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Abstract
Mangrove forests are highly valuable environments that offer numerous ecosystem services, includ-
ing carbon storage, serving as nurseries for fish and shrimp, and providing timber. Additionally, these
ecosystems offer coastline protection against erosion and flooding by attenuating waves and trapping
sediment. Despite the crucial role of mangrove ecosystems, global mangrove cover has significantly
declined in recent decades, with deforestation and coastal erosion being one of the contributing fac-
tors, launching a variety of initiatives for mangrove rehabilitation. To rehabilitate mangroves along
eroding coastlines, permeable structures are designed as a solution. These structures dissipate in-
coming waves and reduce current strength, creating low-energy areas behind them that are conducive
to sediment deposition. However, these structures frequently prove ineffective in the rehabilitation of
mangroves, possibly due to the absence of clear design guidelines, and a lack of understanding re-
garding the influence of design parameters on the performance of these structures.

This study, therefore, aimed to develop an integrated design guideline for permeable structures aimed
at rehabilitating mangrove habitat along eroding coastlines by combining scientific knowledge with in-
sights gleaned from pilot projects conducted globally. Furthermore, the research aimed to deepen un-
derstanding of the influence of design parameters on the performance of these permeable structures by
conducting simulations of various structure configurations in a numerical, process-based model, and
evaluating the performance of each configuration in reducing bed shear stress across the sheltered ar-
eas behind them. A nested model was employed in Delft3D-4, configuring the flow and wave modules
to be coupled in order to incorporate the interaction between waves and currents.

A conceptual framework was developed illustrating the ecological and engineering variables important
in the design of permeable structures aimed at rehabilitating mangrove habitat, serving as a guiding
reference throughout the design process of these structures. In addition, within the framework of a
Building with Nature design approach, a design guideline outlining the fundamental steps in the design
process of permeable structures was developed. However, significant knowledge gaps impeded the
development of quantitative content within the guideline. Currently, the design guideline offers insights
into the essential aspects of the design process and outlines the sequence for approaching the design
of permeable structures, thereby serving as an initial framework for designing these structures.

The Delft3D modelling research led to the identification of correlations between various design vari-
ables and the performance of permeable structures in reducing bed shear stress across the sheltered
areas behind them. Increased structure length enhances the effectiveness of permeable structures, as
the structures’ influence on incoming waves and currents extends over a larger area. The degree to
which it enhances structure performance, however, varies spatially, depending on local hydrodynamic
conditions as well as the positioning of structures relative to the coastline/mangrove fringe. An increase
in structure length of 66 meters is associated with an increased reduction in average bed shear stress
of approximately 5% and an expanded spatial extent ranging from 3% to 7%. To some degree, placing
structures at greater distances from a mangrove fringe enhances the effectiveness of permeable struc-
tures. An increase in distance of placement of 33 meters is associated with an additional 3% reduction
in average bed shear stress. For extensive distances, however, currents can penetrate the sheltered
areas behind the structures, resulting in an optimal distance of placement of structures from amangrove
fringe, which, in the case of the study area, is at a distance of 165 meters. While the distance of place-
ment of structures from a mangrove fringe should be as large as possible to maximize the spatial extent
of the effect of the structures, and, consequently, to maximize seaward expansion of the mangroves,
structures should still be placed close enough to ensure its effect in reducing bed shear stresses below
the threshold reaches the boundary of the mangrove fringe to facilitate seaward expansion. The gap
width between structures does not significantly affect the performance of permeable structures. In fact,
a wider gap width may slightly decrease the effectiveness of structures in reducing bed shear stress
behind them, as waves are not effectively attenuated across the width of the gap. An increase in gap
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width of 66 meters could decrease the reduction in bed shear stress across the sheltered areas by 2%.
Placing multiple rows of structures behind each other significantly enhances the effectiveness of per-
meable structures in reducing bed shear stress across the sheltered areas behind them, as in the case
of multiple rows of structures a significantly larger amount of wave energy is dissipated. This enhance-
ment ranges from 3% to 16% in terms of increased reduction in average bed shear stress and from 4%
to 20% in terms of expanded spatial extent of the reduction, compared to a single row. Besides this
spatial variation, the influence of the distance in between multiple rows on structure performance varies
slightly, depending on the location of structures and local hydrodynamics. As a result, depending on
the location of structures within a coastal system and the local hydrodynamics, adding another row at
the same distance improves the effectiveness of structures in reducing bed shear stresses more than
increasing the spacing between the number of rows.

The conceptual framework, design guideline, and identified correlations between design parameters
and structure performance in this study contribute to enhancing the design process of permeable struc-
tures aimed at rehabilitating mangrove habitat. It provides preliminary insights, highlights significant
knowledge gaps and provides recommendations for further research, thereby opening up opportuni-
ties to expand knowledge surrounding the design of permeable structures aimed at morphodynamic
restoration of mangrove habitat.
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1 Introduction
1.1. Context

Mangrove ecosystems are widely recognized as highly valuable environments that offer numerous
ecosystem services, including carbon storage, serving as nurseries for fish and shrimp, and providing
timber (Barbier et al., 2011). These ecosystems also act as both suppliers and recipients of nutrients
and sediments for nearby marine ecosystems like seagrass beds and coral reefs (Duke et al., 2007).
Moreover, they offer coastline protection against erosion by attenuating waves and trapping sediment,
as well as protection from flooding caused by storm surges and tsunamis (Alongi, 2008). Per square
kilometer, mangroves contribute an annual estimated economic value ranging from 200,000 to 900,000
USD, through the products and ecosystem services they provide (Wells et al., 2006). The role of man-
grove ecosystems becomes even more significant in the context of climate change, as they contribute
to both the mitigation of its causes and the alleviation of its consequences. Mangroves sequester car-
bon dioxide (CO2) from the atmosphere, and store it within their roots, trunks and leaves (Murdiyarso
et al., 2015). They are among the world’s most carbon rich forests, boasting an average carbon stock
of approximately 1,000 tonnes per hectare (Donato et al., 2011). Besides that, mangroves have the
capability to reduce the impact of waves and currents, causing sediment particles carried by the flow to
settle. The deposition and subsequent accretion of sediment and organic matter raises the bed level
elevation, which can offset the effects of rising sea levels (Woodroffe et al., 2016).

Despite the crucial role of mangrove ecosystems, a worldwide loss of approximately 7% of mangrove
habitat, equivalent to a total area of 9.736 square kilometers, has been recorded between 1996 and
2016 (Worthington & Spalding, 2018). The region of South-East Asia, known for its historically exten-
sive and diverse mangrove forests, has experienced the most substantial loss of mangroves (Polidoro
et al., 2010). Around 50% of the initial mangrove area within this region was lost as a result of con-
version to alternative land uses, such as urban expansion, rice cultivation, and oil palm plantations
(Thomas et al., 2017). Mangrove degradation primarily arises from the transformation of these forests
into economic land use, including aquaculture, agriculture, wood harvesting and the development of
infrastructure and urbanization (Friess et al., 2019). Furthermore, coastal erosion resulting from factors
such as sea level rise and subsidence, for instance caused by groundwater extraction, is projected to
impact extensive mangrove regions in the coming century (Lovelock et al., 2015).

Figure 1.1: Global distribution of mangrove loss, recorded between 2000 and 2016 (Observatory, n.d.)

The loss and subsequent absence of mangroves along coastlines results in the loss of a natural buffer
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that mitigates wave impact between the land and the sea. Consequently, shoreline stability is com-
promised due to reduced wave attenuation, leading to increased wave forces on the land and subse-
quently coastal erosion (Winterwerp et al., 2013). The risk of flooding and extensive erosion along the
already deteriorated mangrove-mud coasts is further exacerbated by rising sea levels, amplified storm
frequency, and intensified storms caused by climate change. This not only threatens the loss of cul-
tivable land but also endangers densely populated areas like villages and cities, given that deltas and
coastlines are among the world’s most densely inhabited regions (McGranahan et al., 2007). There-
fore, globally, the accompanied loss of the ecosystem values provided by mangroves, especially in
terms of flood protection, entails significant consequences for coastal communities (Winterwerp et al.,
2020). It exposes millions of people worldwide to coastal hazards and the effects of sea level rise (Gi-
jón Mancheño, 2022), since the removal of mangroves from low-lying areas increases the vulnerability
of the resulting landscape to erosion (Van Bijsterveldt, 2023).

During the past decade, a multitude of initiatives for mangrove rehabilitation have been launched world-
wide to stop or reverse mangrove depletion and to mitigate the ongoing coastal erosion. Nevertheless,
the success rate has been low, mainly due to the fact that the biophysical and/or socio-economic cir-
cumstances were unfavorable for mangrove rehabilitation (Winterwerp et al., 2020). For instance, in an
extensive rehabilitation project covering 44,000 hectares in the Philippines, the survival rate of newly
planted mangroves was merely 5-10% (Primavera & Esteban, 2008). Planting efforts, however, can
assist in rehabilitating areas with limited seedling availability, but their success hinges on the ongoing
suitability of the coastal environment for mangroves (Lewis, 2005). Mangroves thrive in intertidal re-
gions characterized by fine sediment deposition, the presence of freshwater inflow, and a mild wave
climate (Ellison, 1999). If these conditions are altered, leading to a disruption of the natural habitat
of these ecosystems, habitat restoration should be prioritized to facilitate mangrove rehabilitation and
enhance their long-term survival (Lewis, 2005). Regarding the latter, the disruption of the fine sedi-
ment balance within such an ecosystem is a significant yet frequently overlooked process contributing
to the limited success of rehabilitation endeavors along eroding coastlines (Winterwerp et al., 2020).
Since mangroves rely on a stable sedimentary environment, halting coastal erosion is an essential
prerequisite for the rehabilitation of mangroves (Winterwerp et al., 2013; Gijón Mancheño, 2022).

1.2. Problem statement

As a means to enhance the rehabilitation of mangroves in degraded coastal areas suffering from ero-
sion, permeable structures constructed from bamboo and brushwood are designed as a solution and
implemented in front of coastlines. These structures are constructed parallel to the coastline with the
purpose of reducing wave energy, which promotes the accumulation of sediment behind them and
subsequently restores the bed level elevation required for the establishment of vegetation (Winterw-
erp et al., 2013). In recent years, our scientific understanding of mangrove-mud coast dynamics along
eroding coastlines and the role of permeable structures in their rehabilitation has significantly increased.
Numerous insights and valuable empirical knowledge on the construction, operation and maintenance
of these structures have been acquired from pilot projects, leading to the establishment of success
criteria (Winterwerp et al., 2020). Additionally, efforts to quantify the effects of these permeable struc-
tures on waves, currents, and morphodynamics, using physical models and field observations, have
contributed to establishing criteria for optimal arrangement and usage of structural elements (Gijón
Mancheño, 2022). Nevertheless, these structures frequently prove ineffective in the rehabilitation of
mangroves, possibly due to the absence of clear design guidelines (Gijón Mancheño, 2022) and a lack
of understanding of the influence of design parameters, such as structure length and size of openings in
between structures, on the performance of these permeable structures. To enhance the future designs
and performance of these permeable structures to ensure successful mangrove rehabilitation, it is, first
of all, essential to increase understanding of the influence of design parameters on the performance of
these structures, and to establish design tools and guidelines. Secondly, the design process of these
structures should encompass not just the physical aspects but also take into account mangrove ecology
(Winterwerp et al., 2020). Thirdly, following the Building with Nature approach, studying the natural sys-
tem of a specific coastal area can provide valuable insights for structure design (De Vries et al., 2021)
and should be thoroughly explored during the design process of any project (Gijón Mancheño, 2022).
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1.3. Research objective

As acknowledged in the work of Gijón Mancheño (2022), there is a demand for well-defined design
guidelines for the successful establishment of mangrove habitat rehabilitation through permeable struc-
tures. These design guidelines should encompass both physical and ecological aspects, and, following
the Building with Nature approach, should commence with a comprehensive examination of the natural
system (De Vries et al., 2021). Additionally, there is a need to integrate the currently existing scientific
knowledge with the lessons learned from pilot projects, as well as to increase understanding of the
influence of design parameters on the performance of permeable structures. The primary goal of this
research, therefore, is to develop an integrated design approach (design guidelines), which merges
scientific knowledge with the lessons learned from pilot projects, for permeable structures aimed at
rehabilitating mangrove habitat along eroding coastlines. Additionally, the research aims to enhance
understanding of the influence of design parameters on the performance of these permeable structures.
To fulfill these research objectives, the following research questions have been formulated:

1. What are the relevant ecological and engineering variables that must be considered when de-
signing permeable structures aimed at rehabilitating mangroves, and how do these relate to each
other, within the context of a conceptual framework that can function as a design tool?

2. Within the framework of a Building with Nature design approach, what are the fundamental steps
in the design process that, when combined, constitute a design guideline for permeable struc-
tures aimed at rehabilitating mangroves?

3. What is the influence of various design parameters on the effectiveness of permeable structures
in reducing bed shear stress across the sheltered areas behind them?

1.4. Research approach

To address the research questions and achieve the objectives of this thesis, the research was divided
into two main parts. The first part entails an extensive literature review aimed at addressing the first two
research questions. The second part comprises a numerical modelling research aimed at addressing
the third research question.

Literature study

The first part of the research, the literature study, served a threefold purpose:

• To obtain a comprehensive understanding of the relevant theories essential for the remainder of
the research, serving as its foundational basis;

• To facilitate answering the first research question, which involves identifying the relevant ecologi-
cal and engineering variables, and their interacting processes, in designing permeable structures
aimed at rehabilitating mangroves, as well as developing a conceptual framework within this con-
text;

• To facilitate answering the second research question, which involves outlining the fundamental
steps within the framework of a Building with Nature design approach for permeable structures
aimed at rehabilitating mangroves.

The Building with Nature (BwN) five step design approach, as formulated by van Eekelen and Bouw
(2020) and illustrated in Figure 1.2, was used as the foundational framework for developing the design
guideline. The Building with Nature five-step design approach is an innovative design approach aimed
at developing nature-based solutions to address societal needs for water-related infrastructure, such as
flood protection, sustainable port development and ecosystem restoration. It aims to use the power of
nature to benefit society, economy and the environment (EcoShape, 2021). However, due to constraints
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on time and the scope of this study, this study primarily focused on elaborating on the first two steps of
this approach concerning the development of the design guideline.

Figure 1.2: Building with Nature five step design approach (EcoShape, 2021)

Modelling research

To facilitate answering the third research question, a numerical, process-based model was employed
within the context of a specific case study. The study area for this case study encompasses the coastal
system of Demak, Indonesia. Previously, Bisschop (2023) established a morphostatic model in Delft3D-
4 to examine relevant processes within the Demak coastal region. Building upon this groundwork,
Thillaigovindarasu (2023) configured a nested model within the existing framework to investigate the
influence of coastal structures on waves and currents in the area. The present study utilized and ex-
panded upon the nestedmodel framework initially developed by Thillaigovindarasu (2023) to investigate
the influence of various design parameters on the performance of permeable structures by simulating
various scenarios in the Delft3D model. Due to the absence of sufficient data regarding the sediment
budget within the coastal system of Demak, and the utilization of a morphostatic model, this study pre-
dominantly focuses on assessing the effectiveness of permeable structures in terms of mitigating bed
shear stress. This is assumed to provide a reasonable representation of the performance of permeable
structures, considering that bed shear stress serves as an indicator of erosion and provides insight into
the likelihood of sedimentation.

This modelling research considers four design parameters related to the design of permeable structures
and their performance in mitigating bed shear stress. These parameters include structure length, gap
width in between sets of structures, the number of rows of structures placed behind each other, and
the distance of placement of structures from the coastline, which, within the context of the case study,
relates to a mangrove fringe. A schematic representation of these design parameters is depicted in
Figure 1.3.

Coastline

Distance to coastline

Structure length Gap width

Number of rows

Offshore

Figure 1.3: Schematic representation of the various design parameters considered in this study (not to scale)
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1.5. Thesis outline

This Chapter introduced the research topic, stated the problem, introduced the research objective and
questions, and elaborated on the approach used to address these questions as well as to achieve the
research objective. Chapter 2 provides relevant literature on the topic of this research, covering the
fields of mangrove ecology, mangrove-mud coast dynamics, mangrove rehabilitation, and permeable
structures. Chapter 3 describes the study area used for the case study, which is the coastal system
of Demak, Indonesia. It elaborates on its characteristics regarding its geographical location, meteorol-
ogy, hydrodynamics, and morphodynamics. Chapter 4 offers detailed information about the numerical,
process-based model employed in this study, including an explanation of the model type, the model
set-up, descriptions of the various scenarios simulated within the model, and how the model outputs are
analyzed. Chapter 5 expands upon the findings derived from both research components, encompass-
ing both the extensive literature review and the Delft3D modelling research. In Chapter 6, a discussion
on the methodology, findings, and some limitations of the research is presented. Finally, in Chapter
7, answers to the research questions are addressed, the research objective is concluded upon, and
recommendations for future research are provided.



2 Literature
This chapter encompasses the findings from the extensive literature review covering various fields
including mangrove ecology, mangrove-mud coast dynamics, mangrove rehabilitation, and permeable
structures.

2.1. Mangrove ecology

Mangrove forests grow along coastlines in tropical and subtropical regions between 32° North and 38°
South (Saenger et al., 2019). These ecosystems flourish in low-energy coastal areas within the inter-
tidal zone, which is defined as the region between the high and low tide lines (Moore, 2009; Giri et al.,
2010). Furthermore, they can be located along river banks, within deltas, in lagoons, and around tidal
inlets (Winterwerp et al., 2016). Mangroves grow in challenging environmental conditions characterized
by high salinity and temperature, severe tidal fluctuations, substantial sedimentation rates and muddy
anaerobic soils (Giri et al., 2010). Conversely, the presence of freshwater inflow, a stable sedimentary
environment and a gentle wave climate are essential requirements for mangrove habitat (Balke et al.,
2011). A resilient mangrove ecosystem consists of a wide variety of mangrove species, demonstrating
a significant change in the types of species present at a certain location within the ecosystem. This
mangrove zonation, which refers to the relative distribution of species across the cross-shore coastal
profile, depends on variations in factors influencing the viability of mangroves like salinity, inundation
time and sediment availability (Woodroffe, 2003; Spalding, 2010), and varies from one geographic lo-
cation to another. For instance in Demak, Indonesia, Avicennia, usually located closer to the shoreline,
serves as pioneer species (first species to colonize bare flats or disturbed habitats), while Rhizophora,
flourishing higher up on the mud flats, represents climax vegetation (mature and stable vegetation)
(Winterwerp et al., 2016).

Figure 2.1: Schematic representation of mangrove habitat requirements (Gijón Mancheño, 2022)

Approximately 70 species of mangrove forests exist worldwide. Avicennia is the most commonly en-
countered genus of mangrove pioneer trees (see Osborne and Berjak 1997 for A. marina in Africa; Lee
et al. 1996, Panapitukkul et al. 1998 for A. alba in SE Asia; Marchand et al. 2004, Proisy et al. 2009
for A. germinans in South America; Clarke 1993 for A. marina in Australia). Its seedlings are character-
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ized by its rapid anchorage, allowing them to withstand hydrodynamic forces from waves and currents
within a few days, and grow into young trees (Balke et al., 2011). These mangrove species are often
the first to colonize bare tidal flats of tropical regions around the world, making them one of the most
successful mangrove colonizers.

The colonization of a new site or mangrove habitat expansion begins with the dispersal and establish-
ment of mangrove seedlings. Mangrove seedlings are commonly referred to as ”propagules”, since
they germinate while still being attached to the tree. These propagules are subsequently transported
by the movement of water and tides to different areas, where they can establish themselves and form
new mangrove trees. This dispersal phenomenon facilitates the expansion of mangrove ecosystems
and the colonization of other coastal areas (Moore, 2009). Balke et al. (2011) examined the specific
requirements for mangrove seedling establishment and deduced that mangrove habitat expansion in
seaward direction only takes place when a series of favourable conditions, associated with these re-
quirements, follow each other, offering a window of opportunity for seedling establishment (Figure 2.2).
According to Balke et al. (2011), certain thresholds have to be passed until a mangrove propagule
is successfully established and able to grow into a young, reproductive mangrove tree. The initial
threshold involves propagule availability (Figure 2.2, panel 0) (Lewis, 2005). Aquatic connectivity to
a propagule-rich site is an essential prerequisite for the dispersal and subsequent establishment of
propagules. The three consecutive thresholds are: 1) stranded propagules require an inundation-free
period to develop long enough roots that can withstand displacement caused by flooding, 2) the roots
need to further elongate to endure the forces of waves and currents, preventing the seedlings from
being dislodged, and 3) even longer roots are required to survive higher energy events that potentially
cause sheet erosion and dislodge the seedlings (Figure 2.2, panel 1-3) (Balke et al., 2011). The fourth
threshold involves the challenges of growth that saplings (young trees) need to overcome to grow into
mature trees, including predation, disease or other forms of stress that can hinder their growth and
development (Van Bijsterveldt et al., 2022).

Figure 2.2: Windows of opportunity that propagules must encounter (or thresholds of establishment that propagules should
overcome) before they are able to establish themselves at a site (Lewis, 2005; Balke et al., 2011; Van Bijsterveldt et al., 2022)

Each mangrove species, however, has distinct preferences concerning acceptable inundation height
and duration (Van Loon et al., 2016), as well as unique threshold values for the other requirements
related to successful seedling establishment. These threshold values may also vary under specific
circumstances and abiotic conditions. For example, the rate at which a mangrove seedling extends its
roots may vary depending on local conditions such as salinity and temperature (Krauss et al., 2008).
Moreover, the minimum root length required to resist buoyancy, and subsequently, to withstand hy-
drodynamic drag forces will vary based on factors such as sediment composition and the local wave
conditions. For instance, cohesive muddy sediments can offer greater support to the roots compared
to loose sand, in which case shorter roots provide enough stability (Balke et al., 2011). In the context
of mangrove rehabilitation, it’s essential to take into account these unique preferences and thresholds
of establishment of different mangrove species. This consideration is crucial for ensuring long-term
success of rehabilitation efforts (Balke et al., 2011).
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2.2. Mangrove-mud coast dynamics

Mangrove-mud coasts are characterized by dynamic processes and naturally experience erosion and
accretion. These erosion and accretion processes are caused by tides and waves (Winterwerp et al.,
2016), as illustrated in Figure 2.3. The deposition of sediments in a mangrove-mudflat system is mainly
controlled by tidal processes, the entrapment of sediment by mangrove roots, and the compaction of re-
cently accumulated sediments. On the other hand, erosion is primarily governed by wave action. Even
the smallest, capillary waves have the potential to disturb and erode fine sediments from in between the
mangrove roots; and the larger the wave, the larger the amount of sediment that can be eroded. How-
ever, larger waves also stir up fines from the foreshore, which are subsequently transported towards
the mangrove-mud coast during rising tides, resulting in an onshore sediment flux. Consequently, large
waves contribute to both erosion and accretion processes (Winterwerp et al., 2013).

Figure 2.3: Schematic representation of the sedimentation process within a mangrove ecosystem (Gijón Mancheño et al.,
2021)

Muddy coastlines often feature cheniers, which are essentially shallow sand ridges appearing on top
of the predominantly muddy seabed. Over time, these features can evolve into terrestrial sand ridges
within the coastal landscape. The formation and dynamic behavior of cheniers, including their migration,
remain widely unexplored. Tas et al. (2020) observed that cheniers can display substantial dynamic vari-
ations, even when the hydrodynamic conditions are relatively calm, and are often temporarily present.
Cheniers contribute significantly to the stability of mangrove-mud coastlines, primarily because of their
distinctive, steeper features, which enable the to effectively absorb substantial amounts of wave energy
(Winterwerp et al., 2020). They offer protection to the mangroves located behind them by reducing the
incoming wave energy and modifying the local wave conditions. Cheniers are even able to create
some windows of opportunity for mangroves by facilitating the accumulation of fine sediments on their
landward side and providing protection to young seedlings from wave impacts (Van Bijsterveldt, 2023).
Hence, cheniers have a positive impact on mangrove-mud coastlines and may contribute to the expan-
sion of mangrove ecosystems in seaward direction.

Another dynamic feature commonly observed on mud coasts is the presence of migrating mud banks,
which consist of thicker or thinner layers of soft, fluid mud. As an example, the Guiana coast in northern
South America is characterized by the presence of fluid mud as a fundamental element of its coastal
system, while in Indonesia, soft, fluid mud is frequently created in specific areas due to the redistri-
bution and accumulation of eroded coastal sediments. Mud banks are recognized for their capacity to
effectively reduce wave energy through viscous dissipation. In the direction of wave attenuation, forces,
known as radiation stresses, push the soft, fluid mud in the same direction as the wave propagation.
This phenomenon is referred to as ”mud streaming”, and in some coastal areas it stands as one of the
primary mechanisms responsible for the transport of fine sediment toward the shore on the lee side of
the mud banks (Winterwerp et al., 2020).

The variation in (mean) location of a mangrove-mud coastline cl can be conceptually described with
the following formula (Winterwerp et al., 2005):
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dcl
dt

= sedimentation rate− erosion rate (2.1)

Actual coastal accretion or erosion on the long term is thus determined by the net difference between
deposition and erosion rates, which is much smaller than the gross deposition or erosion rates. This
suggests that even a small difference in gross rates can have a significant effect on the coastal mor-
phology and could turn a mangrove-mud coast into an erosive state (Winterwerp et al., 2016). Various
processes responsible for alterations in gross rates leading to extensive coastal retreat in mangrove-
mud coastlines have been identified in recent years. The following processes constitute the main
causes of extensive coastal retreat of mangrove-mud coasts (Winterwerp et al., 2016):

1. Extensive cutting of mangroves, on a large scale, for purposes such as timber and charcoal
production;

2. Infrastructure development like the construction of roads and ports, as well as urban development,
frequently have an impact on the hydrology of and/or sediment supply to the coastal system;

3. Subsidence, either natural or caused by groundwater extraction;
4. Transformation into economic land use, such as extensive conversion of mangrove forests into

agricultural land or aquaculture ponds.

The amount of sediment available in a coastal system, as well as the dispersion of this sediment, is
an essential factor influencing coastal morphology and mangrove ecosystems. For instance if the sed-
iment supply within a coastal system is inadequate to offset the local subsidence rates, the coastline
will erode and retreat (Gijón Mancheño, 2022). Various sources of sediment in a coastal system can
be distinguished (Winterwerp et al., 2020), including remnants resulting from geological and biological
processes, riverine input (local or remote), longshore sediment transport resulting from coastal erosion
or riverine input and mobilized fine sediments resulting from coastal erosion. Most of the sediment has
originally been brought to coasts by rivers, though their influence at the time scales of coastal erosion
is typically limited, as coastal erosion involves process at various time and spatial scales. Changes
in the worldwide climate, like increasing storm activity and precipitation, can also affect how sediment
is dispersed along the coastline by waves and ocean currents (Alongi, 2008), and largely influences
mangrove-mud coast dynamics.

The perseverance of mangrove ecosystems over thousands of decades implies the capability to keep
up with relatively high rates of relative sea-level rise resulting from climate change. Mangroves can
adapt to rising sea levels by gradually building up sediment levels (vertical accretion), preventing them
from becoming submerged and ensuring that the soil remains at an elevation conducive to plant growth
(Woodroffe et al., 2016). Changes in the coastal morphology of mangrove-mud coasts thus also de-
pend on the occurrence of relative sea level rise. However, the time scales associated with sea-level
rise far exceed the response time of mangrove forests to human-induced interventions that form the
main causes of extensive coastal retreat of mangrove-mud coasts.

The erosion of mangrove-mud coastlines caused by an inadequate sediment budget in the system,
and subsequent loss of mangrove forests, deepens the coastline and initiates a feedback loop. This
feedback loop arises as a result of the unfavorable interplay between sedimentation caused by tides
and erosion driven by waves (Winterwerp et al., 2013). Greater water depths allow larger waves to
propagate towards the shoreline, leading to further erosion of the bed as larger waves have the ability
to erode larger amounts of sediment (Gijón Mancheño, 2022). Gradually, the initially stable, convex-up
cross sectional profiles of mud flats then transform into unstable, concave-up profiles (Figure 2.4) (Win-
terwerp et al., 2013). The same feedback loop holds for the conversion of mangroves into economic
land use or for the development of infrastructure (Winterwerp et al., 2013), as illustrated in Figure 2.5.
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Figure 2.4: Illustration of a stable, accreting convex-up mudflat profile (panel a) and an unstable, eroding concave-up mudflat
profile (panel b). The eroding profile results in larger waves closer to the mangrove fringe (Winterwerp et al., 2013)

Figure 2.5: Positive feedback loop of coastal erosion of mangrove-mud coasts caused by the conversion of mangroves into
economic land use (Winterwerp et al., 2013)

To break this positive feedback loop, it is essential to counteract coastal erosion and mitigate defor-
estation of mangrove forests, as these forests play a vital role in the retention of sediment and the
prevention of erosion along mangrove-mud coastlines (Winterwerp et al., 2013).

2.3. Mangrove rehabilitation

Various types of mangrove rehabilitation methods have been developed and implemented in recent
years, such as mangrove restoration by planting, integration into solid structures, and ecological man-
grove rehabilitation (EMR). Planting can be effective in revitalizing areas with low seedling availability,
but its success depends on the coastal area maintaining the appropriate conditions for mangroves to
thrive and regenerate. In general, mangrove rehabilitation initiatives only succeed if the area remains
a suitable habitat for mangroves (Lewis, 2005). This involves the ability of the area to provide the
favourable conditions, resulting in windows of opportunity (Figure 2.2), that allow mangrove seedlings
to establish themselves. Therefore, among the various rehabilitation methods, EMR stands out as the
most effective method in establishing productive mangrove ecosystems (López-Portillo et al., 2017).
EMR focuses on reducing the establishment thresholds that hinder natural propagule settlement and
survival by restoring the favourable conditions necessary for a suitable mangrove habitat, ultimately
aiding the natural regeneration of mangroves (Van Bijsterveldt et al., 2022). Building on lessons from
rehabilitation attempts worldwide, six ecological principles, along with associated considerations and
practical recommendations, have been outlined as essential components to be taken into account dur-
ing EMR (López-Portillo et al., 2017). These principles are as follows:

1. Understand the autoecology of each mangrove species located at the site, like the patterns of
reproduction, propagule dispersal, and successful seedling establishment;
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2. Understand the hydrological factors (depth, duration and frequency of tidal inundation) governing
the distribution, successful establishment and development of the mangrove species located at
the site;

3. Assess the historical context of the area and the underlying cause of coastal erosion and/or man-
grove degradation. Examine themodifications of the original mangrove environment that currently
hinder natural reestablishment and regeneration;

4. Select suitable mangrove restoration sites through application of steps 1-3. These steps increase
the probability of successful rehabilitation by thoroughly investigating the natural system of the
site. This step also involves addressing land ownership/use issues crucial for ensuring long-term
access to and conservation of the site, and incorporating socio-economic aspects and monitoring
requirements;

5. Design the restoration program at the appropriate sites selected in step 4. Restore the hydrology
and other environmental conditions, such as the fine sediment balance, to encourage natural
recruitment of mangrove propagules and successful plant establishment;

6. If, after following the implementation of steps 1-5, it becomes evident that natural recruitment
alone will not meet the objectives of the restoration project, such as achieving the required quan-
tity of successfully established seedlings, stabilization rate, or sapling growth rate, consider the
manual planting of propagules or cultivated seedlings.

As highlighted by Lewis (2005) and the EMR principles stated above, the effectiveness of rehabilita-
tion efforts depends on the suitability of a specific site for mangrove regeneration and colonization
processes. A site is considered suitable only if it can provide windows of opportunity for successful
seedling establishment. This means that a site is only suitable if 1) the inundation frequency is within
the acceptable physiological range for the mangrove species located in the area or the target mangrove
species to be rehabilitated (Lewis, 2005), 2) the phase of the tidal cycle regularly facilitates propagule
settlement and anchorage, and 3) the sediment is compact enough to minimize mixing and prevent
heavy sheet erosion (Balke et al., 2011). If one of these conditions is altered, leading to a disruption of
the natural habitat of mangrove ecosystems, habitat restoration should be prioritized to facilitate man-
grove rehabilitation and enhance its long-term survival (Lewis, 2005). This often entails restoring the
hydrological patterns and the sediment balance to maintain the appropriate soil elevation and propag-
ule availability required for successful seedling establishment (Winterwerp et al., 2016). Identifying the
cause(s) behind mangrove loss is thus the initial step in the rehabilitation process (Lewis, 2005; López-
Portillo et al., 2017). Subsequently, the most suitable technique for mangrove habitat restoration at a
site can be identified and implemented. Figure 2.6 provides an overview of potential techniques for eco-
logically restoring mangrove habitat to successfully rehabilitate mangroves at a certain site, depending
on the underlying cause of mangrove loss.
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Figure 2.6: Schematic representation of various mangrove habitat restoration techniques (Gijón Mancheño et al., 2021)

The required restoration technique at a certain site thus depends on the underlying cause of man-
grove degradation or absence, as illustrated in Figure 2.6 (Gijón Mancheño et al., 2021). This research
addresses the rehabilitation of mangroves in degraded coastal areas suffering from erosion, and subse-
quent mangrove degradation, that require morphodynamic restoration. These areas lack the required
bed level elevation to provide windows of opportunity for successful seedling establishment, and thus
lack the favourable conditions for natural mangrove regeneration. This cause of mangrove degrada-
tion asks for morphodynamic restoration as the sediment balance in the system must be restored to
halt coastal erosion and promote coastal accretion. This restoration technique involves modifying the
sediment balance by placing permeable structures parallel to the coastline to dampen incoming waves,
and to facilitate sediment deposition behind these structures. Consequently, this raises the bed level
elevation and restores the bed level elevation required for mangrove seedling establishment. Winterw-
erp et al. (2013) proposed a strategy for rehabilitating mangrove habitat along eroding mangrove-mud
coasts that is based on creating the right biophysical conditions required for successful mangrove re-
habilitation and focuses on morphodynamic restoration. This strategy contains the following aspects:

• Restore the onshore fine sediment flux by recovering the intertidal zone. If human interventions
have transformed a site into a subtidal area, take measures to restore the conditions and return
the area to an intertidal zone;

• Enhance trapping of fine sediments on the mudflat in a natural way, for instance by constructing
permeable structures (made of locally available materials such as brushwood, bamboo poles
and/or flexible twigs) in the intertidal zone, and digging ditches to improve drainage and enhance
seedling establishment;

• Reduce the incoming wave heights;
• If disturbed, restore the hydrological conditions, for instance by rehabilitating creeks to ensure
sufficient freshwater flow towards the mangroves;
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• In areas where natural propagule availability and supply is limited, plant the appropriate mangrove
species at suitable locations (above MHW) and during the appropriate time period, i.e. within ”the
windows of opportunity”.

2.4. Permeable structures

The purpose of permeable structures is thus to stop coastal erosion, stabilize the coastline, and to cre-
ate the required conditions for mangrove regeneration and recolonization (Wilms et al., 2021). However,
the effectiveness of constructing permeable structures along a specific eroding coastline depends on
the underlying cause of coastal erosion in that particular area. For instance, if subsidence rates exceed
the maximum sedimentation rate that can be facilitated given the available sediment in the system, the
presence of permeable structures will not be able to stop coastline retreat and restore mangrove habitat
on the long term. permeable structures cannot address structural sediment losses, but are designed to
redistribute the sediment in the system, thereby modifying the local sediment balance between erosive
and accretive processes. Sediment availability in the system thus also largely affects the effectiveness
of permeable structures, and the presence of a sufficient suspended sediment budget is a prerequisite
for the successful functioning of permeable structures. Assessing the performance of a certain design
to promote coastal accretion and restore mangrove habitat thus involves evaluating the impact of the
structure on the local sediment balance and thus on the changes in the landscape profile. This entails
assessing various morphodynamic processes and simulating the morphodynamic response of a coast-
line to the constructed permeable structures using a morphodynamic model, which is emphasized as
a vital stage in the design process of permeable structures by Gijón Mancheño (2022).

2.4.1. Function

permeable structures are designed to create sheltered areas with reduced flow velocities, turbidity and
wave impact, thereby facilitating the deposition of suspended sediments, as illustrated in Figure 2.7.
Inside these sheltered areas, during high tide, fine sediments can settle and deposit and are not re-
suspended by waves as the permeable structures mitigate the incoming wave energy. This prevents
the sediment from being transported seawards during the next tidal cycle, resulting in a net onshore
sediment flux (Wilms et al., 2021). Once the sedimentation rate exceeds the erosion rate, the bed
level rises and can be restored to the level that ensures an inundation-free period, meeting one of
the thresholds for successful mangrove seedling establishment (Figure 2.2, panel 1). In addition, the
sheltered areas formed behind the permeable structures further promote mangrove regeneration as
they are characterized by reduced wave and current forces, preventing the mangrove saplings from
being dislodged. This process meets another threshold of establishment (Figure 2.2, panel 2). In this
way, permeable structures aid in restoring the conditions required to provide windows of opportunity
for mangrove seedling establishment (Wilms et al., 2021).

Figure 2.7: Schematic representation of the functioning of permeable structures (Gijón Mancheño, 2022)

Permeable structures generate resistance (drag) forces that hinder incoming currents (Nepf, 1999),
causing them to deflect towards areas that experience less resistance. With respect to waves, per-
meable structures cause incoming waves to reflect at the front of the structures, and dissipate wave
energy as they propagate through them (Winterwerp et al., 2013). The amount of wave dissipation
caused by permeable structures is determined by the drag forces acting on the structures, which are
often expressed using an empirical bulk drag coefficient. The value of this coefficient varies with the
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structure’s geometric characteristics (surface roughness, cross-sectional shape, height relative to wa-
ter depth), and with the type of flow, typically classified as either viscous or turbulent (Gijón Mancheño,
2022). The performance of permeable structures is thus predominantly controlled by the range of ad-
justable factors within a given design (design variables), that collectively result in a specific level of wave
dissipation and the creation of sheltered areas characterized by reduced flow velocity and turbulence.

2.4.2. Design

Various structural designs of permeable structures have been implemented in pilot projects around
the world, usually constructed from bamboo and brushwood (Winterwerp et al., 2013). Typically the
structures are composed of two or more rows of bamboo poles perpendicular to the direction of wave
propagation, frequently accompanied by horizontal poles or filled with brushwood (Gijón Mancheño
et al., 2021). The employment of permeable structures may be considered low-tech, but it does require
a sophisticated design founded on a comprehensive understanding of biophysical processes and man-
grove ecology. It also requires continuous monitoring and an adaptive management and maintenance
strategy (learning by doing) (Wilms et al., 2021).

Designing permeable structures as a solution for a specific location requires addressing a spatial de-
sign, a structural design of the permeable structures at an individual level, and considerations of socio-
economic aspects, such as stakeholder mapping and continuous engagement. To ensure the effective-
ness of designing and deploying permeable structures, they should be integrated into a comprehensive
coastal zone management plan, and must be supported by policy and planning authorities. The active
involvement of local governance entities is pivotal in guaranteeing successful implementation. More-
over, community engagement is imperative across the entire project cycle, encompassing training,
preparation, planning, procurement, construction, monitoring, and maintenance (Wilms et al., 2021).

At both landscape level (spatial design) and individual level (structural design), the design of permeable
structures needs to fulfil several functional requirements as well as structural requirements regarding
stability. Functional requirements are primarily linked to the specific target mangrove species and
target coastline, which, in turn, are related to the purpose for which mangroves need to be rehabilitated.
Structural requirements are more closely associated with the timescale at which mangroves need to be
rehabilitated and the intended lifespan of the structures. These, in turn, are also related to the purpose
for which mangrove habitat needs to be restored.

Spatial design

At a landscape level, permeable structures should restore the natural sediment balance by creating
conditions that promote sedimentation, and ensure that more sediment is deposited on the coast than
is eroded. When designing permeable structures at a landscape level, factors such as the offshore
bathymetry, morphodynamics, hydrology and long-time development of the coastline should be taken
into account and mapped out, as they influence the positioning of the structures relative to the coastline
and their spatial configuration.

Generally, permeable structures should be oriented perpendicular to the direction of the incoming wave
propagation. The distance from the shoreline where the permeable structures should be constructed is
determined by the desired location of the mangrove-mud coastline, also referred to as the target coast-
line, and depends on the local bathymetry, morphodynamics and hydrology, with the tidal range being
the most influential. When multiple adjacent structures are required, the width of the gap between two
structures is dependent on the tidal prism and the prevailing wave conditions. The gap’s dimensions
should be able to facilitate unrestricted tidal flow behind the permeable structure, while simultaneously
preventing waves from entering and stirring up the sediment behind it. Constructing multiple consecu-
tive rows of permeable structures at once is discouraged due to sediment source limitations within the
coastal zone. The sediment may quickly settle behind the initial structure, leading to potential waterlog-
ging and preventing sediment transport to the rear structures, and subsequently towards the coastline
(Wilms et al., 2021).
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Structural design

At an individual level, the following functional and structural requirements must be considered (Wilms
et al., 2021):

• The structures should effectively dissipate wave energy so that the significant wave height de-
creases as waves pass through them, and create sheltered areas behind them with reduced
orbital velocities and turbulence;

• The permeability of the structures should be sufficient to allow suspended sediments to flow
through, thereby increasing the amount of sediment entering the sheltered area, promoting sedi-
ment settlement, accumulation and consolidation;

• The wave reflection caused by the structures should be limited so that erosion at the base of the
structure (scour) is avoided and structural collapse is prevented;

• The structures should be robust enough to stay in place for a period at least as long as the sum
of the estimated sediment accretion rate (2 to 5 years) and the rate of mangrove recovery (3 to 5
years), to allow sufficient time for the mangroves to regenerate and recover.

The core of the structural design process lies in determining the structural configuration, and in determin-
ing the materials and dimensions for each individual component within that specific configuration. The
primary components of permeable structures comprise vertical poles, fill material, horizontal beams,
and wires and/or nets (Wilms et al., 2021). A common practice consists of a combination of vertical
bamboo poles and a filling of brushwood. These structures, however, require replacement of their
brushwood filling once or twice per year, due to its rapid degradation under wave action. Permeable
structures constructed solely from bamboo poles (solely vertical poles or in combination with horizontal
beams) represent alternative designs that demand lower maintenance efforts (Gijón Mancheño, 2022).

Stability

The design of permeable structures, thus, involves considering various factors to ensure their stability
as well. These factors include structural stability, susceptibility to scouring, the risk of tipping over, and
the potential threat of shipworm, which can weaken submerged materials over time (Winterwerp et al.,
2020). Structures built in deeper waters are particularly vulnerable to shipworm damage, highlighting
the importance of addressing this issue in design considerations (Winterwerp et al., 2020). Measures
such as wrapping natural poles with protective materials and regularly refilling brushwood structures
could provide solutions to mitigate degradation and maintain effectiveness (Wilms et al., 2021). More-
over, as submerged structures may face decay over time, an effective monitoring and adaptive main-
tenance strategy is required in order to ensure the long-term functionality and resilience of these per-
meable structures. Adaptive management involves conducting field measurements, modeling, data
analyses, evaluation, and, subsequently, design optimization (Winterwerp et al., 2020). Overall, inte-
grating considerations concerning structural stability into the design process is crucial for ensuring the
long-term functionality and resilience of these permeable structures.



3 Study area
This chapter describes the characteristics of the area of the case study: the Demak coastal system in
Indonesia. It provides details about its geographical location, site characteristics such as meteorology,
hydrodynamics, and morphodynamics. Additionally, it delves into the severe coastal erosion that the
region is experiencing.

3.1. Geographical location

The study area of this research is the Demak coastal system, as depicted in Figure 3.1, where previous
research and a pilot project on the application of temporary permeable structures to rehabilitate man-
groves have been conducted (see Ecoshape, 2015; Gijón Mancheño, 2022; Tas, 2022; Van Bijsterveldt,
2023). Demak, located in Central Java, Indonesia, lies along the northwest coast of the Java Sea, bor-
dered by Semarang to the southwest and theWulanDelta to the northeast. The coastal region of Demak
forms part of the Java Sea, enclosed by Kalimantan to the north and Sumatra to the west, resulting in a
shallow, protected basin. With its equatorial position, the area experiences a tropical monsoon climate
(Tas et al., 2020). Additionally, the region experiences significant land subsidence and mangrove de-
pletion, which has resulted in coastal erosion rates of up to 215 meters per year (Luijendijk et al., 2018).

Demak

(a)

Demak

(b)

Wulan Delta

Semarang

Demak

(c)

Timbulsloko

(d)

Figure 3.1: Geographical location of the study area at various spatial scales: a) the Indonesian archipelago, b) the island of
Java, c) the coastal system of Demak, and d) the intertidal basins of Timbulsloko
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3.2. Site characteristics

This section provides detailed information on the meteorological, hydrodynamic, and morphodynamic
characteristics of the Demak coastal area.

3.2.1. Meteorology

The study area, situated within the tropics, experiences a seasonally reversingmonsoon climate. Within
this climate two distinct seasons can be identified: the northwest monsoon (NW), which occurs from De-
cember to March, and the southeast monsoon (SE), which spans from April to October. The northwest
monsoon prevails from October to April, bringing strong westerly winds and increased rainfall over the
Java Sea, marking the wet season, with peak intensity typically observed from December to February.
In April, the equatorial trough moves upwards, bringing southerly winds and marking the start of the dry
season. By July and August, the southeast monsoon is fully formed, characterized by calm weather
(Tas, 2022). These prevailing wind directions are shown in Figure 3.2.

Figure 3.2: Probability density function of wind direction throughout the year (dark green), and the two monsoon seasons (NW
and SE) individually (lighter green lines). Blue dashed lines indicate the primary directions of the two monsoon seasons (NW

and SE) and the direction of the sea breeze peak (Tas, 2022)

3.2.2. Hydrodynamics

Waves

The coastal wave climate near Demak is characterized by seasonal changes, largely influenced by
the monsoons. During the SE monsoon, gentle waves prevail due to offshore winds, whereas the NW
monsoon brings stronger waves from the NW direction, often reaching heights of up to 2.5 meters with
a period of approximately 5.5 seconds (Smits, 2016). Near the Demak coastline, average wave heights
of 0.5 meters have been recorded (Deltares, 2020).

River discharge

The primary source of freshwater discharge in the study area originates from the Wulan River. Sea-
sonal rainfall patterns in the region serve as a key indicator for the Wulan River’s discharge distribution.
Records from the Klambu Station, located 48.63 km south of the river mouth, indicate a maximum
discharge of 350 m3/s into the Wulan River. During the wet season (October to May), the average
discharge from Klambu Station is 138.18 m3/s, whereas it reduces to 31.6 m3/s during the dry season
(Fadlillah et al., 2019). However, due to its distance from the river mouth, Klambu Station does not ac-
curately provide the distribution of discharge along the coastline. A measurement station closer to the
coast, recorded an average discharge of 132.95 m3/s during the wet season and 63.14 m3/s during the
dry season in 2016. The discharge from the Wulan River also carries sediment, making a significant
contribution to the sedimentation of the local coastline. However, reports from local communities sug-
gest a decline in sediment supply from the river due to agricultural and urban development upstream,
contributing to a reduction in sediment budget and shoreline retreat in the area (Bisschop, 2023).
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Tide

The tidal regime at Demak is characterized by a prominent diurnal component along with a smaller semi-
diurnal component. Measurements from a tidal station in Semarang City indicate that under normal
conditions, tidal ranges range from 0.4 to 0.6 meters, but during spring tide, this range can extend up
to 1 meter. According to the form factor of 1.72, as identified by Tas (2022), the tide demonstrates
a mixed diurnal pattern, resulting in an irregular periodicity (Smits, 2016) and classifying it as micro-
tidal. Near the coastline, the tidal currents near the coastline predominantly flow perpendicular to the
shore due to shallow water depths (Tas, 2022). Water levels measured at the Semarang IHO station
throughout 2010 are depicted in Figure 3.3.

Figure 3.3: Water levels recorded at the Semarang IHO station, retrieved from Delft DashBoard (Bisschop, 2023)

Currents

The broader oceanic circulation near Demak is largely influenced by large-scale wind patterns and
undergoes seasonal variations driven by the monsoon (Smits, 2016). During the NW monsoon and
transitional months (October to April), currents are directed eastward along the coast, accompanied
by significant freshwater discharge from rainfall, inducing gravitational circulation that retains fine sed-
iments near the shore. Conversely, the SE monsoon drives residual currents westward, resulting in
minimal sediment transport near the coast (Bisschop, 2023). Nearshore currents flow primarily from
northeast to southwest but have minimal impact on sediment transport due to their limited strength.
Wave-induced currents are negligible due to the mild foreshore slopes leading to low wave energy
(Smits, 2016).

3.2.3. Morphodynamics

Bathymetry

The Demak coastal zone exhibits very shallow characteristics, with slopes of about 1:1000 extending
for about 1 km (Smits, 2016), typical for mud-mangrove coasts (Winterwerp et al., 2020). Beyond this
point, the slope increases to around 1:500 (Smits, 2016). At locations experiencing erosion, steeper
concave-shaped foreshores with slopes of approximately 1:600 have been observed (Deltares, 2020).
Sediment deposition at the mouth of the Wulan River can result in the formation of cheniers, which are
narrow sand lenses, under wave action (Tas et al., 2020). These cheniers may influence wave breaking
patterns, potentially leading to sedimentation and stabilization of eroding coastlines (Tas, 2022).

Sediment characteristics

The sediment composition in the area is mainly muddy (80%) with some sandy (20%) content, exhibit-
ing spatial variations (BioManCo, 2018). A research conducted by Van Domburg (2018) provided an
analysis of sediment grain sizes along two distinct transects in the Demak coastal region, one expe-
riencing accretion and the other undergoing erosion, which is illustrated in Figure 3.4. The accreting
transect is marked by the presence of a chenier and vegetation between the chenier and coastline.
Grain size data for both transects are presented in Table 3.1. The analysis reveals that the eroding
transect contains coarser sediment (D50 of 24 µm) compared to the finer sediment (D50 of 12 µm) in
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the accreting transect, except for location A3 at the chenier. Smaller grain sizes are observed near the
shoreline in both transects, transitioning to a muddier composition.

Figure 3.4: Schematic representation of experimental set-up (Van Domburg, 2018)

Location D50 [µm] Location D50 [µm]
A1 13.94 E1 24.54
A2 12.47 E2 32.95
A3 145.22 E3 57.61
A5 10.68 E4 9.95
A6 27.05 E5 7.00
A7 7.35 E6 9.59
A8 7.28
A9 6.42

Table 3.1: Grain size data along both transects

According to the analysis of Van Domburg (2018), the chenier in the accreting transect primarily consists
of sandy sediment (D50 of 145 µm), while on the other hand Tas (2022) suggests that the bed mainly
comprises mud with a minor fraction of sand, featuring a D50 of 235 µm at the cheniers. Furthermore,
at the locations in the coastal region where permeable structures have been deployed as part of the
pilot project, positioned approximately 100 to 200 meters from the mangrove fringe, sediment sizes
of around D50 57.61 µm are detected. Furthermore, laboratory experiments conducted by BioManCo
(2018) showed that muddy sediments in the area exhibit a dry bulk density of 585 kg/m3, indicative of
light sandy mud. This type of sediment has a critical bed shear stress for erosion ranging from 0.15
to 0.25 N/m2. Conversely, a sand sample collected from the same area displays a dry bulk density of
1080 kg/m3, resulting in a critical bed shear stress falling between 0.4 and 1.5 N/m2 (Mitchener & Torfs,
1996).
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3.2.4. Mangroves

Five mangrove species are identified in the Demak area, with Avicennia marina (grey or white man-
groves) and Rhizophora mucronata (red mangroves) dominating the mangrove population (Ecoshape,
2015). Avicennia marina pioneers intertidal regions above MSL, while Rhizophora mucronata is pri-
marily found along river banks (Verschure, 2012). (BioManCo, 2018) found that Avicennia marina pri-
marily establishes during the southeast monsoon period, between April and August, while the pioneer
mangrove species, Avicennia alba, predominantly establishes during the northwest monsoon period.
Furthermore, a research conducted by Van Bijsterveldt et al. (2022) discovered that Rhizophora mu-
cronata exhibits higher survival rates (67%) but slower growth, whereas Avicennia marina shows lower
survival (21%) but significantly faster growth.

3.3. Coastal erosion

The Demak coastal region, including Semarang City, is experiencing substantial coastal erosion. Prase-
tyo et al. (2019) reported increasing absolute sea levels, contributing to significant coastline retreat in
recent years. However, primary contributors to this coastal erosion are local land subsidence resulting
from groundwater extraction, natural consolidation, and construction activities. Over the years, various
regions have experienced subsidence at annual rates ranging from 20 to 200 cm (Marfai & King, 2007).
In addition, human interventions, such as mangrove forest removal for shrimp ponds, have led to a dis-
ruption of the sediment budget within the coastal system, exacerbating this coastal erosion (Ecoshape,
2015; Winterwerp et al., 2014).

Figure 3.5: Coastal erosion at Demak measured from 2003 to 2013 (Winterwerp et al., 2014)

Coastal erosion and the increased flooding risks in the region have displaced thousands of people,
causing significant economic losses (Winterwerp et al., 2016). Mitigation efforts, including dikes and
sea walls, have been implemented but have proven ineffective and, in some cases, worsened erosion
by blocking sediment transport (Marfai, 2011; Winterwerp et al., 2013). Mangrove planting initiatives in
the area, aimed at halting erosion, have also been unsuccessful due to inadequate sediment conditions
(Marfai, 2011). Despite these efforts, erosion remains a significant issue, which is exacerbated during
the wet season when strong winds and high waves further degrade the coastline (Ecoshape, 2015).



4 Modelling
This chapter provides detailed information about the numerical, process-based model employed in this
study. It includes an explanation of the model type employed, the model set-up, and descriptions of
the various scenarios simulated within the model. Furthermore, it expands on the method of analyzing
the model outputs.

4.1. Delft3D

Delft3D serves as a 2DH or 3D computer software for simulating flows, sediment transports, waves,
water quality, morphological developments and ecology in river, estuarine, or coastal environments. It
accommodates simulations across various timescales, from short-term storm impacts to long-term sys-
tem dynamics (Deltares, 2023). Different versions of the Delft3D software suite are available, including
Delft3D-4 and Delft3D-FM. Delft3D-4 employs a structured grid for numerical simulation of system pro-
cesses. A structured grid is characterized by orderly grid cells arranged in a three-dimensional array,
facilitating easy identification and labeling of individual elements. In contrast, an unstructured grid al-
lows grid cells to be connected in various configurations, which is the case in the Delft3D-FM suite. In
this study the Delft3D-4 suite is utilized.

Comprising multiple modules interconnected via a mutual interface, Delft3D’s core components include
the FLOW and WAVE modules, which simulate flow and wave generation and propagation, respec-
tively. The WAVE module employs the SWAN (Simulating Waves Nearshore) model to replicate the
development of irregular, short-crested waves generated by wind (Deltares, 2023). The FLOWmodule
is a multi-dimensional (2DH or 3D) hydrodynamic and transport simulation tool, calculating non-steady
flow and transport phenomena driven by tidal and meteorological forces. This module is also capable
of simulating flows driven by variations in salinity and temperature, integrating factors such as river
discharges and heat flux models. Additionally, it can compute sediment transportation and consequent
changes in morphology. Both waves and currents can be incorporated as driving forces within this
module (Online Delft3D-WAVE coupling) and the module offers a selection of various transport formu-
lae (Deltares, 2023). The dynamic feedback between the WAVE and FLOW modules is crucial as it
enables the flows and waves to adapt to the local bathymetry. Nonetheless, this study excludes mor-
phological alterations to maintain computational efficiency, resulting in fixed bed levels over time. Thus,
a morphostatic model within the Delft3D-4 suite is utilized.

4.2. Model set-up

The nested model, as set up by Thillaigovindarasu (2023), conducted simulations in uncoupled mode,
wherein the FLOW and WAVE modules are not coupled, and thus, the influence of waves on the flow
and vice versa is not considered. However, by incorporating the interaction between waves and flow,
a more accurate representation of the hydrodynamic behavior of a coastal system can be achieved.
Therefore, a coupled version of the model is configured to account for the interaction between waves
and currents. The following sections provide additional information about the model set-up.

4.2.1. Domain

The domain of the model consists of two grids: one covering a larger-scale area across the Demak
coastal system with lower resolution, and another smaller grid with higher resolution nested within
the larger model, focusing on a region closer to the coast where permeable structures have been
implemented to rehabilitate mangroves. The larger model domain, outlined by Bisschop (2023), spans
from theWulan Delta in the north to Semarang City in the south, covering an area of 50 by 23 kilometers
at approximately -6.9 degrees latitude. Grid cells within this model are set at dimensions of 333 meters
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by 333 meters. Vertically, the model employs a σ-grid with 14 layers, each layer progressively thicker
towards the surface and bottom, ranging from 2% thickness at both ends. This configuration results
in layer thicknesses of [2, 3, 4, 6, 8, 11, 16, 16, 11, 8, 6, 4, 3, 2]% respectively. This variation in
layer thickness is designed to accurately capture the logarithmic velocity profile across the horizontal
plane and accommodate wind effects, which is the significant driving force of flow. The nested model
domain, outlined by Thillaigovindarasu (2023), encompasses the intertidal region adjacent to Timbulsko,
covering an area of 10 by 10 kilometers. The grid cells within this model exhibit variable sizes, with
cells initially set at 100 by 100 meters around the periphery, gradually refining to 33 by 33 meters within
the area of interest - around the vicinity of the permeable structures - to provide enhanced resolution
of local processes. Similar to the larger model, the nested model utilizes a vertical σ-grid comprising
14 layers.

Figure 4.1: Domains of the larger-scale model as well as the nested model grid, with the boundaries of the nested model 1) the
South boundary, 2) the offshore boundary, and 3) the North boundary (Thillaigovindarasu, 2023)

4.2.2. Time frame

Permeable structures are designed to facilitate sedimentation and elevate the bed level to the required
elevation for mangrove rehabilitation. Even under extreme conditions, these structures must be able
to maintain bed shear stresses below the threshold value for erosion to prevent sediment from being
stirred up and potentially being transported. This study, therefore, focuses on the performance of per-
meable structures under extreme conditions. Furthermore, coupling the WAVE and FLOW modules
within the updated configuration of the model increases computational load. Thus, to maintain rea-
sonable computational times, careful selection of the time frame to simulate over is essential. Given
that the coastal system of Demak exhibits an episodic morphodynamic response, and considering the
study’s focus on evaluating the performance of permeable structures under extreme conditions, the sim-
ulation period is selected to encompass a single representative tidal cycle during the stormy season.
The chosen representative tidal cycle falls within the month of January, coinciding with the dominance
of the NW monsoon (wet season) (Tas, 2022). This monsoon period is marked by onshore winds and
increased wave activity, leading to increased bed shear stresses. A timestep of 1.5 minutes is selected
for the overall model, while a finer timestep of 0.5 minutes is used for the nested model due to the
Courant limitation.

4.2.3. Bathymetry

The underwater topography for the larger grid model was initially sourced from Bisschop (2023), based
on the General Bathymetric Chart of the Oceans (GEBCO’08) dataset obtained from the Delft dash-
board. Corrections and extensions were made as necessary, incorporating additional control contours
and sounding point data provided by (Thillaigovindarasu, 2023). For the nested model, the bathymetry
was constructed using a combination of the GEBCO dataset for offshore areas and field measurements
conducted by Deltares (2020) in the intertidal region. To ensure seamless integration of the datasets,
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QUICKIN was utilized to smooth any abrupt transitions resulting from their combination (Thillaigovin-
darasu, 2023). The bathymetry of the larger grid model is shown in Figure 4.2a, and that of the nested
model is shown in Figure 4.2b. The bathymetry in the vicinity of the implemented structures is depicted
in Figure 4.2c.

Wulan Delta

Semarang

(a)

Timbulsloko

(b)

(c)

Figure 4.2: Bathymetry of a) the larger-scale model, b) the nested model, and c) the area surrounding the permeable structures

4.2.4. River discharge

TheWulan river experiences discharge fluctuations throughout the year, which are significantly between
the wet season and dry season. In 2016, near the river mouth, the mean discharge during the wet
season was recorded at 132.96 m3/s (Bisschop, 2023). This value is utilized as a boundary condition
for the river and is incorporated into the model, as the simulation period encompasses a tidal cycle
within the month of January.

4.2.5. Tide

The tidal regime in the study area exhibits a mixed nature, primarily diurnal with a minor semi-diurnal
component, influenced by spring-neap variations (Tas, 2022). The tidal signal is imposed as the open
boundary condition in the overall model, incorporating astronomic components. These components
are sourced from a global tidal model and divided into smaller sections to address tidal phase lag
(Bisschop, 2023). In the nested model, tidal boundary conditions are applied as a time-series of water
levels derived from the overall model’s results (Thillaigovindarasu, 2023).
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4.2.6. Currents

The nested model utilizes currents from each of the 14 vertical layers of the overall model as its bound-
ary conditions. This approach allows for increased control over the magnitude and direction of currents
near the boundaries (Thillaigovindarasu, 2023).

4.2.7. Wind

In the Demak region, winds vary in direction and strength depending on the prevailing seasons. During
the NW monsoon season, winds typically blow offshore from the WNW, while during the SE monsoon
season, they tend to blow onshore from the ESE (Tas, 2022). To simplify the model, a constant wind
speed of 4.4 m/s originating from 292.5 degrees is applied witin the model, representing the wet season
conditions (Smits, 2016).

4.2.8. Waves

Waves are assumed to approach the shoreline from the NW direction, with a spreading angle of 15
degrees and a significant height of 0.7 meters, corresponding to the conditions of the wet season (Smits,
2016). The model accounts for depth-induced breaking and bottom friction, incorporating wind growth
and white-capping processes. As the FLOW and WAVE modules are coupled, waves and currents
update each other within the simulations.

4.2.9. Physical parameters

In both the larger-scale and nested models, a uniform bottom roughness coefficient, calculated using
the Manning formula, is applied, set at a value of 0.012 s/m1/3. Near the open boundaries offshore,
the horizontal eddy viscosity and diffusivity exhibit higher values, reaching 10 and 7 m2/s respectively,
compared to the rest of the domain in the larger-scale model. This adjustment is made to prevent
undesired circulatory currents near the boundaries. The initial viscosity for the nested model matches
that of the overall model, set at 1 m2/s (Thillaigovindarasu, 2023).

4.2.10. Permeable structures

The positions of the structures implemented in the model are shown in Figure 4.2c relative to the
bathymetry of the nested model and are schematically represented in Figure 4.3. Within the FLOW
module of the model, permeable structures are represented by porous plates. These plates are es-
sentially partially permeable barriers inserted into the flow, oriented along one of the grid axes and
extending across specific or all layers vertically (Deltares, 2023). The porosity of the plate is controlled
by a resistance coefficient. The resistance coefficient values (ranging from 10 to 20, depending on the
location of the structure) were determined to effectively reduce current velocities passing through them.
This reduction pushes the flow to preferentially navigate between the structures rather than through
them (Thillaigovindarasu, 2023). Specific resistance coefficient values assigned to different porous
plates can be found in Table 4.1. Additional characteristics related to the structural configurations of
the various structures implemented in the model are provided in Table 4.2.

Porous plate 1 2 3 4 5 6
Resistance coefficient [-] 15 10 20 10 10 10

Table 4.1: Resistance coefficient values of the various porous plates implemented in the Delft3D model

Within theWAVEmodule, permeable structures, implemented at the same locations as within the FLOW
module, were simulated using sheet-type obstacles characterized by a reflection coefficient of zero and
a constant transmission coefficient. The specific value for the transmission coefficient was derived from
the work of Gijón Mancheño (2022), which modelled wave transformation through permeable structures
using data from the study area. For storm waves, it was assumed that approximately 60% of the wave
energy would transmit through the structures. With an incoming wave height of 0.13 meters, a height
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of about 0.08 meters was observed behind a permeable structure, leading to a transmission coefficient
of 0.6 (Thillaigovindarasu, 2023).

1

2
3
4

5
6

Figure 4.3: Location of the three sets of structures as implemented in the Delft3D model

Structure length Gap width Water depth Distance to mangrove fringe Number of rows
1&2 231 m & 198 m 33 m 0.25 m MSL - 1 row
3&4 99 m & 99 m 33 m -0.07 m MSL 33 m 1 row
5&6 99 m & 99 m 33 m 0.19 m MSL - 1 row

Table 4.2: Structural configurations of the structures sets as implemented in the baseline scenario with structures

4.3. Modelling scenarios

To analyze the influence of various design variables on the effectiveness of permeable structures in
reducing bed shear stress behind them, multiple scenarios with different structural configurations are
simulated in the Delft3D model. As mentioned in the previous section, three sets of permeable struc-
tures were implemented at different locations within the model set up by Thillaigovindarasu (2023), as
depicted in Figure 4.3. These structural configurations are taken as the baseline scenario with struc-
tures within this research. Moreover, a baseline scenario without the presence of structures is employed
to compare each scenario with a certain structural configuration to the situation without the presence
of structures. To account for potential dependence on structure location within the coastal system, the
influence of the various design variables on the performance of each set of permeable structures is
analyzed separately. Thus, to analyze the impact of each design variable on the performance of each
set of structures independently, within each scenario, only one design variable within the structural
configuration - either structure length, distance of placement from the mangrove fringe, gap width in
between the structures, or the number of rows of structures placed behind each other - is altered for
only one set of structures, so either for structure set 1&2, or 3&4, or 5&6. The other sets of structures
then have the same structural configuration as the baseline scenario, as established by Thillaigovin-
darasu (2023). For each design variable, multiple values are tested, resulting in multiple scenarios per
design variable for each set of structures being simulated. Analysis of the influence of the distance of
placement from the mangrove fringe on the performance of structures is, however, conducted solely
for structures 3&4, as these are the only structures clearly positioned in front of a mangrove fringe. The
values tested for each design variable are stated in Table 4.3 to 4.6, for each set of structures.
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Structure length [m]
1&2 231 & 198 297 & 264 165 & 132 99 & 66
3&4 99 & 99 165 & 165 132 & 132 99 & 99
5&6 99 & 99 165 & 165 132 & 132 99 & 99

Table 4.3: Values of structure length for each set of structures that are tested

Gap width [m]
1&2 33 66 99
3&4 33 66 99
5&6 33 66 99

Table 4.4: Values of gap width in between each set of structures that are tested

Distance of placement [m]
1&2 - - - - - - -
3&4 33; -0.07 66; -0.05 99;-0.01 132; 0.04 165; 0.23 198; 0.21 231; 0.27
5&6 - - - - - - -

Table 4.5: Values of distance of placement of structures to the mangrove fringe, including the associated water depth at that
location in meters relative to MSL, that are tested

Number of rows [-]
1&2 1 row 2 rows, 33 m 2 rows, 66 m 3 rows, 33 m 3 rows, 66 m
3&4 1 row 2 rows, 33 m 2 rows, 66 m 3 rows, 33 m 3 rows, 66 m
5&6 1 row 2 rows, 33 m 2 rows, 66 m 3 rows, 33 m 3 rows, 66 m

Table 4.6: Values of number of rows of structures placed behind each other, including varying distances in between the rows of
structures, for each set of structures that are tested

4.4. Model output analysis

First, a detailed analysis is conducted on the model outputs of both the baseline scenarios - with and
without structures - to investigate the influence of permeable structures at a broader scale, focusing
on wave dissipation and current deflection induced by these structures, followed by an examination of
their impact on bed shear stresses. The model outputs related to the bed shear stresses include the
maximum bed shear stresses, as it is crucial that the maximum bed shear stresses are reduced by the
permeable structures to below the critical threshold value for erosion to prevent erosion and allow for
potential sedimentation to occur - as permeable structures are intended to facilitate sedimentation and
an increase in bed level to the required bed level elevation for mangrove rehabilitation.

The influence of the various design variables on the performance of permeable structures in reducing
the bed shear stresses behind them is, subsequently, analyzed by comparing the maximum bed shear
stresses of each scenario, representing the different structural configurations, to the maximum bed
shear stresses of the baseline scenario with structures. In this analysis, the impact of a design variable
on the performance of structures in reducing bed shear stress is expressed through two parameters:
1) the magnitude of the decrease in bed shear stress across the area behind the structures, and 2)
the spatial extent of the effect of permeable structures in reducing bed shear stresses. The magnitude
of the decrease in bed shear stress is defined as the spatially averaged maximum bed shear stress
over the area behind the structures where bed shear stresses are reduced, compared to the baseline
scenario without structures. The spatial extent of the effect is defined as the size of the area where the
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maximum bed shear stresses are below the threshold value of erosion. In the vicinity of the structures,
sediment sizes of aroundD50 57.61 µm are detected, indicating light sandy mud (Van Domburg, 2018).
An associated critical bed shear stress for erosion of 0.25 N/m2 is assumed in this context (Mitchener
& Torfs, 1996).



5 Results
This chapter expands upon the findings derived from both the extensive literature review and the
Delft3D modeling research. Section 5.1 delves into the conceptual framework, illustrating the ecolog-
ical and engineering variables pertinent to the design of permeable structures aimed at rehabilitating
mangrove habitat. Following this, section 5.2 outlines the essential steps in the design process of these
permeable structures, constituting a design guideline. Lastly, section 5.3 highlights the primary results
obtained from the Delft3D modeling research.

5.1. Conceptual framework

This section presents a conceptual framework illustrating the ecological and engineering variables im-
portant in the design of permeable structures aimed at rehabilitating mangroves along eroding coast-
lines through morphodynamic restoration. This conceptual framework arises from the extensive litera-
ture review in the fields of mangrove ecology, mangrove-mud coast dynamics, mangrove rehabilitation,
and permeable structures. The conclusions drawn from the literature review resulted in a set of vari-
ables that are categorized into biological, hydrodynamic, morphodynamic, and design variables, as
indicated by the colored circles in Figure 5.1. These variables are further elaborated upon in sections
5.1.1 to 5.1.4, respectively. Section 5.1.5 provides an elaboration of the interplay among the various
variables and enlightens the relevant processes that arise from these interactions that should be con-
sidered within the design process of permeable structures.

5.1.1. Biological variables

Two biological variables stand out as crucial factors in the design of permeable structures aimed at
rehabilitating mangrove habitat: the mangrove species to be rehabilitated and the availability of propag-
ules. The colonization of mangroves at a particular location or the seaward expansion of mangrove
habitat only takes place when a sequence of favourable conditions follow each other, offering win-
dows of opportunity for mangrove seedlings to establish and to grow into young, reproductive trees
(Balke et al., 2011), as illustrated in Figure 2.2. Each mangrove species, however, has distinct pref-
erences regarding these favourable conditions, in other words specific threshold values, depending
on its species characteristics as well as on the biophysical conditions of their habitat (Van Loon et al.,
2016). The desired inundation-free period of a specific mangrove species, for instance, is determined
by the root extension rate of that specific mangrove species. This rate, consequently, dictates the re-
quired increase in bed level elevation that should be facilitated by permeable structures to restore the
required habitat conditions for the mangrove species to be rehabilitated. Understanding the ecology
of the mangrove species to be rehabilitated, which includes factors such as reproductive patterns and
propagule dispersal, along with its distinct threshold values concerning the windows of opportunity, is
therefore essential for the development of an effective design of permeable structures. As propagule
availability is the initial threshold for seedling establishment (Lewis, 2005) (Figure 2.2, panel 0), eval-
uating propagule availability is another critical aspect within the design process to ensure successful
mangrove rehabilitation.

5.1.2. Hydrodynamic variables

Waves, tides and currents are the primary hydrodynamic factors that must be considered within the
process of designing permeable structures, as these factors interact to shape the functional criteria for
the structures. Waves stir up fine sediments from the foreshore which are subsequently transported
onshore during rising tides (Winterwerp et al., 2013). As permeable structures are intended to facilitate
sedimentation in the sheltered areas behind them, and a subsequent increase in bed level elevation,
their design should dissipate the incoming wave energy to create sheltered areas that are able to facil-
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itate sediment settlement, while allowing for sediment to pass through, which can settle, accumulate,
and lead to an elevation increase in the bed level elevation. In addition, since freshwater inflow is a
prerequisite for the growth and survival of mangroves (Giri et al., 2010), evaluating and mapping the
freshwater sources within the restoration zone is vital to prevent potential obstruction by the structures.
Furthermore, it is essential to take into account a site’s susceptibility to relative sea level rise, such as
subsidence, during the initial design phase. In areas with relatively high local sea level rise and limited
sediment availability, the construction of permeable structures for morphodynamic mangrove habitat
restoration may not be feasible, as some rates of relative sea level rise could exceed the potential for
compensation through local sediment accretion (Gijón Mancheño, 2022). Examining local subsidence
rates before initiating the design process of permeable structures, therefore, is crucial to assess the
potential of permeable structures as a solution for the morphodynamic restoration of mangrove habitat
at a specific location, and thus to ensure the effective performance of these structures.

5.1.3. Morphodynamic variables

In the context of morphodynamics, factors such as bathymetry, bed sediment characteristics, sus-
pended sediment budget, and dynamic sediment processes like cheniers andmud streaming are crucial
considerations for designing permeable structures. Bathymetry plays a pivotal role as it influences the
interaction between sedimentation driven by tides and erosion induced by waves, thereby shaping the
morphodynamic response of mangrove-mud coastlines to restoration efforts (Winterwerp et al., 2013).
Furthermore, bed sediment characteristics such as grain size distribution and cohesion determine the
critical shear stress of the bed material and, as a result, they predominantly govern the bed material’s
ability to withstand hydrodynamic forces, with regards to erosion. These characteristics, along with
the prevailing hydrodynamic conditions at the restoration site, determine the functional requirements
of permeable structures. Specifically, they dictate the required degree of wave dissipation to create
conditions conducive to sedimentation within the sheltered areas behind the structures. As permeable
structures are intended to facilitate an increase in bed level elevation, a sufficient suspended sediment
budget is a crucial prerequisite for the effective operation of these permeable structures. Assessing the
magnitude and properties of the suspended sediment budget is therefore crucial in evaluating the po-
tential effectiveness of permeable structures as a solution, particularly concerning potential relative sea
level rise. Moreover, the presence of dynamic sediment features such as cheniers and mud streaming
must be assessed and mapped. Cheniers positively impact mangrove-mud coastlines by dissipating
incoming wave energy on their seaward side while simultaneously facilitating the accumulation of fine
sediments on their landward side (Tas, 2022). In coastal areas featuring (migrating) mud banks, mud
streaming stands as one of the primary driving mechanisms responsible for the transport of fine sedi-
ment towards the shore (Winterwerp et al., 2020). Like cheniers, mud streaming affects the dynamics
of mangrove-mud coasts and has the potential to contribute to coastal accretion. Consequently, these
features could contribute to the morphodynamic restoration of mangrove habitat. However, the pres-
ence of permeable structures could potentially interfere with or disrupt these dynamic features, reducing
their positive impact on the morphodynamic restoration of mangrove habitat. Therefore, considering
such features in the spatial design of permeable structures is essential.

5.1.4. Design variables

Permeable structures must be designed to meet both their functional requirements, such as effectively
dissipating the required amount of wave energy, and their requirements regarding structural stability
to ensure the structure doesn’t fail within its intended lifespan. The degree of variation in potential de-
signs, design alternatives, capable of meeting these requirements to achieve the defined rehabilitation
objective relies on the quantity of design variables that can be modified. With respect to the spatial
design of permeable, design variables include the location and orientation of placement of structures
with respect to the coastline, and the spatial configuration of these structures, including the width of
the opening in between multiple structures and the distance between multiple rows of structures. Con-
cerning the structural design, design variables encompass the choice of material for each individual
component and their respective dimensions, as well as the dimensions of the overall structural config-
uration, including parameters such as structure length and permeability. The selection of dimensions
and materials is primarily driven by the functional requirements that the permeable structures must
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meet while also ensuring structural stability. Ideally, materials should be locally sourced, durable, and
cost-effective (Wilms et al., 2021).

Figure 5.1: A conceptual framework illustrating the critical ecological and engineering variables, along with their interacting
processes, important in the design of permeable structures aimed rehabilitating mangroves through morphodynamic habitat

restoration

5.1.5. Interaction

The variables discussed in the preceding sections interact with each other, leading to specific pro-
cesses that must be considered during the design of permeable structures at a particular site. This
section provides an overview of these interactions and these specific processes, as indicated by the
black icons in Figure 5.1.

Permeable structures are designed and implemented to contribute to the morphodynamic restoration
of mangrove habitat by restoring the bed level elevation to the level that ensures the inundation-free pe-
riod required by mangrove seedlings, meeting one of the thresholds for successful mangrove seedling
establishment. These threshold values, associated with the windows of opportunity, are contingent
upon the mangrove species type and the biophysical conditions of their habitat, making them highly
site-specific. The necessary increase in bed level elevation facilitated by permeable structures at a
specific site depends on these distinct threshold values, which, in turn, are influenced by the mangrove
species targeted for rehabilitation and the biophysical conditions of the site’s natural system. Perme-
able structures can facilitate this rise in bed level elevation by dissipating wave energy and deflecting
currents, which results in sheltered areas with reduced flow velocities, turbidity, and decreased wave
impact. These conditions are conducive to the deposition of suspended sediments. The deposition
of suspended sediments within these areas, however, depends on the suspended sediment budget
within the natural system of the site. A prerequisite for the successful performance of permeable struc-
tures is, therefore, a sufficient sediment budget. Specifically, the suspended sediment budget must be
adequate to support sediment accretion rates that can outpace the rates of relative sea level rise, if
present in the rehabilitation area. Another prerequisite for the successful performance of permeable
structures in restoring mangrove habitat is the availability of a sufficient number of propagules in the
natural system, either through an existing mangrove fringe that enables propagule dispersal or via
aquatic connectivity to a nearby mangrove fringe. Besides these environmental factors, the perfor-
mance of permeable structures in elevating the bed level largely depends on its design meeting the
specific functional and structural requirements. Functional requirements primarily stem from the re-
quired restoration of bed level elevation, but also largely depend on the ecological, hydrodynamic and
morphodynamic characteristics specific to the natural system of the rehabilitation site. Together, these
factors determine the amount of wave dissipation that a specific permeable structure design should fa-
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cilitate, the required permeability that a certain structural configuration must have to allow for sufficient
sediments to pass through, and the spatial configuration of the permeable structures within the coastal
system to be optimally placed and to avoid interference with other ecosystem values. The placement of
permeable structures along the coastline should, for instance, consider existing creeks, as creeks play
a crucial role in the local ecosystem, serving as freshwater input, drainage channels, and pathways
for suspended sediments and mangrove seedlings. Hence, structures should not impede their natural
flow. Moreover, the spatial design of permeable structures should take into account the presence of
cheniers and (migrating) mud banks, as these features affect the dynamics of mangrove-mud coasts
and have the potential to contribute to coastal accretion, and consequently, to contribute to morphody-
namic restoration of mangrove habitat. In terms of spatial configuration, the width in between multiple
structures is determined by the tidal range and the prevailing wave conditions of a site. It must ensure
uninterrupted tidal flow in the sheltered area to promote sediment import, while preventing high waves
from stirring up sediments. Structural requirements are closely associated with the intended lifespan
of the structures. The structures must be robust enough to withstand the hydrodynamic forces exerted
by waves and currents, and should possess the resilience to endure throughout their intended lifespan,
which includes the ability to withstand various storms and high-energy events. Additionally, functional
and structural requirements interact, as an optimal design should minimize wave reflection to prevent
scour, while facilitating the required dissipation of wave energy to create the hydrodynamic conditions
necessary for sedimentation in the sheltered areas behind them.

5.2. Design guideline

This section presents a design guideline outlining the fundamental steps in the design process of per-
meable structures aimed at rehabilitating mangrove habitat at a certain location. This design guideline
is the result of the extensive literature review, incorporates the six ecological principles for ecological
mangrove restoration outlined by López-Portillo et al. (2017), and utilizes the Building with Nature five
step design approach as its foundational framework. As outlined in section 1.4, the steps within the
design guideline emerged from elaboration of the initial two steps of the BwN design approach, as
indicated by the black dashed square in Figure 5.2. These steps have been scrutinized in more de-
tail, leading to 1) a broader strategy for mangrove rehabilitation through habitat restoration and 2) a
specific design approach for permeable structures aimed at rehabilitating mangroves through morpho-
dynamic habitat restoration. The steps constituting the entire design guideline are outlined in Figure
5.3. Subsequent sections first discuss the steps constituting the broader general strategy for rehabili-
tating mangroves through habitat restoration, followed by the steps that focus more specifically on the
design of permeable structures aimed at morphodynamic restoration of mangrove habitat, as depicted
by the black dashed square in Figure 5.3.

1. Understand the natural system 
(physical, ecological, societal)

2. Identify alternatives that use or provide value for nature and humans

3. Evaluate each alternative to select an integral solution

4. Refine the selected solution

5. Prepare the solution for implementation

Figure 5.2: The five steps of the Building with Nature five step design approach: a design methodology aimed at developing
nature-based solutions that address societal needs in a manner that benefits both people and nature. The black dashed

square indicates the focus of this study concerning the development of a design guideline for permeable structures aimed at
rehabilitating mangroves.
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1. Understand the natural system 
(physical, ecological, societal)

1.1 Describe the components of the natural system of the site

Ecological system Physical system Societal system Historical context

1.2 Classify the geomorphic setting of the site

Dominant features Ecosystems Sediment classification Tidal regime

1.3 Determine the problem and root cause(s) of the problem

1.4 Develop a conceptual picture of the (future) landscape of the site

2. Identify alternatives that use or provide value for nature and humans

2.1a Determine the required restoration technique

Planting Hydrological Morphodynamic

2.2 Define the rehabilitation objective

Biodiversity Carbon sequestration Coastal protection

2.3 Define the rehabilitation target

Target mangrove species Target coastline

2.4 Specify the biophysical conditions required for natural 
regeneration of the target mangrove species (WoO)

Inundation-free period Hydrodynamics Morphodynamics

2.5 Define functional and structural requirements for the design 
of permeable structures

Functionality Stability Durability

2.6 Define design alternatives

Spatial design Structural design

2.1b Determine additional measures, if required

2.1 Shape the rehabilitation strategy

CHECKLIST

Figure 5.3: Design guideline for permeable structures aimed at rehabilitating mangroves through morphodynamic habitat
restoration. Steps 1.1 to 2.1 encompass the broader strategy for mangrove rehabilitation through habitat restoration, while
steps 2.2 to 2.6 constitute the specific design approach for permeable structures aimed at rehabilitating mangroves through

morphodynamic habitat restoration.
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Step 1. Understand the natural system (physical, ecological, societal)

Step 1.1 Describe the components of the natural system of the site

Goal: To assist in thoroughly understanding the natural system of the site in order to devise appropriate
interventions and/or solutions to the problems of the site within the context of a mangrove rehabilitation
strategy.

Elaboration: As prescribed by the Building with Nature design approach, the first step in developing a
mangrove rehabilitation strategy is to assess the natural system of the site in question. This natural sys-
tem comprises various components, including physical, ecological, and societal systems, all of which
need to be thoroughly mapped out (EcoShape, 2021). The physical characteristics of the site encom-
pass hydrology, morphology, and sediment transport processes. Based on available data and a gen-
eral understanding of coastal dynamics, a description of local sediment dynamics must be developed.
Particularly concerning the deployment of permeable structures, as a sufficient suspended sediment
budget is a crucial prerequisite for the effective operation of these structures (Gijón Mancheño, 2022).
Moreover, parameters such as tidal ranges, direction and magnitude of currents, wave characteristics,
coastal geometry, bathymetry, and sediment properties are essential within this assessment (Winter-
werp et al., 2020). The ecological system comprises biodiversity, habitats such as mangroves, coral
reefs and seagrass meadows, and ecological processes within the area. An integrated ecosystem-
based management is required within each mangrove rehabilitation initiative, like the deployment of
permeable structures, to ensure interventions do not interfere with or harm adjacent ecosystems (Fer-
reira et al., 2022). This involves identifying keystone species, sensitive habitats, and ecosystem ser-
vices provided by these natural environment. Assessing the societal system involves understanding
the interactions between the environment and human activities, as well as the social, cultural, and
economic dimensions of the site. This includes identifying stakeholders like governments, local com-
munities, NGOs, and businesses, and considering their interests, concerns, and values related to the
project. Understanding stakeholders’ roles and capacities in project planning ensures that the design is
socially inclusive, responsive to local needs, and aligned with broader development goals, enhancing
its sustainability and effectiveness (De Vriend and Van Koningsveld, 2012; EcoShape, 2021).

Additionally, following the ecological principles of mangrove restoration outlined by (López-Portillo et al.,
2017), the historical context of the area must be evaluated. This includes assessing any alterations
to the original coastline, catchment, and mangrove environment that may impede natural reestablish-
ment and regeneration of mangroves. Analyzing the historical changes in coastline position provides
insights into the site’s characteristics in terms of morphodynamic timescales and helps understand its
morphodynamic response to environmental changes, including climate change and relative sea level
rise, as well as (anthropogenic) interventions, such as coastal infrastructure like permeable structures.
Furthermore, it could offer insights into historical mangrove colonizations that were once prevalent in
the area but have since degraded or even disappeared entirely, shedding light on the potential causes
of this degradation or disappearance that need to be addressed through habitat restoration.

Supportive resources:

• Building with Nature. Thinking, acting and interacting differently. De Vriend, H.J. and Van Kon-
ingsveld, M. 2012

• Mangrove Forest Restoration and Rehabilitation. López-Portillo, J. et al. 2017
• Managing erosion of mangrove-mud coasts with permeable dams - lessons learned. Winterwerp,
J.C. et al. 2020

Step 1.2 Classify the geomorphic setting of the site

Goal: To assist in identifying the required ecological mangrove restoration technique, and thus in shap-
ing the rehabilitation strategy.

Elaboration: The geomorphic characteristics of mangrove ecosystems exhibit considerable variation
across tropical regions, influenced by factors such as suspended sediment availability and tidal ampli-
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tude. Enhancing the integration of geomorphic knowledge into site planning and design is expected to
boost the success rates of restoration efforts (Balke & Friess, 2015). According to Balke and Friess
(2015), the global distribution of mangroves can be categorized into three main types based on their
geomorphic characteristics: 1) minerogenic with high tidal ranges, 2) minerogenic with low tidal ranges,
and 3) organogenic with low tidal ranges. It is important to comprehend and categorize the geomorphic
context in which a specific restoration initiative is being implemented, considering the significant impact
of short- and long-term physical processes on the success of mangrove restoration efforts. Given the
suitability of different restoration approaches for each type of mangrove ecosystem, classifying the nat-
ural system’s environment of the site assists in identifying the most appropriate restoration technique,
and thus in shaping the rehabilitation strategy.

Supportive resources:

• Geomorphic knowledge for mangrove restoration: a pan-tropical categorization. Balke, T. and
Friess, D.A. 2015

Step 1.3 Determine the problem and root cause(s) of the problem

Goal: To identify the factors, considering both the biophysical and societal systems of the site, that
need to be addressed in order to restore the conditions required for mangrove habitat.

Elaboration: Identifying the problem, in this case mangrove degradation or loss, and subsequently the
root cause(s) of this problem, is a crucial step in the rehabilitation process (Lewis, 2005; López-Portillo
et al., 2017). If the root cause(s) of mangrove degradation and/or entire loss is not properly addressed,
any rehabilitation effort will be destined to fail. Within the process of identifying the problem, it is of
utmost importance to consider both the biophysical system and the societal system of the site in ques-
tion, as root causes may stem from both systems. As emphasized by Lewis (2005) and the EMR
principles developed by López-Portillo et al. (2017), the success of rehabilitation efforts relies on the
site’s suitability for mangrove regeneration and colonization processes. A site is considered suitable
mangrove habitat only if it can provide the windows of opportunity for successful seedling establish-
ment, as illustrated in Figure 2.2. This means that a site is only suitable if 1) the inundation frequency
is within the acceptable physiological range for the mangrove species located in the area or the target
mangrove species to be rehabilitated (Lewis, 2005), 2) the phase of the tidal cycle regularly facilitates
propagule settlement and anchorage, and 3) the sediment is compact enough to minimize mixing and
prevent heavy sheet erosion (Balke et al., 2011). If any condition is altered, for instance due to coastal
erosion or the damming of a river, disrupting the natural habitat of mangrove ecosystems and impeding
the required windows of opportunity, restoration of this condition is necessary to facilitate successful
seedling establishment and subsequent natural mangrove regeneration. However, mangrove degrada-
tion or loss could also result from the conversion of these forests by local communities into economic
land uses, such as aquaculture or wood harvesting, or a combination of both. For instance, mangroves
could be lost due to wood harvesting of these forests by local communities, which consequently results
in the loss of a natural buffer mitigating wave impact between the sea and land, leading to coastal ero-
sion. Coastal erosion could result in an inappropriate bed level elevation near the coastline, which is
not able to provide the inundation-free period that propagules need to successfully establish and grow
into young mangrove trees. If then, only the biophysical conditions of the site, in this case, the bed
level elevation, are restored, and no attention is paid to the fact that wood harvesting serves as a major
income to local communities inhabiting the area of the site in question, the rehabilitation effort will fail on
the long-term as these communities will continue wood harvesting again. Identifying the root cause(s)
of mangrove absence or degradation thus ensures that all factors that need to be addressed in order to
restore the conditions required for mangrove habitat at a site are considered, within the context of both
the biophysical system and the societal system. Furthermore, since the restoration of various biophys-
ical conditions demands different techniques, as illustrated in Figure 2.6 (Gijón Mancheño et al., 2021),
identifying the root cause of the problem facilitates the selection of the appropriate restoration tech-
nique to address the disturbed condition. This, in turn, assists in designing an effective and successful
mangrove rehabilitation strategy on the long-term. By using the information gathered from steps 1.1
and 1.2, thus by describing the components, outlining the historical development of the natural system,
and classifying the geomorphic setting of the site, the underlying cause(s) for the absence or degrada-
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tion of mangroves can be identified.

Supportive resources:

• Ecological engineering for successful management and restoration of mangrove forests. Lewis,
R.R. 2005

• Mangrove Forest Restoration and Rehabilitation. López-Portillo, J. et al. 2017

Step 1.4 Develop a conceptual picture of the (future) landscape of the site

Goal: To assist in identifying and mapping opportunities with regards to shaping the rehabilitation strat-
egy, including the selection of the appropriate restoration technique and the development of potentially
required additional measures.

Elaboration: Once the components and geomorphic setting of the site’s natural system have been de-
scribed, and the root cause(s) of the problem have been uncovered, developing a conceptual picture
of the landscape of the site, with respect to its problems as well as its potential, helps identify and map
opportunities that are mutually beneficial to both people and nature within the site’s natural system
(van Eekelen & Bouw, 2020). Through a comprehensive system analysis, a conceptual picture can be
developed to illustrate both the social and ecological benefits provided by the natural system, highlight-
ing its intrinsic values, potential, and opportunities for development. Additionally, mapping resource
flows within the natural system of the site can contribute to the development of sustainable solutions.
In this manner, landscape design can reveal opportunities for the future landscape of the site stemming
from the various services offered by the natural system, with respect to its deficiencies and/or problems.
Consequently, interventions can be devised to utilize the system’s ecosystem services, leading to in-
tegrated nature-based solutions (van Eekelen & Bouw, 2020). Figure 5.4 illustrates an example of a
conceptual picture of a landscape. It showcases the components of the natural system, along with
their intrinsic values and potential, maps out all the stakeholders involved along with their interests,
and highlights opportunities for interventions to meet societal demands while enhancing ecosystem re-
silience. Developing such a conceptual picture in the initial stages of a mangrove rehabilitation initiative
aids in identifying and designing appropriate solutions to address the problems of the site, utilizing the
ecosystem values of the site’s natural system while considering the various stakeholders and habitats
within the system. This ensures the (long-term) effectiveness of a rehabilitation effort.

Figure 5.4: Example of a conceptual picture illustrating the landscape of a site, along with its values and potential
(van Eekelen & Bouw, 2020)

Supportive resources:

• Design with Nature. McHarg, I.L. 1995
• Building with Nature. Thinking, acting and interacting differently. De Vriend, H.J. and Van Kon-
ingsveld, M. 2012
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• Building with Nature - Creating, implementing and upscaling Nature-based Solutions. Van Eeke-
len, E. and Bouw, M. 2020

Step 2. Identify alternatives that use or provide value for nature and humans

Step 2.1 Shape the rehabilitation strategy

Through a conceptual picture of the (future) landscape of the site in question, potential solutions to the
problems and opportunities for sustainable development that provide value for both nature and humans
can be identified. In the context of mangrove rehabilitation through habitat restoration, identifying al-
ternatives involves determining the required restoration technique to address the biophysical condition
that has affected mangrove habitat, as well as identifying any additional measures that may be neces-
sary. In others words, identifying alternatives involves shaping the rehabilitation strategy.

Step 2.1a Determine the required restoration technique

Goal: To ascertain the required ecological mangrove restoration technique to ensure the right biophys-
ical condition is addressed that has affected mangrove habitat.

Elaboration: The restoration of various biophysical conditions demands different techniques, as illus-
trated in Figure 2.6 (Gijón Mancheño et al., 2021). To ensure the success of a rehabilitation initiative,
the right ecological mangrove restoration technique must be selected to address the right biophysical
condition that has affected mangrove habitat and that needs to be restored. In coastal areas where
coastal erosion, caused by high wave exposure, has led to coastline retreat, or where the bed level
elevation is too low to support mangrove habitat, restoration of the morphodynamic conditions using
permeable structures is required, as illustrated in Figure 2.6c - on which the subsequent steps within
the design guideline are elaborated as indicated by the black dashed square in Figure 5.3. Other root
causes that have affected mangrove habitat require different techniques, as illustrated in Figure 2.6b.1,
2.6b.2, and 2.6b.3.

Supportive resources:

• Geomorphic knowledge for mangrove restoration: a pan-tropical categorization. Balke, T. and
Friess, D.A. 2015

• Mangrove Forest Restoration and Rehabilitation. López-Portillo, J. et al. 2017
• Mangrove Restoration: the key elements to be considered in any restoration project. Technical
Guide. Pôle-relais zones humides tropicales. 2018

Step 2.1b Determine additional measures, if required

Goal: To ascertain any potentially required additional measures to ensure the long-term success of the
rehabilitation initiative.

Elaboration: Since the success of a rehabilitation initiative also depends on various external factors be-
sides the selection of the right ecological mangrove restoration technique, additional measures might
be necessary. Seedling availability within the area is one of these external factors. If the seedling avail-
ability is low at one site, planting of propagules or cultivated seedlings could be an additional measure
that can aid in facilitating natural recruitment (Figure 2.6d). Moreover, in a mangrove-based economy,
mangrove greenbelts not only provide coastal safety but also resilience for communities to thrive. In
such areas, mangrove forests are often utilized by communities for economic activities such as wood
harvesting. Therefore, alongside mangrove habitat restoration efforts, there might be a need to raise
awareness within these communities about their importance. Proper management strategies must
be developed and deployed, and sustainable land use practices must be advocated within local com-
munities, such as sustainable aquaculture and integrated mangrove-aquaculture projects, fisheries,
eco-tourism, and the harvesting of non-timber forest products. Within this process, it is of utmost im-
portance to engage and collaborate with these communities, and to integrate their interests in shaping
the rehabilitation strategy throughout the entire project cycle. Furthermore, integrating land ownership
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and usage rights for conservation as well as protection measures into local, district, provincial, and na-
tional policies form additional measures to ensure the long-term effectiveness of restoration techniques
(Winterwerp et al., 2020).

Supportive resources:

• Manual on community-based mangrove rehabilitation. Primavera, J.H. et al. 2012
• Best practice guidelines for mangrove restoration. Beeston, M. et al. 2023

Before proceeding to the next step and elaborating on shaping a morphodynamic habitat restoration
technique, which involves the design of permeable structures, it is crucial to thoroughly assess whether
a specific site is suitable for the deployment of these permeable structures, and thus whether permeable
structures as a solution could be feasible, as their applicability is constrained to particular settings (Balke
& Friess, 2015). Hence, a checklist outlining the environmental prerequisites for deploying permeable
structures, as outlined by Balke and Friess (2015), is formulated, as depicted in Figure 5.5. These
requirements are established with consideration for the diverse geomorphic settings of mangroves
worldwide. These settings are influenced by abiotic factors like suspended sediment supply and tidal
range, which impact mangrove ecosystem dynamics and are thus related to the long-term success of
a restoration technique. Following the classification of a site as determined in step 1b, the suitability of
the site for the deployment of permeable structures can be reassessed using this checklist.

CHECKLIST
IMPLEMENTATION OF PERMEABLE STRUCTURES

ENVIRONMENTAL REQUIREMENTS PERMEABLE STRUCTURES ARE NOT SUITABLE IN:

A minerogenic environment

A wide, shallow sloping intertidal zone

Meso- to macrotidal conditions

High total suspended matter

Organogenic environments

Riverine or interior settings

Microtidal conditions

Low total suspended matter

Figure 5.5: Checklist for the implementation of permeable structures

Furthermore, it is imperative to thoroughly evaluate the sediment budget relative to the rates of relative
sea-level rise, whether driven by absolute sea-level rise or subsidence, before embarking on the design
process of permeable structures. The deployment of permeable structures as a solution may not be
viable at sites characterized by low sediment availability compared to high local sea-level rise. In such
cases, certain rates of relative sea-level rise may exceed the capacity for local accretion. Additionally,
geological evidence indicates that mangrove forests can only expand seaward at rates of up to 6–7
mm/year of sea-level rise, constraining mangrove colonization and rehabilitation efforts through perme-
able structures in areas with significant subsidence (Gijón Mancheño, 2022).

Step 2.2 Define the rehabilitation objective

Goal: To assist in determining the rehabilitation target in terms of mangrove species to be rehabilitated
and the spatial extent of the area to be restored in order to shape the restoration technique.

Elaboration: The initial stage in the specific design guideline of permeable structures involves defining
a rehabilitation objective. Setting a clear goal provides direction and helps determine the strategies
and actions required to achieve that goal, which, in the context of shaping a morphodynamic habitat
restoration technique, includes determining the design for permeable structures. Moreover, it is essen-
tial to clarify the purpose of mangrove rehabilitation at a particular site, as this greatly influences the
target mangrove species to be restored (Ferreira et al., 2022) and the spatial extent of the rehabilitation
area, which together, subsequently, result in the formulation of functional requirements of the design
of permeable structures. A rehabilitation objective could, for instance, be linked to one of the ecosys-
tem value(s) for which mangrove habitat restoration is desired, tailored to the site’s characteristics
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and future landscape. Possible objectives within this context include enhancing biodiversity, carbon
sequestration, or aiding in coastal protection. For example, if the goal is to enhance carbon seques-
tration, it is crucial to focus on rehabilitating mangrove species known for their superior carbon dioxide
sequestration capabilities. In the case of rehabilitating mangroves for enhancing flood protection, the
target coastline may need to be positioned farther to create a broader mangrove green belt, effectively
safeguarding the adjacent land against flooding.

Supportive resources:

• New contributions to mangrove rehabilitation/restoration protocols and practices. Ferreira, A.C.
2022

Step 2.3 Define the rehabilitation target

Goal: To assist in specifying the conditions to which mangrove habitat must be restored in order to
shape the requirements of the restoration technique.

Elaboration: Defining a rehabilitation objective leads to establishing a rehabilitation target in terms of
the type of mangrove species to be restored and the spatial extent of the rehabilitation area, which in-
cludes defining a target coastline. In other words, the rehabilitation objective must be further specified
and quantified in greater detail to effectively shape the requirements of the restoration technique and,
consequently, to devise an appropriate design for permeable structures. During this process, it is cru-
cial to verify whether the natural system of the site is able to accommodate these targets. For instance,
the spatial extent of the rehabilitation area should not encroach upon other nearby ecosystems, such
as coral reefs or seagrass meadows (Ferreira et al., 2022). Moreover, the biophysical conditions of the
site must be conducive to the thriving of the desired mangrove species; otherwise, the rehabilitation
effort will likely fail anyway. A feedback loop to the description of the components of the natural system
of the site is therefore present within the design guideline. If the desired mangrove species aren’t cur-
rently present in the area, or the entire mangrove colonization has been lost, the suitability of a site to a
certain mangrove species can be assessed by examining historical records of the area to determine if
the desired mangrove species have previously inhabited the site. Alternatively, comparing the site with
a nearby reference site characterized by similar biophysical conditions and hosting mangrove colonies
can help ascertain whether the desired species would be able to thrive in the natural system of the site
in question (Lewis, 2005).

The choice of mangrove species for a restoration project primarily depends on the extent to which the
species’ characteristics align with the specific biophysical conditions of a given site, and secondarily on
the objectives for rehabilitation (Primavera & Esteban, 2008). The type of mangrove species desired for
a specific rehabilitation objective, such as enhancing flood protection or carbon sequestration, depends
on both the species-specific characteristics and the biophysical conditions of the site. For example, the
carbon sequestration capacity of a mangrove species is influenced by factors like biomass, which is in
turn affected by nutrient availability and ecological productivity. These factors are, in part, determined
by the biophysical conditions of the mangrove habitat, including salinity, temperature, and pH (Ewel et
al., 1998). Generally, it is most effective to focus on restoring mangrove habitat for the pioneer species
of the particular area. These species are the first to colonize and establish themselves in a newly form-
ing or disturbed mangrove habitat. Pioneer species thrive in challenging conditions, such as areas with
high salinity, shifting sediments, and periodic flooding, and are known for their rapid growth and high
biomass (Ferreira et al., 2022). Although Avicennia alba is the most widespread genus of mangrove
pioneer species (Balke et al., 2011), the specific type of pioneer species varies worldwide. Moreover, if
a site has or previously had a high tree diversity of mangrove species, restoring the maximum number
of native species present in the region leads to the most successful rehabilitation (Ferreira et al., 2022).
Depending on the regional setting and characteristics, restoring multiple mangrove species increases
the likelihood of a rapid and effective restoration of functional features and diversity to the ecosystem.
In conclusion, the choice for the mangrove species to be rehabilitated is highly site-specific, as it de-
pends on the biophysical conditions at a site. Moreover, the focus should be on restoring the pioneer
species of the area for which the characteristics align with the biophysical conditions of the area.
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With regards to determining the required spatial extent of the rehabilitation area to achieve a specific
objective, such as enhancing flood protection or achieving a targeted level of carbon sequestration,
there are currently various tools and formulas available to assist in quantification. A guideline for car-
bon sequestration, for instance, is that mangroves contain an average of 937 tC ha-1 (metric tons of
carbon per hectare), facilitating the accumulation of fine particles and fostering rapid rates of sediment
accretion ( 5 mm/year) and carbon burial (174 gC m-2/year) (Alongi, 2012). However, similar to other
forest ecosystems, mangroves exhibit variations in size and age, resulting in differences in production
rates and the balance between carbon production and respiration. Research on the specific carbon
production of individual mangrove species is, however, lacking (Alongi, 2012). Regarding the required
spatial extent to provide a certain amount of coastal protection, numerous studies suggest that man-
grove forest widths exceeding 100 meters are sufficient to offer coastal protection against wind and
swell waves, as well as extreme events such as tsunamis (Alongi, 2008; Ferreira et al., 2022; Van Bi-
jsterveldt, 2023). Besides, some studies have established certain relations between forest dimensions
and the attenuation of waves. Méndez and Losada (2004), for instance, has devised an empirical model
for quantifying wave transformation over vegetation fields, incorporating wave damping and breaking
over variable depths. This model establishes a relationship between mangrove forest dimensions and
short-period waves. Additionally, Montgomery et al. (2019) has developed a simplified analytical solu-
tion to predict peak surge levels across mangrove forests given forest density and cross-shore extent.
However, the exact functionality of mangroves during high-magnitude flood events is yet to be quanti-
fied (Gijsman et al., 2021). Moreover, the practical applicability of the existing correlations and formulas
is not yet clear and requires further assessment before integration into design guidelines and practical
usage can be considered feasible.

Supportive resources:
Coastal protection:

• An empirical model to estimate the propagation of random breaking and nonbreaking waves over
vegetation fields. Mendez, F.J. and Losada, I.J. 2004

• Quantifying wave attenuation to inform coastal habitat conservation. Pinsky, M.L. 2013
• Non-linear wave attenuation quantification model improves the estimation of wave attenuation
efficiency of mangroves. Zhang, Y. et al. 2020

• Attenuation of Tides and Storm Surges in Coastal Mangroves. Montgomery, J.M. 2021
• Solitary wave attenuation characteristics of mangroves and multi-parameter prediction model.
Yin, Z. et al. 2023

Carbon sequestration:

• Carbon sequestration in mangrove forests. Alongi, D.M. 2012
• Mangrove Restoration Potential: A global map highlighting a critical opportunity. Worthington, T.
and Spalding, M. 2018

• New contributions to mangrove rehabilitation/restoration protocols and practices. Ferreira, A.C.
2022

Step 2.4 Specify the biophysical conditions required for natural regeneration of the target man-
grove species (Windows of Opportunity)

Goal: To assist in formulating functional requirements for the design of permeable structures.

Elaboration: As highlighted by Balke et al. (2011), successful mangrove seedling establishment, and
subsequent colonization, depend on specific requirements to a suitable mangrove habitat. The col-
onization and seaward expansion of mangrove habitat only takes place when a series of favourable
conditions, associated with these requirements, follow each other, offering windows of opportunity for
seedling establishment, as illustrated in Figure 2.2. Each mangrove species, however, exhibits dis-
tinct preferences regarding these requirements, in other words specific threshold values, that may vary
under particular biophysical conditions. There is a crucial need to consider these species-specific char-
acteristics in mangrove restoration, particularly concerning the design of restoration interventions (Su et
al., 2022). The first window of opportunity (Figure 2.2, panel 1), and thus the related threshold value for
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this requirement, holds utmost importance in morphodynamic habitat restoration, and thus in the design
of permeable structures. It encompasses the inundation-free period required for propagules to develop
into saplings and subsequently establish roots long enough to withstand displacement caused by tidal
flooding. As previously mentioned, morphodynamic habitat restoration using permeable structures be-
comes necessary in areas where coastal erosion has led to inadequate bed level elevation, impeding
the required inundation-free period. Therefore, after determining the target mangrove species for re-
habilitation, specifying the required inundation-free period for successful seedling establishment of the
target mangrove species, along with the other required biophysical conditions for natural regeneration,
becomes crucial. However, except for the threshold values of Avicennia alba as determined by Balke
et al. (2011), specific threshold values to these species-specific characteristics, particularly concerning
the windows of opportunity, are currently lacking.

A way to gain insight into the specific threshold values of the target mangrove species to be restored,
today, is to identify and utilize a reference site that shares similar conditions to the site in question and
supports mangroves. This reference site can help assess the typical hydrology and biophysical condi-
tions for mangroves in the target area. For instance, installing tide gauges at the reference site allows
for measuring the tidal hydrology of a mangrove forest to determine the necessary flooding frequency
and inundation-free period. Alternatively, surveying the elevation of the reference mangrove forest floor
can serve as a proxy for hydrology, and subsequently as a proxy for the required bed level elevation
(Lewis, 2005). However, this procedure is subject to considerable uncertainty.

Supportive resources:

• Ecological engineering for successful management and restoration of mangrove forests. Lewis,
R.R. 2005

• Windows of opportunity: thresholds to mangrove seedling establishment on tidal flats. Balke, T.
et al. 2011

Step 2.5 Define functional and structural requirements for the design of permeable structures

Goal: To facilitate the development of design alternatives.

Elaboration: As permeable structures are intended to facilitate sedimentation and the required increase
in bed level elevation, their design must meet certain functional requirements to ensure the successful
performance of the structures in restoring the requisite biophysical conditions for successful mangrove
seedling establishment. Designing permeable structures involves addressing both spatial and struc-
tural design aspects. This includes determining the placement of structures relative to the coastline
and specifying parameters such as structure length and permeability. Functional and structural re-
quirements need to be defined at both scales to ensure an effective design. Functional requirements
primarily focus on restoring the biophysical conditions necessary for successful mangrove seedling
establishment and subsequent natural regeneration of the target mangrove species toward the target
coastline. Structural requirements are more closely associated with the timescale for mangrove reha-
bilitation and the intended lifespan of the structures.

The structures should effectively dissipate wave energy so that the significant wave height decreases
as waves pass through them, and create sheltered areas behind them with reduced orbital velocities
and turbulence, so that sediment can deposit. In addition, the permeability of the structures should be
sufficient to allow suspended sediments to flow through, thereby increasing the amount of sediment
entering the sheltered area, promoting sediment settlement, accumulation and consolidation. Besides,
permeable structures must be capable of withstanding the hydrodynamic forces exerted by waves and
currents, and should possess the resilience to endure throughout their intended lifespan, which in-
cludes the ability to withstand various storms and high-energy events. Moreover, seasonal or annual
variations in certain physical factors, such as the wave climate and sediment input from rivers, should
be considered with regards to the functionality and structural stability of the permeable structures (Gi-
jón Mancheño, 2022). According to Wilms et al. (2021), the structures should be robust enough to
stay in place for a period at least as long as the sum of the estimated sediment accretion rate (2 to
5 years) and the rate of mangrove recovery (3 to 5 years), to allow sufficient time for the mangroves
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to regenerate and recover. Moreover, wave reflection caused by the structures should be limited so
that erosion at the base of the structure (scour) is avoided and structural collapse is prevented. An
optimal design should, therefore, minimize wave reflection while facilitating the required dissipation of
wave energy to create the hydrodynamic conditions required for sedimentation in the sheltered areas
behind them. Furthermore, designs should consider the threat of shipworm, which can also pose a
risk to structural stability, and the potential decay of materials submerged for extended periods of time
(Winterwerp et al., 2020).

This step thus involves translating the required biophysical conditions for successful mangrove seedling
establishment and subsequent natural regeneration of the target mangrove species into clearly defined
and measurable functional and structural requirements. Subsequently, design alternatives that meet
these requirements can be identified.

Supportive resources:

• Managing erosion of mangrove-mud coasts with permeable dams - lessons learned. Winterwerp,
J.C. et al. 2020

• Permeable Structures: Building with Nature to restore eroding tropical muddy coasts (tech. rep.).
Wilms, T. et al. 2021

Step 2.6 Define design alternatives

Goal: To foster innovation and optimization in order to discover the most effective design that meets
the specified requirements.

Elaboration: This step involves translating functional and structural requirements into design alterna-
tives that satisfy these criteria, both at landscape level (spatial design) and individual level (structural
design). Defining alternatives at landscape level involves considering parameters such as the place-
ment and orientation of the structures relative to the coastline, as well as factors that are part of the
spatial configuration. permeable structures are generally constructed perpendicular to the direction
of the incoming waves. The specific placement of the structures with respect to the coastline is de-
termined based on factors such as bathymetry, morphodynamics, hydrology, and the target coastline
(Wilms et al., 2021). The placement of the structures should also take into account existing creeks and
the possibility of future creek development. Creeks are vital within the natural system of the area, serv-
ing as important sources of water, drainage, and for transporting suspended sediments and mangrove
seedlings. Structures should, therefore, not obstruct the natural flow of existing creeks. Regarding the
spatial configuration, the width of the opening in between multiple structures relies on both the tidal
prism and the wave conditions. The minimum width of the opening between structures is dictated by
the tidal prism and must allow uninterrupted tidal flow into the sheltered area behind the permeable
structure. Conversely, the maximum width is influenced by the wave conditions and should be narrow
enough to prevent high waves from entering the area behind the structure and stirring up sediment
(Wilms et al., 2021).

The core of the structural design process (individual level) lies in defining the structural configuration
that meets the functional and structural requirements, and subsequently selecting the materials and
dimensions for each component within that specific configuration. These requirements involve achiev-
ing the required level of wave energy dissipation, facilitating the passage of an adequate volume of
suspended sediments, and minimizing wave reflection that may lead to scour in front of the structure,
potentially affecting its structural stability (Wilms et al., 2021). Parameters within a structural configu-
ration encompass the dimensions of specific components, such as vertical poles, as well as those of
the overall structure, including factors like structure length and permeability. Several analytical frame-
works exist that describe the relationship between a specific structural configuration and the extent of
wave dissipation and reflection it induces, as well as the extent of currents deflection. Gijón Mancheño
(2022) introduced a theoretical analytical framework for predicting wave reflection and dissipation within
arrangements of cylinders. This framework considers sheltering and blockage processes that result in
a particular drag coefficient generated by the structures, thereby leading to a certain amount of wave
dissipation. Such frameworks can aid in translating a required level of wave energy dissipation into a
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specific structural configuration capable of achieving that desired amount of wave energy dissipation.
However, it’s important to note that these frameworks primarily focus on the permeability of a given
structural configuration. Frameworks that describe the relationship between design parameters, such
as structure length, width of openings in between structures, and the distance of structure placement
from the coastline, are currently lacking. The impact of design parameters like these on structure perfor-
mance is largely unknown, which currently still hinders the development of potential design alternatives,
and consequently, the development of optimal structure configurations.

Supportive resources:

• Permeable Structures: Building with Nature to restore eroding tropical muddy coasts (tech. rep.).
Wilms, T. et al. 2021

5.3. Delft3D modelling

This section elaborates on the results of the Delft3D modelling research. First, in section 5.3.1, the
impact of permeable structures on bed shear stresses is examined at a broader scale, focusing on
wave dissipation and current reflection induced by these structures. Subsequently, in section 5.3.2,
attention is narrowed to the vicinity of the permeable structures, where the effects of the various design
variables on the effectiveness of permeable structures in reducing bed shear stress behind them are
examined.

5.3.1. Large-scale influence of the presence of permeable structures

The change in maximum bed shear stress resulting from the presence of permeable structures at the
time of maximum bed shear stresses within the representative tidal cycle is illustrated in Figure 5.6.
In the close proximity behind the permeable structures, maximum bed shear stresses are reduced,
whereas around the tips of the structures and in the area between the sets of structures, maximum
bed shear stresses are increased due to the presence of structures. The reduction in bed shear stress
arises from the dissipation of wave energy by the permeable structures, causing a reduction in orbital
velocity near the bottom directly behind the structures, as indicated by Figure 5.7a and 5.7b, and a
slight decrease in current velocities caused by the resistance of the permeable structures as currents
pass through. The effect of permeable structures on incoming waves is larger than the effect of the
structures on incoming currents, as elaborated on in Appendix A. The increase in bed shear stress
around the tips of the structures and in the area between the sets of structures results from the deflec-
tion of currents caused by the resistance of the structures as they pass through them, as illustrated
in Figure 5.8. Currents are deflected towards areas of lower resistance, thus towards the sides of the
structures, thereby causing a compression of flow around the tips of the structures. This compression
of flow results in an increased depth-averaged velocity of the flow and consequently, an increase in
bed shear stress around the tips of the structures.

In addition, Figure 5.6 shows that the reduction in bed shear stresses behind structures 1&2 reaches
over increased spatial extent than behind structures 3&4 and 5&6. This can be attributed to the in-
creased structure length of structures 1&2, measuring 231 and 198 meters respectively, compared to
the other sets of structures which are 99 meters long. Besides, behind structures 3&4, a mangrove
fringe is located which acts as a barrier, limiting the extent of the structures’ effect in reducing bed
shear stress behind them. Moreover, spatial variations in the magnitude to which bed shear stresses
are reduced across the sheltered areas behind the structures are identified. These spatial variations
could be attributed to very localized variations in hydrodynamic conditions. Appendix B elaborates
on the differences in hydrodynamic conditions across the various structure locations that potentially
contribute to the spatial variations in structure performance in reducing bed shear stresses.
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Figure 5.6: Difference in maximum bed shear stress between scenarios with and without the presence of structures

(a) (b)

Figure 5.7: Orbital velocity near the bottom in a) absence of permeable structures, and b) in the presence of permeable
structures
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Figure 5.8: Difference in depth-averaged velocity between scenarios without the presence of permeable structures (dark blue)
and with the presence of permeable structures (light blue)

Furthermore, Figure 5.6 shows that in a specific area at the end of one of the channels behind the
permeable structures near the coastline, a very localized decrease as well as increase in maximum
bed shear stresses occurs. This phenomenon could be attributed to the combined impact of a change
in water depth due to the presence of permeable structures and variations in the local bathymetry
of that particular area. However, due to the highly dynamic and alongshore nonuniform coastline of
Demak, and considering that this study aims to gain general insights on the influence of various design
parameters on the performance of permeable structures, with a focus on the reduction in bed shear
stress across the area directly behind the structures, no further attention is given to this aspect.

5.3.2. Influence of design variables on structure performance

To analyze the influence of various design variables on the performance of permeable structures in
reducing bed shear stress behind them, particular attention is given to the area directly behind each set
of permeable structures, individually, to accommodate potential variations among the different structure
locations. The results of the analysis on the influence of structure length, distance of placement of
structures from themangrove fringe, gap width in between a set of structures, and the number of rows of
permeable structures placed behind each other on the performance of structures in reducing bed shear
stress, are elaborated in the following sections, respectively. Appendix C demonstrates the diverse
impact of the various design variables on the efficacy of permeable structures in reducing bed shear
stress behind them, in terms of themagnitude of the decrease in spatially averagedmaximum bed shear
stress attributed to a specific structure configuration, across the area behind the structures where bed
shear stresses are reduced due to the presence of structures, throughout the entire tidal cycle. Besides,
Appendix D showcases the varying influence of these design variables on the efficacy of permeable
structures in reducing bed shear stress, in terms of the spatial extent over which bed shear stresses
fall below the threshold value for erosion, attributed to a specific structure configuration, throughout
the entire tidal cycle. These graphs reveal that the influence of design variables is most prominent
during the flood period of the tidal cycle, during which bed shear stresses are highest. Therefore, the
subsequent sections focus on analyzing the influence of these various design variables on the efficacy
of permeable structures in reducing bed shear stresses behind them during the flood period of the tidal
cycle.
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Structure length

Figures 5.9a and 5.9b illustrate that an increase in structure length results in a greater percentage de-
crease in the spatially averaged maximum bed shear stress across the area behind the structures with
reduced bed shear stress compared to the scenario without structures. Increasing the length of struc-
tures 1 and 2 from 99 and 66 meters to 165 and 132 meters, respectively, leads to a greater reduction
in bed shear stresses of approximately 4%. Similarly, increasing the length of structures 3 and 4 from
99 meters to 165 meters results in a more significant reduction in bed shear stresses, approximately
25%. For structures 5 and 6, this reduction is approximately 3%. Furthermore, increased structure
length results in a higher percentage increase in the area behind the structures where the maximum
bed shear stresses fall below the threshold value of erosion, as demonstrated in Figures 5.10a and
5.10b. The corresponding expansion in spatial extent, where bed shear stresses fall below the critical
erosion threshold due to the increased length of structures 1 and 2 from 99 and 66 meters to 165 and
132 meters, respectively, is approximately 7%. Similarly, for structures 3 and 4, extending structure
length from 99 meters to 165 meters results in a larger spatial extent where bed shear stresses fall
below the critical erosion threshold, approximately 3%. For structures 5 and 6, such an increase in
structure length is associated with an expanded spatial extent of around 2%. The extent of the greater
reduction in bed shear stress behind structures, attributed to increased structure length, including both
the magnitude of the effect and the spatial range over which the effect operates, thus, varies spatially.
Hence, the degree to which structure length affects the effectiveness of permeable structures in re-
ducing bed shear stress behind them varies depending on the location of structures. The area behind
structures 3 and 4 exhibit a significantly larger percentage reduction in average bed shear stresses for
increased structure length, 25%, than the areas behind structures 1 and 2 and 5 and 6, which exhibit
reductions of 4% and 3%, respectively. This can be attributed to the placement of structures 3 and 4
relative to the mangrove fringe behind them. Increasing the length of these structures from 99 meters
to 165 meters significantly expands the affected area where the structures reduce bed shear stress be-
hind them, as the structures’ effect is less blocked by the presence of the mangrove fringe, as shown
in Figure E.2. Moreover, the spatial disparity in the impact of increased structure length on reducing
bed shear stresses is ascribed to the diversity in local hydrodynamic conditions near the different sets
of structures. Ahead of the extended length of structure 4, the approaching hydrodynamic conditions
exhibit greater magnitude compared to those in front of structure sets 1&2 and 5&6, as deduced from
the depicted depth-averaged velocity in Figure 5.8.

(a) (b)

Figure 5.9: Percentage change in the spatially averaged maximum bed shear stress, computed over the area behind the
structures where bed shear stresses are reduced compared to the scenario without structures, determined at the point within
the tidal cycle where the reduction in average bed shear stress is at its maximum, for a) structures 1&2 with varying structure

lengths, and b) structures 3&4 and 5&6 with varying structure lengths
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(a) (b)

Figure 5.10: Percentage change in the area behind structures where the maximum bed shear stresses are below the threshold
value of erosion, determined at the point within the tidal cycle where the area exhibiting bed shear stresses below the threshold
value is at its minimum size, for a) structures 1&2 with varying structure lengths, and b) structures 3&4 and 5&6 with varying

structure lengths

The spatially varying impact of increased structure length on the effectiveness of permeable structures
in reducing bed shear stress behind them, is also depicted in Figures E.1, E.2, and E.3 for each set of
structures. At certain structure locations, while there’s an overall increase in bed shear stress reduction
across an area behind the structures due to longer structures, other regions experience an increased
increase in bed shear stresses because of the extended structure length. Figure E.2a distinctly illus-
trates a greater increase in bed shear stresses around the tips of structures for an increased length of
structures 3 and 4. The same phenomenon applies to structures 5 and 6, as depicted in Figure E.3a.
This is a consequence of the wider area over which resistance is applied to incoming currents, which is
associated with increased structure length. This leads to greater deflection of flow towards regions of
lower resistance, thus, towards the sides of the structures, and subsequently, to a greater compression
of flow around the tips of the structures. However, the magnitude of this increase in bed shear stresses
around the tips of the structures associated with increased structure length (approximately 0.15 N/m2),
is smaller compared to the increased reduction in bed shear stress behind the permeable structures
associated with increased structure length (approximately 0.50 N/m2), as permeable structures exert
a more substantial impact on waves than on currents.

Distance of placement from the mangrove fringe

Increasing the distance of placement of structures from the mangrove fringe results in a greater per-
centage reduction in the spatially averaged maximum bed shear stress behind the structures, as can be
concluded from Figure 5.11a. Increasing the distance of placement of the structures to the mangrove
fringe from 33 meters, associated with a water depth of -0.0682 meters relative to MSL, by 33 meters
incrementally results in a greater reduction of approximately 3% each time. Extending the distance of
placement of the structures even further, from 165 meters (water depth of 0.2250 m relative to MSL) to
198 meters (water depth of 0.2061 m relative to MSL), results in a 5% greater reduction. Consequently,
by extending the distance from 33 meters, associated with a water depth of -0.0682 meters relative
to MSL, to 198 meters, associated with a water depth of 0.2061 meters relative to MSL, an overall
increased reduction in average bed shear stresses across the sheltered area behind structures 3 and
4 of 17% is attained. Additionally, increased distance from the mangrove fringe leads to a (slightly)
larger spatial extent behind the structures where the bed shear stress falls below the threshold value
of erosion, as depicted in Figure 5.11b. Increasing the distance of placement from 33 meters to 165
meters results in a 2% larger spatial extent behind the structures where the bed shear stress falls below
the threshold value of erosion.
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(a) (b)

Figure 5.11: Percentage change in a) the spatially averaged maximum bed shear stress, computed over the area behind the
structures where bed shear stresses are reduced compared to the scenario without structures, determined at the point within
the tidal cycle where the reduction in average bed shear stress is at its maximum, and b) the area behind structures where the
maximum bed shear stresses are below the threshold value of erosion, determined at the point within the tidal cycle where the
area exhibiting bed shear stresses below the threshold value is at its minimum size, for various distances of placement of

structures 3&4 from the mangrove fringe

However, there seems to be a limit to the impact of the distance of placement of structures from the
mangrove fringe on the efficacy of permeable structures in reducing bed shear stress. The percentage
reduction in spatially averaged bed shear stress behind the structures remains consistent for structures
positioned at both 198 meters (water depth of 0.2061 m relative to MSL) and 231 meters (water depth of
0.2686 m relative to MSL) from the mangrove fringe, at 24%. Besides, the percentage change in spatial
extent of bed shear stresses below the threshold value reaches a peak value for structures situated
165 meters from the mangrove fringe, at 4%, after which it slightly reduces for structures located at
198 meters and 231 meters from the mangrove fringe. This could be attributed to the fact that for
extensive distances from the mangrove fringe, currents, depending on their incoming direction, could
penetrate from the sides across the area directly behind the structures and influence the area again,
which can be derived from Figure 5.12. It can be observed that for the extensive distance of placement
of structures 3 and 4 at 231 meters from the mangrove fringe (Figure 5.12a), the direction of depth-
averaged velocities is oriented towards the sheltered areas behind these structures, which is not the
case for the structures placed at 132 meters from the mangrove fringe (Figure 5.12b). This suggests
that currents are capable of penetrating from the sides across the sheltered areas behind structures, in
the case of extensive distances of placement of structures from a mangrove fringe and when currents
are directed in this manner.



5.3. Delft3D modelling 48

(a) (b)

Figure 5.12: Differences in depth-averaged velocities for a structures 3&4 placed at a distance from the mangrove fringe of a)
231 meters (light blue), and b) 132 meters (light blue), compared to the baseline scenario without structures (dark blue)

Besides a reduction in bed shear stress related to increased distance of placement of structures from
the mangrove fringe, Figures E.4e, E.4f and E.4g illustrate that for extensive distances, the areas in
between the various sets of structures exhibit a slight increase in bed shear stress. This can be at-
tributed to the fact that for extensive distances of placement of structures from the mangrove fringe,
the flow between the sets of structures 3&4 and 5&6 gets more compressed, due to the closer prox-
imity of structures 3 and 4 to structures 5 and 6 in that case. The magnitude of this increase in bed
shear stress is however smaller compared to the increased reduction in bed shear stress behind the
permeable structures.

Gap width in between a set of structures

Figure 5.13a shows that a larger gap width in between structures 1 and 2 and structures 5 and 6 results
in a slightly smaller percentage reduction, with 1% and 2%, respectively, in the spatially averaged
maximum bed shear stress across the sheltered areas behind the structures, compared to a narrower
gap width. Moreover, Figure 5.13b illustrates that a larger gap width in between these sets of structures
result in a smaller area behind the structures where the bed shear stresses fall below the threshold value
of erosion, with a difference of approximately 5% for both sets of structures, compared to a narrower
gap width. These phenomena can be explained by the fact that across the width of the gap in between
structures, waves are not attenuated, thus the effect of waves on the bed shear stresses across the
width of the gap behind the structures is not reduced. Moreover, a wider gap width leads to currents
being deflected towards the gap in between the two structures instead of solely around the tips of
the structures at both ends, as is demonstrated in Figure 5.14b for a wider gap width of 99 meters in
between structures 5 and 6. This results in a compression of flow through the wider gap, consequently
increasing depth-averaged velocities and forces on the bed throughout the gap width. This is not the
case for a smaller gap width of 33 meters, as is demonstrated in Figure 5.14a for a gap width of 33
meters in between structures 5 and 6. A larger gap width, therefore, results in a wider area where
wave energy is not dissipated and where currents get deflected towards the gap, leading to larger
depth-averaged velocities through the gap in between the structures and consequently, to an area
behind structures where bed shear stresses are less reduced compared to a structure configuration
with a smaller gap width.
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(a) (b)

Figure 5.13: Percentage change in a) the spatially averaged maximum bed shear stress, computed over the area behind the
structures where bed shear stresses are reduced compared to the scenario without structures, determined at the point within
the tidal cycle where the reduction in average bed shear stress is at its maximum, and b) the area behind structures where the
maximum bed shear stresses are below the threshold value of erosion, determined at the point within the tidal cycle where the

area exhibiting bed shear stresses below the threshold value is at its minimum size, for varying gap widths in between
structures

(a) (b)

Figure 5.14: Difference in depth-averaged velocity between scenario a), featuring a structure configuration with a gap width in
between structures 5&6 of 33 m (light blue), and scenario b), featuring a structure configuration with a gap width in between

structures 5&6 of 99 m (light blue), compared to the baseline scenario without structures (dark blue)

The opposite, however, occurs for a larger gap width in between structures 3 and 4, as depicted by
the blue lines in Figure 5.13a and 5.13b. For this set of structures, increasing the gap width to 99
meters leads to a 7% greater percentage reduction in the spatially averaged maximum bed shear
stress behind the structures compared to a gap width of 33 meters. Additionally, it results in a slightly
larger area behind the structures where the bed shear stresses are below the threshold value of erosion.
This is attributed to the relative positioning of these structures to the mangrove fringe, which hinders
the spatial extent of the structures’ influence, as well as the increased effect of the structure 4 on the
incoming hydrodynamics due to its increased length. A larger gap width in between structures 3 and
4 is associated with a slight displacement of structure 4 to the right relative to the mangrove fringe,
allowing its influence to extend over a slightly larger area to the right of the mangrove fringe than for the
structure configuration with a smaller gap width, as depicted in Figure E.6. This leads to a larger area
behind structure 4 across which bed shear stresses are decreased for the structure configuration with a
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wider gap width compared to the structure configuration with a narrower gap width. This phenomenon
potentially counteracts the lesser reduction in bed shear stress across the area directly behind the
structures related to the wider gap width, contributing to the greater percentage reduction in spatially
averaged bed shear stress and increased area where bed shear stresses fall below the threshold value
for a wider gap width of structures 3 and 4.

Number of rows of structures placed behind each other

Multiple rows of structures placed behind each other result in a significantly greater percentage reduc-
tion in spatially averagedmaximumbed shear stress compared to a single row, for all structure locations,
as illustrated in Figure 5.15a. Adding an additional row at a distance of 33 meters for structure set 1&2
results in a 12% greater reduction in average bed shear stresses across the sheltered areas behind
the structures. Adding two extra rows at intervals of 33 meters for structure set 1&2 results in an even
greater reduction of 16%. As for structure set 3&4, this percentage increase in reduction in average
bed shear stresses amounts to 3% and 9%, respectively. For structure set 5&6, adding an extra row
at a distance of 33 meters yields a 4% greater percentage reduction in bed shear stresses, and adding
two extra rows at intervals of 33 meters results in a 10% greater reduction. Moreover, multiple rows of
structures placed behind each other result in an increased spatial extent across which the maximum
bed shear stress falls below the threshold value of erosion for structure sets 1&2 and 5&6, as depicted
in Figure 5.15b by the red and green line, respectively. Adding an extra row at a distance of 33 meters
for structure sets 1&2 and 5&6 results in a 6% and 4% greater spatial extent, respectively. The effect of
the number of rows on the spatial extent of structure set 3&4 is however of a much smaller magnitude.
Adding an extra row at a distance of 33 meters for structures 3&4 results in a percentage increase
in spatial extent of only about 1%. This is attributed to the presence of the mangrove fringe closely
behind structures 3&4, which blocks the spatial extent of the structures’ effect. Hence, the degree to
which multiple rows of structures affect the effectiveness of permeable structures in reducing bed shear
stress varies spatially.

(a) (b)

Figure 5.15: Percentage change in a) the spatially averaged maximum bed shear stress, computed over the area behind the
structures where bed shear stresses are reduced compared to the scenario without structures, determined at the point within
the tidal cycle where the reduction in average bed shear stress is at its maximum, and b) the area behind structures where the
maximum bed shear stresses are below the threshold value of erosion, determined at the point within the tidal cycle where the
area exhibiting bed shear stresses below the threshold value is at its minimum size, for varying number of rows of structures

placed behind each other

Upon comparison of Figure 5.15a and 5.15b, it can also be deduced that the effect of the distance in
between multiple rows of structures on the effectiveness of structures in reducing bed shear stresses
behind the structures varies spatially. For structure set 1&2, the red lines, the effectiveness of structures
in reducing the spatially averaged bed shear stress behind them decreases with 3% for an increased
distance of 66 meters between the rows compared to a smaller distance of 33 meters between the
rows. Conversely, structure sets 3&4 and 5&6 exhibit increased effectiveness in reducing the spatially
averaged bed shear stress with a larger distance between multiple rows of structures. This contrast
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could be attributed to local variations in hydrodynamic conditions in the vicinity of the structures. On the
right side of structure set 1&2, currents are directed towards the structures. When the spacing between
the rows of these structures is increased, currents are able to penetrate across the area in between
the rows of structures, as is demonstrated in Figure 5.16b, thereby increasing forces on the bed again.
This is not the case for structure sets 3&4 and 5&6, as is demonstrated in Appendix F.

(a) (b)

Figure 5.16: Differences in depth-averaged velocities for a 2 rows of structure set 1&2 with a distance in between the rows of
structures of a) 33 meters (light blue), and b) 66 meters (light blue), compared to the baseline scenario without structures (dark

blue)

The varying impact of multiple number of rows of structures placed behind each other on the effective-
ness of permeable structures in reducing bed shear stress behind them, is also depicted in Figures
E.8, E.9 and E.10 for each set of structures. Upon examining these spatial graphs, it can be deduced
that placing multiple rows of structures behind each other at the location of structure sets 3&4 and
5&6 results in a slight increase in bed shear stress around the tips of the structures and in between
these sets of structures. This is attributed to the increased compression of flow in between these sets
of structures in the case of structure configurations of these sets of structures featuring multiple rows.
However, this increase in bed shear stresses is not of significant magnitude and is of much smaller
magnitude than the decrease in bed shear stresses behind the structures.

5.3.3. Summary

The presence of permeable structures leads to a significant reduction in bed shear stress across ar-
eas directly behind the structures, attributed to the dissipation of wave energy and a slight decrease in
current velocities caused by the resistance of the permeable structures as currents pass through them.
Around the tips and in between sets of structures, a slight increase in bed shear stresses occurs due
to deflection of currents and subsequent compression of flow. Nevertheless, this increase in bed shear
stress is considerably smaller than the reduction observed behind the structures, as the influence of
structures on incoming waves is larger than their effect on incoming currents.

Increased structure length is associated with a greater percentage reduction in the average maximum
bed shear stress behind the structures. Furthermore, it leads to a larger spatial extent behind the
structures in which the average maximum bed shear stresses fall below the critical threshold for ero-
sion. The extent of the impact of structure length on the reduction of bed shear stresses varies spatially.

Increasing the distance of placement of structures from the mangrove fringe results in a greater per-
centage reduction in the average maximum bed shear stresses behind the structures. Additionally, this
leads to a (slightly) larger spatial extent behind the structures where bed shear stresses fall below the
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erosion threshold. However, there appears to be a limit to the influence of the distance of placement of
structures from the mangrove fringe on the performance of permeable structures in reducing bed shear
stress. Beyond a distance of placement of 198 meters from the mangrove fringe, the effectiveness of
the structures in reducing bed shear stress behind them, both in terms of magnitude and spatial extent,
does not further increase, as from that distance onwards, currents are able to penetrate the areas be-
hind the structures again.

A larger gap width between structures 1 and 2 and 5 and 6 results in a slightly smaller percentage
reduction in bed shear stresses behind the structures. Moreover, it leads to a smaller area behind the
structures where bed shear stresses fall below the erosion threshold. Conversely, a larger gap width
between structures 3 and 4 results in a slightly larger percentage reduction in bed shear stresses and a
slightly larger spatial extent where bed shear stresses fall below the threshold value. This is, however,
attributed to the relative positioning of these structures to the mangrove fringe, affecting the spatial
extent of the structures’ influence.

Multiple rows of structures placed behind each other result in a significantly greater percentage reduc-
tion in averaged maximum bed shear stress behind the structures, as well as a larger area where the
bed shear stress falls below the threshold value of erosion, compared to structure configurations con-
sisting of a single row. However, the effect of the distance in between multiple rows of structures on the
performance of permeable structures in reducing bed shear stress varies depending on the location of
the structures. Besides, the magnitude of the effect of the number of rows on the spatial extent of the
effect of structure set 3&4 is much smaller than for structure sets 1&2 and 5&6.



6 Discussion
This research aimed to develop an integrated design guideline for permeable structures aimed at reha-
bilitating mangrove habitat, merging scientific knowledge with the lessons learned from pilot projects.
Moreover, it aimed to deepen understanding of the influence of design parameters on the performance
of these permeable structures. This chapter presents a discussion on the methodology, findings, and
some limitations of the research.

6.1. Conceptual framework

Through the extensive literature review, the ecological and engineering factors crucial in designing per-
meable structures for mangrove rehabilitation along eroding coastlines were identified and categorized
into biological, hydrodynamic, morphodynamic, and design variables. These factors were subsequently
presented by means of a conceptual framework representing a visualization of these important and in-
terrelated variables, along with their interacting processes. It is important to acknowledge that these
interrelations are intricate, given that mangrove habitat restoration through permeable structures is an
interdisciplinary endeavor spanning engineering and ecological domains. Moreover, the dynamics and
interactions between permeable structures and mangrove-mud coastlines are highly site-specific. To
effectively address the objectives and challenges of individual rehabilitation projects, and to devise an
adequate design for permeable structures, careful consideration of all relevant variables is imperative.

The conceptual framework thus visually represents the essential variables and interactive processes
relevant to designing permeable structures with the goal of rehabilitating mangroves on eroding coast-
lines through morphodynamic habitat restoration. It functions as a design tool for practical applications,
fulfilling the following objectives:

1. Identifying the biophysical variables that influence the specific environmental requirements of
mangrove seedling establishment;

2. Identifying the design variables that influence the performance of permeable structures in restor-
ing mangrove habitat;

3. Identifying the interactions between biophysical and design variables that influence the perfor-
mance of a specific permeable structure design in the restoration of mangrove habitat.

This framework serves as a foundation for initial assessments and acts as a guiding reference during the
design process of permeable structures, and is in this way supportive to the design guideline developed
in this study. By identifying, comprehending, and conducting in-depth analyses on the various variables
and their interactive processes, the conceptual framework can offer valuable insights into the complex
dynamics of morphodynamic mangrove habitat restoration through permeable structures, assisting in
the design process of such structures.

6.2. Design guideline

The extensive literature review of the research has also resulted in the formulation of a design guideline
for permeable structures aimed at rehabilitating mangroves. As the complete story of morphodynamic
mangrove habitat restoration through permeable structures requires an interdisciplinary approach, in-
corporating the domains of both ecology and engineering within the design of permeable structures is
extremely important with regards to the long-term success of such a rehabilitation initiative. Moreover,
since mangrove characteristics are highly site-specific, the design process involves a complex inter-
play among the ecological and engineering variables, as illustrated within the conceptual framework.
There is no singular, universally applicable optimal design or one-size-fits-all solution to every loca-
tion. Therefore, it is of utmost importance to approach each project or case as unique and to carefully
consider its distinctive characteristics when reviewing the design guideline. However, with the design
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guidelines developed in this study, it is not yet possible to generate a detailed design for permeable
structures. There are significant knowledge gaps in certain areas crucial for developing a sound and
effective design, particularly concerning the specific threshold values of distinct mangrove species and
the precise influence of certain design parameters on the performance of permeable structures. There-
fore, the limitations of the design guideline, along with the associated knowledge gaps identified in this
study, are listed and elaborated upon in section 6.2.1. Furthermore, in section 6.2.2, the degree of
applicability of this design guideline is discussed.

6.2.1. Limitations

Concerning the determination of the spatial extent of the area to be rehabilitated to meet a certain
rehabilitation objective, while existing literature provides some estimates and relations, there is insuffi-
cient detailed information and established methodologies for quantifying this. For instance, concerning
coastal protection as a rehabilitation objective, numerous studies suggest that mangrove forest widths
exceeding 100 meters are sufficient to offer coastal protection against wind and swell waves, as well
as extreme events (Alongi, 2008; Ferreira et al., 2022; Van Bijsterveldt, 2023). However, the level of
coastal protection provided by a mangrove forest depends on the local geomorphic setting and the
magnitude of the event being mitigated (Balke & Friess, 2015). Furthermore, Méndez and Losada
(2004) has established a correlation between mangrove forest dimensions and wave attenuation, and
Montgomery et al. (2019) offers a predictive model for estimating peak surge levels within mangrove
forests based on their dimensions. However, the practical feasibility of applying these formulas has
not been fully clarified and requires more thorough assessment before they can be practically imple-
mented. While predicting the extent of ecosystem values, like coastal protection and carbon sequestra-
tion, offered by a specific mangrove forest, is challenging due to its dependency on various mangrove
characteristics such as tree density, height, and canopy width, which in turn are influenced by local
biophysical conditions as well, further research aimed at developing practical tools akin to the formu-
lations proposed by Méndez and Losada (2004) and Montgomery et al. (2019) could enhance the
effectiveness of design guidelines. Such formulations, like those of Méndez and Losada (2004) and
Montgomery et al. (2019), need to be developed from a practical standpoint, ensuring their applicability
within design guidelines.

Regarding the specification of the biophysical conditions required for the natural regeneration of the
mangrove species targeted for rehabilitation, a significant knowledge gap exists regarding species-
specific threshold values associated with the windows of opportunity. Although much of the literature
emphasizes the critical importance of considering species-specific characteristics in mangrove restora-
tion planning (Lewis, 2005; Balke et al., 2011; Cannon et al., 2020; Su et al., 2022), fewer studies have
quantified these species-specific characteristics or threshold values. Without information on these
species-specific threshold values, it remains challenging to specify precise design requirements for
permeable structures. For instance, if no specific threshold values are known regarding the inundation-
free period required by seedlings of the target mangrove species, it becomes impossible to determine
the required increase in bed level elevation that permeable structures must facilitate. This lack of in-
formation consequently impedes the determination of the required amount of wave dissipation to be
facilitated by a certain structural configuration, thereby hindering the formulation of clear functional and
structural requirements, and thus design alternatives. Increasing knowledge on species-specific thresh-
old values associated with the windows of opportunity is thus highly valuable in improving the design of
permeable structures, and subsequently, in enhancing the effectiveness and successful performance
of these structures in restoring mangrove habitat.

As emphasized earlier in section 1.2, there is a lack of understanding regarding the influence of certain
design parameters, such as structure length and size of openings between structures, on the perfor-
mance of permeable structures. Within the design process, this hinders the translation of functional and
structural requirements into design alternatives, as the relationship between certain design parameters,
related to both spatial and structural design of permeable structures, and the performance of perme-
able structures remains unclear. Even though this study aims to contribute to increasing this knowledge,
much can be gained through further research. Recommendations for addressing this knowledge gap
are elaborated upon in section 7.2.



6.2. Design guideline 55

Regarding the stability of permeable structures, a lack of knowledge is identified as well. Detailed in-
formation on the structural stability of these structures, such as how to assess forces on the structural
components and quantify their strength, is currently missing. Although Wilms et al. (2021) provides
some information and ways to increase the strength of structures to withstand hydrodynamic forces,
practical tools to assess structural strength and stability are lacking. This knowledge gap impedes the
formulation of clear structural requirements and, consequently, hinders the translation of these require-
ments into design alternatives that meet the necessary criteria for structural stability and strength.

Lastly, there is an overall lack of knowledge on the exact interaction between the overall configura-
tion of permeable structures and morphodynamic processes, such as the performance of a certain
configuration in promoting sedimentation and an increase in bed level elevation under various hydrody-
namic conditions. As the performance in facilitating an increase in bed level elevation highly depends
on local conditions, such as prevailing wave conditions and suspended sediment budget, and is thus
highly site-specific, quantifying the expected associated morphodynamic changes will be difficult. Gijón
Mancheño (2022) therefore recommends assessing and simulating the morphodynamic response of a
certain coastal system to the implementation of a certain permeable structure configuration. However,
this process is very time-consuming. For this reason, it would be useful to establish ”general relation-
ships” or practical tools that could provide a rough estimate of the amount of sedimentation that could
be facilitated by a certain design of permeable structures, given certain hydrodynamic conditions and
morphodynamic characteristics of the coastal system.

6.2.2. Application

According to Beeston et al. (2023), guidelines for mangrove restoration extend beyond physical design
and restoration activities. Drawing on a wealth of experience from best practices, they should encom-
pass additional factors that can significantly impact the success of a restoration project. Beeston et al.
(2023) have established a project cycle for mangrove restoration that includes additional factors be-
yond the design phase of a restoration project, as depicted in Figure 6.1. As explained in section 5.2,
the specific design guideline for permeable structures developed in this study elaborates on the first
two steps of the Building with Nature five step design approach, which falls within the ”Project Design”
phase of the project cycle for mangrove restoration as outlined by Beeston et al. (2023). The BwN
five-step design approach concludes with ”Preparing the solution for implementation”, marking the end
of the ”Project Design” phase and leading into the next step of the project cycle (see Figure 6.1). The
design guideline for permeable structures developed in this study thus pertains to the first two phases
of this project cycle. It addresses the phase of ”Setting goals and assessing feasibility” and partially
covers the ”Project Design” phase.

Figure 6.1: Project cycle for mangrove restoration (Beeston et al., 2023)
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As highlighted by Beeston et al. (2023) and numerous others (Ellison, 1999; López-Portillo et al., 2017;
Winterwerp et al., 2020; Wilms et al., 2021; Ferreira et al., 2022), it is crucial to acknowledge that
the success of a mangrove restoration project isn’t solely contingent on an adequate physical design
but also hinges on various additional factors. For permeable structures to be effective, they must
be part of an integrated coastal zone management strategy and must be supported by policy and
planning authorities. Local governance structures play a crucial role and must be engaged to ensure
successful implementation. Additionally, community engagement is essential throughout all stages
of the project cycle, including training, preparation, planning, procurement, construction, monitoring,
and maintenance (Wilms et al., 2021). Stakeholder mapping and continuous engagement throughout
the entire project cycle, including throughout the implementation of the specific design guideline for
permeable structures, are thus crucial aspects. Additionally, establishing a monitoring and adaptive
management strategy is an indispensable aspect in the project cycle of a restoration project, and thus
within the design process of permeable structures. Adaptive management, which involves conducting
field measurements, modeling, data analyses, evaluation, and subsequent design optimization, helps
ensure the long-term effectiveness of permeable structures in restoring mangrove habitat.

Regarding the current practical application of the developed design guideline in this study, it is impor-
tant to recognize that it presents an initial framework rather than a quantitative step-by-step plan. As
outlined in section 6.2.1, there are currently significant knowledge gaps that hinder the development of
quantitative content within certain steps, including practical tools and formulas that depict relationships
between interacting variables. Therefore, it was not possible to elaborate the complete content of the
steps comprising the design guideline in detail. Consequently, it is not yet possible to directly apply
this design guideline in practice and to achieve a fully refined design for permeable structures aimed
at morphodynamic habitat restoration of mangroves through this design guideline. However, it can al-
ready serve as a set of guidelines to, for instance, coastal engineers, to understand the design process
for such permeable structures aimed at rehabilitating mangroves, and to gain insight into both the per-
tinent engineering as well as ecological variables involved in the design process of these nature-based
solutions.

6.3. Delft3D modelling

To enhance understanding of the influence of design parameters on the performance of permeable
structures aimed at mangrove rehabilitation, a numerical modeling study using a process-basedDelft3D
model was conducted. This section outlines the constraints associated with the Delft3D model and the
challenges in interpreting its results, as well as discusses the application of the findings of this modeling
research. Section 6.3.1 elaborates on certain limitations associated with the Delft3D model, followed
by section 6.3.2, which expands upon the interpretation of the model results. Section 6.3.3 delves into
the application of the findings derived from this modelling research.

6.3.1. Delft3D model limitations

Configuring a coupled version of the Delft3D-4 model improved the accuracy of hydrodynamic coastal
processes within the model outputs compared to the model initially set up by Bisschop (2023) and sub-
sequently elaborated on by Thillaigovindarasu (2023), as it accounts for the interaction between waves
and currents. As this study focuses on the performance of structures in reducing bed shear stress,
obtaining the most accurate representation of bed shear stress is highly valuable. This is achieved
by coupling the FLOW and WAVE modules, which considers the interaction of waves and currents in
determining the bed shear stress across the model domain. However, to maintain reasonable compu-
tational efficiency, and because modelling over one storm is expected to provide reasonable outputs
given the episodic morphodynamic nature of the Demak coastal system, the model is configured to
simulate one tidal cycle. The performance of permeable structures, aimed at facilitating sedimentation
and increasing bed level elevation, on the contrary, unfold over longer timescales as an increase in
bed level is associated with the morphodynamic response of a natural system to an intervention, on
the long-term. Therefore, while investigating the influence of the various design variables on structure
performance over a single tidal cycle provide insights, a more accurate assessment of their impact
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on the performance of permeable structures could be achieved by extending simulation duration over
longer periods of time. This way multiple storms and variations in hydrodynamic forcing can be consid-
ered.

In addition, to maintain computational efficiency and given that this study aims to offer preliminary in-
sights into the influence of design variables on structure performance, a morphostatic approach is em-
ployed in the model, resulting in fixed bed levels. However, without updating bed levels, factors such as
bed shear stress, water depths, and currents remain static, diverging from real-world variability. Con-
sequently, the model does not consider potential variations in bathymetry associated with the presence
of permeable structures. Since permeable structures aim to facilitate sedimentation and an increase
in bed level elevation, adopting a morphodynamic approach could lead to more realistic model outputs
and provide a better representation of the performance of permeable structures. A morphodynamic
approach could enhance understanding on the influence of design parameters on the performance of
permeable structures in restoring the bed level elevation instead of only considering the obtained re-
duction in bed shear stress.

To avoid over-complicating the nested model, the effects of the mangrove fringe located within the
intertidal region behind structures 3 and 4 is not modelled in this study (Thillaigovindarasu, 2023). The
model does consider the bathymetry of the mangrove fringe, but it does not account for the effects of
vegetation on currents and waves. Mangrove stands, however, have the ability to dampen waves and
slow down water flow as tides and waves pass through them. Consequently, they play a significant role
in shaping hydrodynamics and, consequently, bed shear stresses in their vicinity. Moreover, the model
does not account for the presence of cheniers, which are present in the Demak coastal system as
identified by Van Bijsterveldt (2023). Cheniers can dissipate incoming wave energy and subsequently,
influence hydrodynamics as well as morphodynamics in the vicinity of the structures. These influences
are, on the other hand, not anticipated to significantly alter the correlations between design variables
and the performance of structures in reducing bed shear stresses, as the model analysis of this study
focuses on the relative differences in the performance of structures associated with a varying design
variable. However, the absolute magnitude of the effect of a design variable on structure performance
may slightly differ when considering factors such as cheniers and the mangrove fringe.

6.3.2. Interpretation of model results

An important aspect to consider when interpreting the model results is the lack of validation for the ef-
fect of permeable structures on current reduction due to a lack of field data. Without validation against
field data, the model’s ability to accurately represent the effect of permeable structures on currents
is compromised, potentially resulting in less precise and reliable simulation outcomes. This limits the
accuracy and reliability of predictions regarding the impact of these structures on currents, leading to
slight uncertainty surrounding the correlations between design parameters and structure performance
as identified in this study. On the other hand, this is not expected to significantly influence the correla-
tions identified in this study, as the research focuses on relative differences rather than absolute values.

Another important point to note is that the analysis of the model results primarily focuses on the per-
formance of structures in reducing bed shear stress behind them. It is, however, equally important
to assess the potential increase in bed shear stresses across certain areas concerning scour, as this
can lead to instability or even failure of the structures. Ensuring long-term effectiveness and structural
integrity of permeable structures requires a comprehensive understanding of the influence of design
parameters on both the reduction as well as potential increase in bed shear stresses, with regards to
structural stability. This study qualitatively assesses the areas of increased bed shear stress associ-
ated with certain structure configurations, and thus associated with certain design variables, but doesn’t
provide quantitative expressions for them.

In terms of the robustness of the findings in this study, it is important to note that only a limited num-
ber of values for each design variable were tested, as only a restricted number of scenarios in the
Delft3D model could be executed due to time constraints. This limitation impacts the ability to general-
ize the findings regarding the influences of the design variables on structure performance. Moreover,
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the constrained number of scenarios may compromise the accuracy of results and, consequently, the
robustness of the conclusions drawn. To enhance the reliability and robustness of the conclusions, it is
recommended to expand the scope of values tested for each design variable, which can lead to more
robust and accurate findings.

Another aspect to consider regarding the analysis of the model results, particularly concerning the
correlation between the distance of placement of structures from the mangrove fringe and structure
performance, is the lack of assessment in this study regarding the influence of water depth with re-
spect to these structure configurations. A change in the distance of placement of structures from the
mangrove fringe is associated with a change in water depth. Therefore, it is possible that the alteration
in water depth affects the performance of the structure in reducing bed shear stresses rather than the
change in distance to the coastline. However, in this study, the relative influences of these two parame-
ters on the performance of permeable structures could not be assessed thoroughly, as their influence is
intertwined. Consequently, the influence of the water depth at which structures are placed on structure
performance is not assessed in this study, but could potentially contribute to the correlation identified
in this study between the distance of placement of structures and structure performance.

Furthermore, in analyzing the influence of a design variable on the effectiveness of structures in reduc-
ing bed shear stress in terms of the spatial extent in which the bed shear stress are reduced to below
the critical value of erosion, it is imperative to note a critical aspect. The spatial extent of the effect
associated with a certain structure configuration is defined as the size of the area where the maximum
bed shear stresses are below the threshold value of erosion. A critical bed shear stress for erosion
is assumed 0.25 N/m2 in the context of the study area. However, the critical shear stress that is re-
quired for incipient motion largely depends on the sediment properties. As the sediment composition in
the area displays spatial variations (muddy (80%) with some sandy content (20%)) (BioManCo, 2018),
there is some uncertainty surrounding the precise value of the critical bed shear stress of the area.
Consequently, as the spatial extent is related to this threshold value, some uncertainty lays within this
analysis as well. On the other hand, it is not expected that a different value of the critical bed shear
stress significantly changes the correlations identified between design variables and the effectiveness
of structures in reducing bed shear stresses across a certain spatial extent. This is because this study
concentrates on the relative disparities in the spatial extent linked to a design variable, rather than the
absolute values of this spatial extent. The absolute values associated with the spatial extent in which
bed shear stress fall below the critical threshold value, nonetheless, will slightly differ for a different
value for the critical bed shear stress.

Regarding the findings concerning the influence of placing multiple rows of structures behind each other
on structure performance, it is crucial to point out an identified contrast regarding the associated struc-
tural effectiveness. The model outcomes indicate that placing multiple rows of structures behind each
other leads to a significantly higher percentage reduction in average maximum bed shear stress behind
the structures, as well as a larger area behind them where the bed shear stress falls below the erosion
threshold, compared to a single row of structures. This suggests that placing multiple rows of structures
behind each other enhances the performance of permeable structures significantly. However, as noted
by Wilms et al. (2021), simultaneous construction of multiple consecutive rows of permeable structures
is not advisable. This is due to the risk of sediment rapidly accumulating behind the initial structure,
potentially resulting in waterlogging and hindering sediment transport toward the rear structures and
eventually toward the coastline. It is, therefore, essential to recognize that the results of this study
primarily focus on assessing structure performance in terms of reducing bed shear stresses, while mor-
phodynamic factors also significantly influence structure performance, which are not addressed in this
modeling investigation.

The contrast mentioned above sheds light on one other crucial aspect to consider regarding the in-
terpretation of the model results of this study. While the influence of design variables on structure
performance is assessed in terms of the reduction in bed shear stresses they induce, the intended
function of permeable structures is to facilitate sedimentation in the sheltered areas behind them and
an increase in bed level elevation. In other words, structure performance is intricately linked to the
morphodynamic response of a coastal system. Besides dissipating wave energy and reducing bed
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shear stresses, the effectiveness of permeable structures also hinges on their ability to import and trap
sediments. This capability is influenced by factors such as structure permeability and the sediment char-
acteristics of the coastal system, including its suspended sediment budget. Therefore, evaluating the
performance of permeable structures, and consequently assessing the impact of design variables on
their performance, entails more complexity than simply measuring the reduction in bed shear stresses.
Morphodynamic processes and the interactions between various design variables, such as the interplay
between permeability and the distance of structure placement from the coastline, must be taken into ac-
count. However, time constraints and model simplifications in this study limited this possibility. To gain
a better understanding of how design variables influence structure performance and their interactions,
it is recommended to incorporate morphodynamic processes, to bridging the existing knowledge gap
on the influence of design parameters on the performance of permeable structures more accurately.

6.3.3. Application

The highly dynamic and non-uniform nature of the Demak coastal zone, coupled with high subsidence
rates (Prasetyo et al., 2019), makes this coastal system challenging to compare with others worldwide.
However, the analysis conducted in this study is set up to mitigate the impact of these factors as much
as possible, aiming for conclusions that are more generally applicable. The focus of this research anal-
ysis is, therefore, primarily on areas directly surrounding the permeable structures rather than those
closer to the coastline, which exhibit long channels and significant alongshore non-uniformity. Addi-
tionally, the analysis emphasizes relative differences between distinct structure configurations rather
than absolute values. Furthermore, each structure set is analyzed individually and independently, with
an inter-comparison conducted between various locations to explore potential differences, and conse-
quently, location dependence of correlations between design variables and structure performance.

Although the study aimed to establish generally applicable conclusions regarding the influence of vari-
ous design parameters on the performance of permeable structures, further research is required to en-
able the application of the correlations between design variables and structure performance identified
in this study to other coastal systems, and subsequently, to enable incorporation of these correlations
into the design guideline, as developed in this study. Besides the highly dynamic and non-uniform na-
ture of the Demak coastal zone, other limiting factors to the study’s applicability range, are the facts this
research only considers one combination of tidal and wave conditions, and that morphodynamic pro-
cesses are not considered. The impact of permeable structures on waves and currents depends on the
magnitude and incoming direction of these forces (Gijón Mancheño, 2022). Consequently, the question
arises whether the correlations between design variables and structure performance, as identified in
this study, alter under varying hydrodynamic conditions. In other words, it raises the question how hy-
drodynamic conditions influence the correlation between design variables and structure performance.
Moreover, the question arises whether the correlations identified in this research remain unchanged
when considering morphodynamic processes and employing a morphodynamic approach that updates
bed level elevation.



7 Conclusion and recommendations
In this concluding chapter, answers to the research questions are addressed, aligning with the fulfill-
ment of the research objective. Furthermore, recommendations for future research are provided.

The objective of this research was:

To develop an integrated design approach (design guidelines) for permeable structures aimed at re-
habilitating mangrove habitat along eroding coastlines, merging scientific knowledge with the lessons
learned from pilot projects, and to enhance understanding of the influence of design parameters on the
performance of these permeable structures.

7.1. Conclusions

The answers to the research questions will be addressed sequentially, commencing with the initial
research question:

RQ1: What are the relevant ecological and engineering variables that must be considered when
designing permeable structures aimed at rehabilitating mangroves, and how do these relate to
each other, within the context of a conceptual framework that can function as a design tool?

A conceptual framework that visually represents the relevant ecological and engineering variables, as
well as their interactive processes, relevant to designing permeable structures aimed at rehabilitating
mangroves through morphodynamic habitat restoration is presented in Figure 7.1. The conceptual
framework encompasses these variables through the categorizations of the variables into biological,
hydrodynamic, morphodynamic and design variables, and displays their interactive processes.

Figure 7.1: A conceptual framework illustrating the critical ecological and engineering variables, along with their interacting
processes, important in the design of permeable structures aimed rehabilitating mangroves through morphodynamic habitat

restoration

The relevant biological variables include the mangrove species targeted for rehabilitation and the avail-
ability of propagules. Mangrove colonization or seaward expansion only occurs when a series of fa-
vorable conditions align, providing windows of opportunity that allow seedlings to establish and grow
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into reproductive trees. Each mangrove species has specific preferences, associated with specific
threshold values, regarding these favourable conditions, which are dependent upon its species char-
acteristics as well as on the biophysical conditions of their habitat. Understanding the ecology of the
mangrove species targeted for rehabilitation, along with their threshold values, is essential for effective
structure design. Additionally, assessing propagule availability, as the initial threshold for seedling es-
tablishment, is critical to ensure successful mangrove rehabilitation.

Waves, tides, and currents are the key hydrodynamic factors in designing permeable structures, and,
among other, shape their functional criteria. Waves mobilize sediments from the foreshore that are sub-
sequently transported onshore by currents during rising tides. Since permeable structures are intended
to facilitate sedimentation in the sheltered areas behind them, and a subsequent increase in bed level
elevation, their design should effectively dissipate the incoming wave energy to create sheltered areas
conducive to sediment settlement, while permitting sediment to pass through. Moreover, as a fresh-
water source is a prerequisite to mangrove habitat, evaluating and mapping freshwater sources are
crucial within the design process of permeable structures, to prevent obstruction caused by presence
of the structures. Considering a site’s susceptibility to relative sea level rise, such as subsidence, is
vital during the initial design phase as well. In areas with high local sea level rise and limited sediment
availability, permeable dam construction may be unfeasible. Examining subsidence rates beforehand,
therefore, is essential in assessing a site’s suitability to permeable structures as a solution to restore
mangrove habitat, and ensures the potential effectiveness of permeable structures for morphodynamic
mangrove habitat restoration.

In the realm of morphodynamics, various factors including bathymetry, bed sediment characteristics,
suspended sediment budget, and dynamic sediment processes such as cheniers and mud streaming
are pivotal in the design of permeable structures. Sedimentation and erosion processes are influenced
by the bathymetry of a coastal system, shaping the response of mangrove-mud coastlines to restora-
tion efforts. Bed sediment properties, including grain size distribution and cohesion, determine the
bed material’s resistance to hydrodynamic forces. Alongside the prevailing hydrodynamic conditions
at a restoration site, they dictate the degree of wave dissipation a permeable structure design must
achieve to promote sedimentation within the sheltered areas behind them. Furthermore, before diving
into the design process of permeable structures, it is essential to evaluate the suspended sediment
budget within a natural system. This assessment is particularly crucial for determining the suitability
of a site for permeable structures as a solution to restore mangrove habitat, especially considering a
site’s potential vulnerability to relative sea level rise. Lastly, dynamic sediment features like cheniers
and mud streaming play significant roles in coastal accretion along mangrove-mud coastlines. Consid-
ering these features in the spatial design of permeable structures is essential to prevent interference
or disruption by the presence of these structures, as this could diminish their positive impact on the
morphodynamic restoration of mangrove habitat.

The design variables governing permeable structure design encompass both spatial and structural con-
siderations. Spatial design variables involve placement of the structures with respect to the coastline
and/or mangrove fringe, orientation relative to the coastline, and a spatial configuration, involving the
gap width in between multiple structures and distances in between multiple rows of structures. Struc-
tural design factors include material selection, the dimensions of individual components, and overall
structural configuration parameters like structure length and permeability.

This conceptual framework serves as a foundation for initial assessments and acts as a guiding refer-
ence during the design process of permeable structures. It visually represents the core elements of the
ecological and engineering variables relevant in designing permeable structures aimed at rehabilitating
mangrove habitat, and serves as a design tool supportive to design guidelines. It can be interpreted,
tailored and implemented in various projects or initiatives involving the design of such permeable struc-
tures to rehabilitate mangroves. It’s crucial to acknowledge the complexity of the interactive processes
among the variables, as restoring mangrove habitat using permeable structures involves an interdisci-
plinary endeavor. Furthermore, the dynamics and correlations within mangrove-mud ecosystems are
highly site-specific. To tackle the goals and complexities of such a restoration project effectively, it’s
essential to carefully assess all pertinent variables with respect to the site in question.
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RQ2: Within the framework of a Building with Nature design approach, what are the fundamental
steps in the design process that, when combined, constitute a design guideline for permeable
structures aimed at rehabilitating mangroves?

The fundamental steps in the design process of permeable structures aimed at rehabilitating mangrove
habitat, constituting a design guideline, are illustrated in Figure 7.2. This design guideline elaborates
on the first two steps of the Building with Nature five step design approach, which is part of a broader
project cycle. Guidelines for mangrove restoration efforts extend beyond physical design and restora-
tion activities. For permeable structures to be effective, they must align with an integrated coastal zone
management strategy, supported by policy and planning authorities. Successful restoration initiatives
involve community empowerment, engagement with local government, and alignment of local initiatives
with overarching policies and planning throughout the entire design, implementation and management
phase. Additionally, establishing a monitoring and adaptive management strategy is crucial within the
project cycle of a restoration project, and thus, during the design process of permeable structures.
The design process of permeable structures thus involves further steps after following the steps of the
design guideline developed in this study.

1. Understand the natural system 
(physical, ecological, societal)

1.1 Describe the components of the natural system of the site

Ecological system Physical system Societal system Historical context

1.2 Classify the geomorphic setting of the site

Dominant features Ecosystems Sediment classification Tidal regime

1.3 Determine the problem and root cause(s) of the problem

1.4 Develop a conceptual picture of the (future) landscape of the site

2. Identify alternatives that use or provide value for nature and humans

2.1a Determine the required restoration technique

Planting Hydrological Morphodynamic

2.2 Define the rehabilitation objective

Biodiversity Carbon sequestration Coastal protection

2.3 Define the rehabilitation target

Target mangrove species Target coastline

2.4 Specify the biophysical conditions required for natural 
regeneration of the target mangrove species (WoO)

Inundation-free period Hydrodynamics Morphodynamics

2.5 Define functional and structural requirements for the design 
of permeable structures

Functionality Stability Durability

2.6 Define design alternatives

Spatial design Structural design

2.1b Determine additional measures, if required

2.1 Shape the rehabilitation strategy

CHECKLIST

Figure 7.2: Design guideline for permeable structures aimed at rehabilitating mangroves through morphodynamic habitat
restoration
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Significant knowledge gaps identified throughout the development of these design guidelines hindered
the development of quantitative content within the guideline. As a result, it is not yet possible to apply
this guideline in practice and obtain a fully refined design for permeable structures aimed at morpho-
dynamic habitat restoration. At present, the design guideline could only serve as an initial framework
to provide understanding of the design process for such permeable structures aimed at rehabilitating
mangroves through morphodynamic habitat restoration. It provides insights into both the relevant en-
gineering and ecological variables involved in the design process of these nature-based solutions, and
illustrates the sequence in which the design of permeable structures should be approached.

RQ3: What is the influence of various design parameters on the effectiveness of permeable
structures in reducing bed shear stress across the sheltered areas behind them?

This research question is addressed by systematically assessing the influence of each design param-
eter on the effectiveness of permeable structures in reducing bed shear stresses, one by one. Con-
sequently, subsequent sections elaborate on the influence of structure length, distance of placement
from the mangrove fringe, gap width between sets of structures, and the number of rows of structures
placed behind each other, respectively.

Structure length

A longer structure length enhances the effectiveness of permeable structures in reducing bed shear
stress across the sheltered areas behind them. This is due to longer structures exert influence over
a broader expanse of incoming waves and currents. Consequently, wave energy is dissipated over a
broader expanse, and resistance is exerted on incoming currents across a broader expanse. Increas-
ing the length of structures by 66 meters leads to an increased reduction in bed shear stresses across
the sheltered areas behind the structures, of approximately 5%, and an expanded spatial extent where
bed shear stresses fall below the threshold value of erosion by 3% to 7%. The degree to which longer
structures enhance the performance of permeable structures in reducing bed shear stress across the
sheltered areas behind them thus varies spatially, which is attributed by local variations in hydrody-
namic conditions and the positioning of structures relative to the coastline, particularly in relation to a
detached mangrove fringe within the coastal system. When structures are placed relatively close to a
(detached) mangrove fringe, at a distance of 33 meters, the fringe acts as a blockage and obstructs the
spatial extent of the effect of permeable structures in reducing bed shear stresses behind them, thereby
influencing the degree to which longer structures influence the performance of permeable structures in
reducing bed shear stresses.

Distance of placement of structures from the mangrove fringe

Greater distances of placement of structures from a mangrove fringe enhance the effectiveness of per-
meable structures in reducing bed shear stress across the sheltered areas behind them, albeit to a
certain extent, as the extent of the structures’ effect is less obstructed by the presence of the mangrove
fringe for increased distances. By increasing the distance of placement from the mangrove fringe by
33 meters, an additional 3% reduction in bed shear stress across the sheltered areas behind struc-
tures is achieved. In addition, it accompanies a slightly expanded area behind the structures where
bed shear stresses fall below the threshold value of erosion. For extensive distances of placement of
structures from the mangrove fringe, however, for distances of 198 and 231 meters from the fringe, the
effectiveness of the structures in reducing the bed shear stress behind them does not increase any-
more. This can be attributed to the fact that for extensive distances from a mangrove fringe, currents,
depending on their incoming direction, may penetrate from the sides across the area directly behind
the structures, leading to increased forces on the bed once again. To facilitate seaward expansion of
a mangrove fringe, however, it is crucial that the extent of the structures’ effect to reduce bed shear
stresses below the threshold value of erosion reaches the boundary of a mangrove fringe without in-
terruption. Altogether, this suggests that there is a limit to the positive influence of greater distances of
placement of structures from a mangrove fringe. There appears to be an optimal distance for placing
structures from a mangrove fringe, which, in the case of the study area, is at a distance of 165 meters
from the mangrove fringe. Thus, while the distance of placement of structures from a mangrove fringe
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should be as large as possible to maximize the spatial extent of the effect of the permeable structures,
and to maximize seaward expansion of the mangroves, structures should still be placed close enough
to ensure its effect in reducing bed shear stresses below the threshold reaches the boundary of the
mangrove fringe to facilitate seaward expansion.

Gap width in between a set of structures

The gap width in between a set of structures does not significantly influence the performance of perme-
able structures in reducing bed shear stresses behind them. In fact, a wider gap width could potentially
slightly decrease the effectiveness of structures in reducing bed shear stress. Increasing the gap width
in between a set of structures by 66 meters could decrease the amount of reduction in bed shear
stresses by 2% and reduces the spatial extent behind structures where bed shear stresses are re-
duced by a similar percentage. This is because waves are not attenuated across the width of the gap
in between structures, resulting in orbital velocities near the bottom and bed shear stresses not being
reduced. Consequently, a larger gap width creates a wider area where wave energy is not dissipated,
leading to a greater expanse over which orbital velocities near the bottom are not reduced. As a result,
behind structures with a larger gap width, bed shear stresses are less reduced compared to a structure
configuration with a smaller gap width.

Number of rows of structures placed behind each other

Placing multiple rows of structures behind each other enhances the effectiveness of permeable struc-
tures in reducing bed shear stress across the sheltered areas behind them compared to a single row
of structures. This is due to the fact multiple rows of structures placed behind each other dissipate a
significantly larger amount of wave energy compared to a single row of structures. Adding an addi-
tional row of structures at a distance of 33 meters behind the initial set results in a further reduction
in bed shear stress ranging from 3% to 12% and an expanded spatial extent in which the bed shear
stresses are below the threshold value of erosion of 4% to 6% compared to a single row of structures.
Adding two extra rows of structures at a distance of 33 meters behind the initial set even results in a
further reduction in bed shear stress ranging from 9% to 16% and an expanded spatial extent of 12%
to 20% compared to a single row of structures. The degree to which placing multiple rows of structures
behind each other enhances the performance of permeable structures in reducing bed shear stress
across the sheltered areas behind them thus varies spatially. Moreover, the influence of the distance
between multiple rows of structures on structure performance in reducing bed shear stress varies spa-
tially. Increasing the distance in between multiple rows of structures either decreases or increases the
reduction in bed shear stress. These spatial variations may arise from very localized differences in
hydrodynamic conditions, such as currents approaching from different directions. Depending on the
direction of incoming currents, increasing the distance between multiple rows of structures could lead
to currents penetrating from the sides, thereby affecting bed shear stresses between the rows of struc-
tures once again. Hence, depending on the location of the structures within a coastal system and the
local hydrodynamics, adding another row at the same distance enhances the effectiveness of struc-
tures in reducing bed shear stresses more than increasing the spacing between multiple rows.

By answering the research questions, the research objective:

To develop an integrated design approach (design guidelines) for permeable structures aimed at re-
habilitating mangrove habitat along eroding coastlines, merging scientific knowledge with the lessons
learned from pilot projects, and to enhance understanding of the influence of design parameters on the
performance of these permeable structures.

is now accomplished. A design guideline for permeable structures aimed at rehabilitating mangroves
along eroding coastlines throughmorphodynamic habitat restoration, merging scientific knowledge with
the lessons learned from pilot projects, has been developed, thereby fulfilling the first objective. In
addition, correlations between various design parameters and the performance of permeable structures
in reducing bed shear stress across the sheltered areas behind them are identified, thereby fulfilling
the second objective. Thus, while this study identified several knowledge gaps during the development
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of the design guideline, it has also contributed to bridging one of these knowledge gaps by fulfilling the
second objective of this study.

7.2. Recommendations

Design guideline

Throughout the development of the design guideline for permeable structures in this study, several sig-
nificant knowledge gaps have been identified, as was elaborated upon in section 6.2.1. This hindered
the development of quantitative content within certain steps, including the inclusion of practical tools and
formulas that depict relationships between interacting variables, which could aid in the design of per-
meable structures. Further research on these knowledge gaps is therefore highly recommended. This
involves further research into the development of practical tools to determine and quantify the required
dimensions of a mangrove forest to meet a specific rehabilitation objective, such as a certain amount
of coastal protection or carbon sequestration. The suitability of the formulas proposed by Méndez and
Losada (2004) and Montgomery et al. (2019) within a practical context could be explored to determine
if these models can be utilized to determine forest dimensions based on the hydrodynamic conditions
at a specific site and a desired level of coastal protection to be attained. Additionally, further research
involves expanding our understanding of species-specific threshold values related to their favorable
conditions, like species-specific values to the required inundation-free period that its propagules need.
This entails determining species-specific threshold values to their windows of opportunity, similar to the
study conducted by Balke et al. (2011) on threshold values of the species Avicennia alba. Lastly, while
this study aims to increase understanding of the influence of design parameters on the performance of
structures, further research is required to enhance this understanding, as will be elaborated on in the
following section.

Furthermore, as more quantitative content becomes available for the design guideline, it would be
valuable to apply the guideline to a case study. This would allow for an assessment of whether the
sequence of steps outlined in this study could effectively lead to an adequate design of permeable
structures. Through such a case study, practical insights could be gained regarding the application of
the guideline into practice, providing valuable feedback for further refinement and improvement of the
design process of permeable structures aimed at rehabilitating mangrove habitat.

Delft3D modelling

Due to time constraints, only a limited number of values for each design variable were tested in this
study. To enhance the reliability and robustness of the correlations between design parameters and
structure performance identified, it is recommended to expand the scope of values tested for each de-
sign variable. Moreover, it would be interesting to assess various combinations of values of design
variables within a structure configuration to observe how they are interrelated and interact, ultimately
influencing structure performance. As a permeable structure design must achieve a required degree of
wave dissipation while allowing sediments to pass through, design variables must be aligned to satisfy
both requirements. Moreover, enhancing comprehension of the interactions between design variables
could aid in identifying optimal structural configurations. Conducting research on the interrelations be-
tween design variables in the context of a certain structure’s performance is therefore recommended.

Furthermore, since this study lacks an assessment of the influence of water depth on structure perfor-
mance, it is recommended to further research this aspect. Simulating various water depths in combina-
tion with different distances of placement of structures from the coastline could identify their respective
contributions to structure performance.

Simulating scenarios under various hydrodynamic forcing is also highly recommended, as this study
has only assessed the influence of various design parameters under one tidal and wave forcing. Since
the impact of permeable structures on waves and currents depends on the magnitude and incoming
direction of these forces, it is important to assess whether the correlations identified in this study alter
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under varying hydrodynamic conditions. This enhances understanding of the influence of design pa-
rameters on structure performance and increases the reliability and robustness of correlations. Such
research allows for drawing more generalized conclusions and could enhance the applicability to other
coastal systems. Additionally, it could enable the incorporation of these correlations into the design
guidelines developed in this study.

As this study has focused on analyzing the influence of design parameters on the performance of struc-
tures in reducing bed shear stresses and lacks an assessment of the influence of these parameters on
structural stability, it is highly recommended to investigate and map the stability of structures in relation
to these design variables. Ensuring the long-term effectiveness and structural integrity of permeable
structures requires a comprehensive understanding of the influence of design parameters on structural
stability as well.

Lastly, since permeable structures aim to facilitate sedimentation and an increase in bed level eleva-
tion over time, adopting a morphodynamic modeling approach could lead to more realistic and robust
model outputs and provide a better representation of the performance of permeable structures in terms
of morphodynamics. A morphodynamic approach could enhance understanding of the influence of
design parameters on the performance of permeable structures, as structure performance is intricately
linked to the morphodynamic response of a coastal system over time. Therefore, it is recommended to
simulate over extended periods of time, and to deploy a morphodynamic model to analyze the influence
of design parameters on the performance of permeable structures in more detail.

Overall, while this study aims to contribute to improving the design process of permeable structures
and, subsequently, enhancing the success of these structures in morphodynamic restoration of man-
grove habitat by developing design guidelines and deepening understanding of the influence of design
parameters on structure performance, there is still much knowledge to be gained in this field. This
research marks a starting point in the development of proper design guidelines and initiates progress
in enhancing understanding of the interaction between design parameters and structure performance.
It provides preliminary insights, highlights significant knowledge gaps and provides recommendations
for further research, thereby opening up possibilities to expand knowledge surrounding the design of
permeable structures aimed at morphodynamic restoration of mangrove habitat.
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A Influence of permeable structures
on waves and currents
To determine whether the reduction in bed shear stress behind the permeable structures primarily arises
from wave dissipation or from the resistance of the structures to currents, two extra scenarios are simu-
lated using the Delft3D model. These scenarios - one without the presence of structures, and the other
with the presence of structures - feature currents only, as the significant wave height for these scenar-
ios is set at 0.009 meters, instead of 0.7 meters. The discrepancy in bed shear stresses between these
scenarios is subsequently compared with the difference observed in scenarios where both currents
and waves (significant wave height of 0.7 meters) are present. Upon comparing Figure A.1a to Figure
A.1b, it becomes apparent that the influence of structures on incoming waves is larger than their effect
on incoming currents. This contrast is further emphasized in Figures A.2a and A.2b. The reduction in
bed shear stresses behind the structures is considerably more pronounced under conditions with both
currents and waves than under conditions with currents alone. This phenomenon can be attributed by
the fact that nearshore currents in the coastal region of Demak have a limited strength (Bisschop, 2023).

(a) (b)

Figure A.1: Difference in maximum bed shear stress between scenarios with and without the presence of structures for the
conditions a) with currents only, and b) with currents and waves

(a) (b)

Figure A.2: Difference in maximum bed shear stress between scenarios with and without the presence of structures for the
conditions a) with currents only, and b) with currents and waves, across the area in the vicinity of the structures
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B Spatial variations in the influence
of permeable structures
Figure B.1 highlights the spatial variations in the magnitude to which bed shear stresses are reduced
across the sheltered areas behind the structures are identified. This can be attributed to variations
in hydrodynamic forcing across the coastal area as from Figure B.2, it is evident that the magnitude
of depth-averaged velocities varies across the area, particularly in the vicinity of the different sets of
structures. Notably, the area near structures 1&2 shows significantly smaller depth-averaged velocities
compared to structures 3&4 and 5&6. This variation could potentially be attributed to waves diffract-
ing around the prominent headland situated to the right of structures 5&6. As waves diffract around
obstacles, wave energy is transferred along the wave crests as it bends around the edges of the ob-
stacle, causing changes in wave direction and the distribution of wave energy beyond it (Bosboom &
Stive, 2015). Consequently, around the prominent headland, waves are diffracted, leading to the com-
pression of wave energy and increased depth-averaged velocities in front of structures 5&6. This is
primarily the case in front of structure 5, where bed shear stress is clearly reduced to a greater extent
than behind structure 6.

These variations in local hydrodynamic forcing, resulting in variations in depth-averaged velocities and
consequently in variations in bed shear stress, could thus be the reason behind the spatial variation
in structure performance in reducing bed shear stress behind them. It seems that increased hydrody-
namic forcing, associated with increased depth-averaged velocities, leads to increased performance
of structures in reducing bed shear stress.

Figure B.1: Difference in maximum bed shear stress between scenarios with and without the presence of structures
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Figure B.2: Spatial variations in depth-averaged velocities for the scenario without the presence of structures (dark blue), and
with the presence of permeable structures (light blue)



C Spatially averaged bed shear stress
throughout tidal cycle

(a) (b)

(c)

Figure C.1: Spatially averaged difference in maximum bed shear stress across the area behind structures, where bed shear
stresses are reduced due to the presence of structures, throughout the tidal cycle, for a) structure lengths 1&2, b) structure

lengths 3&4, and c) structure lengths 5&6

Figure C.2: Spatially averaged difference in maximum bed shear stress across the area behind structures, where bed shear
stresses are reduced due to the presence of structures, throughout the tidal cycle, for various distances of placement of

structures 3&4 from the mangrove fringe
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(a) (b)

(c)

Figure C.3: Spatially averaged difference in maximum bed shear stress across the area behind structures, where bed shear
stresses are reduced due to the presence of structures, throughout the tidal cycle, for varying gap width in between structures

a) 1&2, b) 3&4, and c) 5&6
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(a) (b)

(c)

Figure C.4: Spatially averaged difference in maximum bed shear stress across the area behind structures, where bed shear
stresses are reduced due to the presence of structures, throughout the tidal cycle, for varying number of rows of structures

placed behind each other for structures a) 1&2, b) 3&4, and c) 5&6



D Spatial extent of bed shear stress
below threshold throughout tidal cycle

(a) (b)

(c)

Figure D.1: Spatial extent of maximum bed shear stress below the threshold value of erosion behind structures, throughout the
tidal cycle, for a) structure lengths 1&2, b) structure lengths 3&4, and c) structure lengths 5&6
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Figure D.2: Spatial extent of maximum bed shear stress below the threshold value of erosion behind structures, throughout the
tidal cycle, for various distances of placement of structures 3&4 from the mangrove fringe

(a) (b)

(c)

Figure D.3: Spatial extent of maximum bed shear stress below the threshold value of erosion behind structures, throughout the
tidal cycle, for varying gap width in between structures a) 1&2, b) 3&4, and c) 5&6
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(a) (b)

(c)

Figure D.4: Spatial extent of maximum bed shear stress below the threshold value of erosion behind structures, throughout the
tidal cycle, for varying number of rows of structures placed behind each other for structures a) 1&2, b) 3&4, and c) 5&6



E Spatial graphs depicting the mag-
nitude of differences in bed shear stress

(a) (b)

(c) (d)

Figure E.1: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 1&2 of a) lengths S1 = 297 m, S2 = 264 m, b) lengths S1 = 231 m, S2

= 198 m, c) lengths S1 = 165 m, S2 = 132 m, d) lengths S1 = 99 m, S2 = 66 m
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(a) (b)

(c) (d)

Figure E.2: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 3&4 of a) lengths 165 m, b) lengths 132 m, c) lengths 99 m, d)

lengths 66 m
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(a) (b)

(c) (d)

Figure E.3: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 5&6 of a) lengths 165 m, b) lengths 132 m, c) lengths 99 m, d)

lengths 66 m
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(a) (b)

(c) (d)

(e) (f)

(g)

Figure E.4: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring structures 3&4 at varying distances from the mangrove fringe: a) 33 m, b) 66 m, c) 99 m, d) 132 m, e) 165

m, f) 198 m, and g) 231 m
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(a) (b)

(c)

Figure E.5: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 1&2 with varying gap widths in between the set of structures: a) 33 m,

b) 66 m, and c) 99 m
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(a) (b)

(c)

Figure E.6: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 3&4 with varying gap widths in between the set of structures: a) 33 m,

b) 66 m, and c) 99 m
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(a) (b)

(c)

Figure E.7: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 5&6 with varying gap widths in between the set of structures: a) 33 m,

b) 66 m, and c) 99 m
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(a) (b)

(c) (d)

(e)

Figure E.8: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 1&2 with varying number of rows of structures placed behind each
other: a) 1 row, b) 2 rows with a distance of 33 m in between, c) 2 rows with a distance of 66 m in between, d) 3 rows with a

distance of 33 m in between, and e) 3 rows with a distance of 66 m in between
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(a) (b)

(c) (d)

(e)

Figure E.9: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 3&4 with varying number of rows of structures placed behind each
other: a) 1 row, b) 2 rows with a distance of 33 m in between, c) 2 rows with a distance of 66 m in between, d) 3 rows with a

distance of 33 m in between, and e) 3 rows with a distance of 66 m in between
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(a) (b)

(c) (d)

(e)

Figure E.10: Difference in maximum bed shear stress between the scenario without the presence of structures and the
scenarios featuring a structure configuration of structures 5&6 with varying number of rows of structures placed behind each
other: a) 1 row, b) 2 rows with a distance of 33 m in between, c) 2 rows with a distance of 66 m in between, d) 3 rows with a

distance of 33 m in between, and e) 3 rows with a distance of 66 m in between



F Influence of distance in betweenmul-
tiple rows of structures
Figures F.1, F.2, and F.3 depict the depth-averaged velocities for structure configurations featuring two
rows of structures positioned behind each other for structures 1&2, 3&4, and 5&6, respectively. Upon
comparing Figures F.1a and F.1b, it is evident that for increased distance between the two rows, on the
right of structure 2, the direction of depth-averaged velocity is towards the gap between the multiple
rows, suggesting that currents can penetrate slightly between these rows of structures as the currents
surrounding structure 2 are directed towards the structures. However, Figures F.2 and F.3 show that
this is not the case with increased distance between the two rows of structures for structures 3&4, and
5&6, as currents are not directed in that manner around these structures. Depending on the direction
of incoming currents, increasing the distance between multiple rows of structures could lead to currents
penetrating from the sides, thereby affecting bed shear stresses between the rows of structures once
again.

(a) (b)

Figure F.1: Differences in depth-averaged velocities for a 2 rows of structures 1&2 with a distance in between the rows of
structures of a) 33 meters (light blue), and b) 66 meters (light blue), compared to the baseline scenario without structures (dark

blue)
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(a) (b)

Figure F.2: Differences in depth-averaged velocities for a 2 rows of structures 3&4 with a distance in between the rows of
structures of a) 33 meters (light blue), and b) 66 meters (light blue), compared to the baseline scenario without structures (dark

blue)

(a) (b)

Figure F.3: Differences in depth-averaged velocities for a 2 rows of structures 5&6 with a distance in between the rows of
structures of a) 33 meters (light blue), and b) 66 meters (light blue), compared to the baseline scenario without structures (dark

blue)
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