration techniques.
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For seagrass restoration, large scale transplantation in muddy environmentsis yet to be executed.
Furthermore, researchis neededtoindicateif soiltypeis of influence to seagrass restoration. Also, the
potential of seagrass to attenuate waves and reduce coastal retreatin muddy environmentsisyetto
be proven. When looking at restoration techniques, the successfulness of restoration with seed
material in muddy environments and sods in subtidal areas still needs to be proven. Also, more
restoration projects need to be executed to find relative success of the different types of anchoring
material for planting vegetative material, both on the long run as well as initial survival. It is also
recommendedtolookatthe bestrestorationtechniques perspecie, since this might differ.
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9 Conclusion

This study looked for erosion hotspots along tropical mud coast and nature based solutions to mitigate
this erosion. The first research questionimplies: Where is erosion on mud coasts occurring strongest
in tropical regions?

Globally 112 erosion hotspots were identified along tropical mud coasts, mostly in Asia and
North and South America. More erosion hotspots are found along open coasts then bays,
estuaries and barrier coasts.

The second research question was: What restoration techniques of mud recharge and seagrass can be
implemented to mitigate erosion along tropical mud coasts and how effective are they?

Mud recharge schemes of direct confined intertidal placement and trickle charge (intertidal
trickle charge and water column recharge) have been observedtoaid in erosion mitigationin
estuariesand baysinthe intertidal zone. Potentially direct unconfined subtidal placement and
sedimentstirring techniques (with or without permeable structures) might be applied too.
Independent of restoration techniques, seagrass beds on muddy substrate have been
observedto mitigate erosion. This might however be subjected to seasonal variation, evenin
tropical areas, and not applicable forevery speciein everylocation and/or scenario. However,
successful restoration is a precondition. Some level of transplantation success has been
achieved inthe muddy coastaltype bay/estuary and barrier coast. It has beendone by planting
sodsin the subtidal areaor anchored rhizome fragmentsto staples orweightsinthe inter-or
subtidal area. Survival rates of transplantation range between 0-100%. Possibly seeds might
be implemented as plantingmaterialalso. Consequently, the potential of introducing seagrass
as an erosion mitigation solutionis still uncertain.

Due tothe limited availability of dataand lack in long termmonitoring, the efficiency of erosion
mitigation provided by mud recharge techniques and seagrass cannot be given. Findings
should thus be taken with caution.

The third research questionrefers to: What success and failure factors can be identified concerning the
implementation and lifespan of the erosion mitigation solutions and their related restoration
techniques, along tropicalmuddy coasts?

Reasons causing poor seagrass transplantation are numerous and seagrass is vulnerable to
anthropogenic and climate change related impacts. Consequently, long term survival of
seagrassis uncertain. However, seagrasses are often the dominant coastal primary producers
and closely linked with high fisheries production due to the nursery habitat they provide. When
energeticconditions are notrestricting, choosing anchored rhizome fragments as restoration
techniqueisadvised.Thisislesslaborintensive, costly and impactingto donorsitescompared
to sods.

Implementation of mud recharge might negatively affect the surrounding area due to
sediment losses outside the targeted area and potential smothering of benthic life.
Consequently, mudrecharge isnotadvisedto be implemented in areas with sensitive marine
life orin the proximity of commercial activities like shellfishery. When mud rechargeis chosen,
trickle charge is thus advised above direct placement due to its lower recharge rate. Data
concerningthe lifespan of recharge techniquesis lacking.

The maininsightinthisstudy is that although strong erosion is occurring most along open mud coasts,
mud recharge and seagrass have not beenimplemented along this coastal mud type. Due to a lack of
experimentaldataitis unknown if these NBSscould alsobe appliedalongthese more energetic coasts.
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11 Appendix

11.1 Search terms

Table 11.1 indicates search terms entered in different online search engines to find grey and scientific

literature toanswer research question 2and 3.

Tropical mud coast

e (Sub)tropical coast/zone °
® Mud °
o Silt °
e Clay

e Silt—clay percentage >70% (when mentioned)
e Cohesive sediment

Category NBS
e Seagrass °
o Restore/rehabilitate / transplant °
o Silt/clay/ mud / cohesive °

e Nourishment/recharge
o Mud/silt/clay

o Fine/cohesive sediment °
o Dredged material

e Generalterms °
o Nature based solution/defence °
o Natural/greeninfrastructure o
o Buildingwith (living) nature °
o Livingshorelines
o Engineeringwith nature
o Greeninfrastructure

Projects/organizations

Glz
The nature conservancy
Ecoshape

Mitigating erosion

Abating/mitigating erosion
Coastal resilience

Abating coastal risks
Shoreline/coastline
stabilization/protection
Wave attenuation /
reduction

Currentvelocity

Soil / bed elevation
Biostabilization

Sediment
trapping/stabilization/
accumulation/  accretion/
deposition/ stability
Accretion / elevation rate

Table 11.1: Search terms to find indicative studies to answer the research questions 2 and 3.

11.2 Identifying hotspots: literature sources

Table 11.2 indicates literature sources that have been used to indicate whetherthe erosion hotspots
foundinthe Aquamonitor are located along mud coasts. All sources provide qualitative i nformation.

Coastal location Source

Worldwide Flemming (2002)
Australia Eismee (1998)
India, Gulf of Camba Murali et al. (2013)
Indonesia Walkeretal. (2012)
Malaysia Ghazali (2006)

Table 11.2: Qualitative literature sources consulted to
identify whether coasts are muddy or not.
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11.3 Mud recharge: implemented projects

Table 11.3 giveson overview of all the implemented mud recharge projects found in literature. Of each
project information concerning the environmental conditions and the erosion mitigation services
observedare provided. Except one project on wave attenuation, all information is qualitative.

Sediment
recharge
schemes

Implemented
project

# Direct placement

Confined
intertidal

Horsealsland
inthe Walton
Backwaters
(UK)

Orwell
estuary (UK)

Orwell
estuary (UK)

Horsey Island
(UK)

Lymington
Estuary (UK)

Parkstone
Yacht club
(UK)

Unconfined | Mobile Bay

subtidal

Unconfined | HorseyIsland

intertidal (UK)

# Trickle charge

Intertidal Medway Port

placement | (UK)

Subtidal Stour and

placement | Orwell
estuary (UK)

Water Stour and

column Orwell

recharge estuary (UK)

Environmental

Erosion mitigation services

conditions

Across | Coast-

shore | altype | Bed Wave
ele- ate-
vation | nuation

Inter- BE

tidal

Inter- BE

tidal

Inter- BE 1,1m | YES*

tidal

Inter- BE YES

tidal

Inter- BE 0,03-

tidal 0,3
m**

Inter- BE YES

tidal

Sub- BE 29% and

tidal 46%

Inter- BE NO

tidal

Inter- BE YES

tidal

Sub- BE YES,

tidal but
ineffic
ent

Sub- BE YES

tidal +

Inter-

tidal?

Reduced
coastline
retreat

YES

Reference
implemented
project

(Fletcher, et
al., 2000)

(Schratzberger
, etal., 2006)

(French &
Burningham,
2009)

(Hamer, 2007)
(Fletcher, et
al., 2000)
(Wightlink Ltd,
2015)

(ABP
Research,
1998)
(Bray, 2008)
(Mehta &
liang, 1993)
(EA, n.d)

(UKMPA
Centre, 2001)
(ABP
Research,
1998)
(Mundy &
Kelly, 2010)

(Mundy &
Kelly, 2010)
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# Sediment stirring
Agitation
dredging

Water

injection
dredging

Table 11.3: Implemented mud recharge projects found in literature, categorized based on restoration technique.
When available data is given concerning the environmental conditions in which the projects were located and the
observed erosion mitigation services provided. BE=coastal type bay and estuary. *=refers to reduced wave-erosion
along seawall. **=elevation variation after 3 years depending om location on the mudflat after.

11.4 Seagrass

11.4.1 Tropical seagrass species
Table 11.4 giversan overview of seagrass species occurringin tropical areas. In this a division is made

betweentwo bioregions based onthe bordering global oceans: the tropical Atlanticbioregionand the
tropical Indo-Pacificbioregion (Figure 2.1).

Bioregion

Tropical Atlantic
(including the
Caribbean Sea, Gulf of
Mexico, Bermuda, the
Bahamas, and both
tropical coasts of the
Atlantic)

Tropical Indo-Pacific
(East Africa, south Asia
and tropical Australia
to the eastern Pacific)

Description

High diversity tropical
seagrasses (10 species)
growingon back reefs
and shallow banksin
clearwater

Largestand highest
diversity bioregion;
tropical seagrasses (24
species) predominantly
on reefflatsbutalsoin
deep waters.

Species

Halodule beaudettei, H. wrightii (H.
bermudensis, H. emarginata), Halophila
baillonii, Halophila decipiens, Halophila
engelmanni, Halophila johnsonii, R. maritima,
Syringodium filiforme, Thalassia testudinum,
Halophilastipulacea+

Cymodoceaangustata, Cymodocea rotundata,
Cymodoceaserrulata, Enhalus acoroides,
Halodule pinifolia, Halodule uninervis, H.
wrightii, Halophila beccarii, Halophila
capricorni, H. decipiens, Halophila hawaiiana,
Halophilaminor, H. ovalis, Halophila ovata,
Halophilaspinulosa, H. stipulacea, Halophila
tricostata, R. maritima, Syringodium
isoetifolium, Thalassia hemprichii,
Thalassodendron ciliatum, Zostera capensis+,
Z. japonica+, Zosteramuelleri+ [Zostera
capricorni]

Table 11.4: Seagrass species in tropical areas, divided into two geographic bioregions related to different worlds
oceans. The skewed species indicate the most common species of the bioregions (Short, et al., 2007). Species per
country can be found in the World Atlas of Seagrasses according to Green & Shorts (2003).
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11.4.2 Coastal type occurence of dominant tropical species

Table 11.5 indicates along what coastal types the four most common tropical seagrass species
(accordingto Shortet al. (2007)), which can grow on muddy beds, have been observed to grow.

Specie Coastal type

Open | Bay/ Barrier

coast Estuary
H. wrightii X

Syringodium X
filiforme X

Thalassia X
testudinum X

Halodule X
uninervis X

Reference

(Dawes, n.d.)
(Dunton, 1994) (Dunton, 1990)
(Dineen, 2001)
(Dawes, n.d.)
(Dunton, 1994)
(Dineen, 2001)
(Dawes, n.d.)
(Carlsonlr, et al., 1994)
(Dineen, 2001)

(IUCN, 2016)

(IUCN, 2016)

Table 11.5: Coastal types where the four most common tropical species (which both thrive on muddy and sandy

beds) have been observed to grow.

11.4.3 Implemented projects: planting techniques

Table 12.6 gives on overview of the 21 muddy seagrass restoration projects found in literature. For
each project the specie name, the environmental conditions, planting techniques and successfulness
of survival is given as far as knowledge is available. Often no definition of ‘successful’ was given in
documentation. Three projects used seedlings as planting material (number 19 till 21), which is not

furtherconsideredinthis study.
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No. | Location Specie Tropical | Environmental Planting technique Survival of shoots Reference
implemented conditions
project
Coastal Across- Planting An-
type shore material choring
1 Kosung Bay, Zostera No Bay Subtidal Rhizome TERFS Approximately 60-75%, | (Park & Lee,
Korea Marina fragments | (1S) after2 years 2007)
with shoot
2 Kosung Bay, Zostera No Bay Subtidal | Rhizome Shells (1S) | Approximately 60-95%, | (Park & Lee,
Korea Marina fragments after2 years 2007)
with shoot
3 Kosung Bay, Zostera No Bay Subtidal Rhizome Staple Approximately 75-95%, | (Park & Lee,
Korea Marina fragments | (1S) after2 years 2007)
with shoot
4 Sriracha Bay, Enhalus Yes Bay Intertidal | Rhizome No 26%, after 8 months (Vichkovitten, et
Thailand Acoroides fragments al., 2016)
with shoot
5 Terschelling, ZosteraNoltii | No Barrier Intertidal | Rhizome ? No success (Van Katwijk, et
Wadden Sea, (Perennial, fragments al., 2009)
the Netherlands | small seagrass)
6 Sylt, Wadden ZosteraNoltii | No Barrier Intertidal | Rhizome ? Successful (Van Katwijk, et
Sea, Denmark fragments al., 2009)
7 Balgzand, Zostera No Barrier Intertidal | Rhizome ? Successful forone (Van Katwijk, et
Wadden Sea, Marina fragments growingseason al., 2009)
the Netherlands
8 Balgzand, Zostera No Barrier Intertidal | sods No Successful forone (Van Katwijk, et
Wadden Sea, Marina growingseason al., 2009)
the Netherlands
9 Balgzand, Zostera No Barrier Intertidal | Rhizome ? Successful forone (Van Katwijk, et
Wadden Sea, Marina fragments growingseason al., 2009)
the Netherlands

91



10

11

12

13

14

15

16

17

18

19

20

Texel, Wadden
Sea, the
Netherlands
Terschelling,
Wadden Sea,
the Netherlands
Terschelling,
Wadden Sea,
the Netherlands
Terschelling,
Wadden Sea,
the Netherlands
Friesland,
Wadden Sea,
the Netherlands
Norfolkand
Suffolk, England

Port Moody
Inlet, British
Columbia, USA

Butroe estuary
in Bay Biscay,
Spain

Swan Lake,
China

Terschelling,
Wadden Sea,
the Netherlands
Terschelling,
Wadden Sea,
the Netherlands

Zostera
Marina

Zostera
Marina

Zostera
Marina

Zostera
Marina

Zostera
Marina

Zostera Noltii

Zostera
Marina

Zostera Noltii

Zostera
Marina

Zostera
Marina

Zostera
Marina

No

No

No

No

No

No

No
(sea-
sonal)

No

No

No

No

Barrier

Barrier

Barrier

Barrier

Barrier

Estuary

Bay

Estuary

Barrier
(Lagoon)
Barrier

Barrier

Intertidal

Intertidal

Intertidal

Intertidal

Intertidal

Intertidal

Intertidal

Intertidal

Rhizome
fragments

Rhizome
fragments

Rhizome
fragments

Rhizome
fragments

Rhizome
fragments

Sods

Rhizome
fragments

Sods

Rhizome
fragments

Seedlings

Seedlings

No

No

No

staples

?

?

No success

No success

No success

Successful forone
growingseason

No success (probably
desiccation)

Successful

Sudden disappearance
afterwhat appearedto
be successful
transplants

25% after5,5 years
(increase 8timesin
extent)

100% survival after4
months

Successful

Successful

(Van Katwijk, et
al., 2009)

(Van Katwijk, et
al., 2009)

(Van Katwijk, et
al., 2009)

(Van Katwijk, et
al., 2009)

(Van Katwijk, et
al., 2009)

(Ranwell, etal.,
1974)

(Butler, etal.,
2011)

(valle, etal.,
2015)

(zZhang, etal.,
2015)

(Van Katwijk, et
al., 2009)

(Van Katwijk, et
al., 2009)
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21

Balgzand,
Wadden Sea,
the Netherlands

Zostera
Marina
(Annual, big
seagrass)

No

Barrier

Intertidal

Seedlings

Successful for8 years
(afterthat extinct)

(Van Katwijk, et
al., 2009)

Table 11.6: Seagrass restoration projects implemented on muddy beds.? = unknown. Non-tropical species show seasonal growth.
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11.4.4 Implemented projects: erosion mitigation services
Table 12.7 givesan overview of the 5studies found in literature which indicated the observation of an
erosion mitigation service provided by aseagrass bed on a muddy coast. For each study information is
given (asfar as knowledgereaches) of the following factors: % of mudin the soil, coastal type, type of
study, speciesnames and characteristics like bed densityand occurrence across-shore, and the erosion

mitigation services provided.

Location
characteris
tiscs

Research
type

Specie
characteris
tics
(dominant
specie)

Erosion
Mitigation

Variables
Location

% mud

Coastal
type

Name

Tropical /
Non-
tropical
Annual/
Perennial
Intertidal/
subtidal

Density/
covering/
density

Wave
attenuatio
n

Study 1
Italy,

Venice
Lagoon

Barrier

Field

Zostera
noltii

Non -
Tropical

Perennial
Intertidal
grass

covers 20-
60%

Study 2
Japan,
Akkeshi-ko
estuary

65
Estuary

Field

Zostera
marina

Non -
Tropical

Biomass
fluctuation
over
seasons
from 10 —
258 g/m”2

Study 3
Germany,
Konigshafe
n

Bay

Flume +
field

Zostera
marina

Non -
Tropical

Intertidal

200
shoots/
mA2

Study 4
Australia,
Great
Barrier
Reef
Lagoon (4
locations)

Barrier

Field

Z.
capricorni
(1,2)/
Halodule.
Uninervis*
**(3)/
Halophila
minor***
(4)

Tropical

Intertidal

Biomass
mean (g
DW/ mA2)
1: 252,16
2:72,3
3:5,01

4: 0,20

Study 5
USA, Florida
Bay

Bay

Field+
modelling+
descriptive

Thalassia
Testudinum

Tropical

Perennial

Up to 80%
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Reduction YES (spring | 18%  of
current + summer),  low flow
velocity ratio (0.05 m s—
vegetated- | 1), 8% | at
unvegetate | higher
d current flows (0.25
velocities: | ms—1)
from0.25 +
0.09 to
0.64 + 0.59
(meant
standard
deviation).
Bed YES YES** NO**
stabilizatio | (summer) | (spring+
n summer)
Bed YES (Z. YES (inside +
elevation capricorni) | outside bed)
NO*** (2,5 cm/year)
(Halodule.
Uninervis/
Halophila
minor)
Reduced
coastline
retreat
Reference (Amos, et (Hasegawa, | (Widdows, | (Mellors, et | (Prager&
al., 2004) etal.,, etal., al., 2002) Halley, 1999;
2008) 2008) Halley, 2000;
Halley, etal.,
1997)

Table 11.7: Studies which indicated the performance of erosion mitigation services provided by seagrass species
growing on muddy coasts. Research type indicates whether the study was based on field measurements or flume
studies. Non-tropical species are subjected to seasonal change in biomass (low in winter). *Bed elevation includes
terms like ‘increased sedimentation’ or ‘sediment trapping’. **Bed stabilization includes term like reduced erosion
of bed’ or ‘prevention of sediment bed resuspension’. *** structural species of low biomass do not trap sediments.
{ = reduction. DW=dry weight.
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