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Abstract

Mangrove forests are important wetland ecosystems that inhabit intertidal zones within tropical and
sub-tropical latitudes. They offer a diverse array of ecosystem services, including coastal protection
and carbon sequestration. Despite their significance, global mangrove cover has declined in recent
decades, prompting various restoration initiatives, most of which often fail due to a lack of system un-
derstanding of the local mangrove habitat and associated physical and biological processes. A method
gaining prominence involves the use of permeable dams to restore the sediment balance along eroding
coastlines, thereby facilitating the restoration of mangroves in the area. These dams help dissipate the
approaching waves and reduce current magnitudes, thus creating a low energy environment behind
them, ideal for sediment deposition. However, a comprehensive understanding of the system-wide
implications of utilisation of permeable dams remains largely unexplored.

The study is focused on examining the response of a coastal system to structural presence, based
on currents, waves and sediment and propagule pathways, to optimise restoration strategies. The
coastline of Demak in Indonesia is chosen as the system to be modelled due to the persistent erosion
problem in the region and the ongoing use of permeable and impermeable structures to mitigate the
problem. A nested model was set-up in Delft3D-4 to estimate the flow hydrodynamics resulting from
river discharge, tide and wind forcing in the area. Wave propagation in the region was also modelled us-
ing Delft3D-4 with a standalone nested wave model. Output from the hydrodynamic models served as
input for the Lagrangian particle tracking model, SedTRAILS, to compute the sediment and propagule
pathways.

The hydrodynamic models demonstrate a decrease in both current magnitude and wave activity behind
the structures, with a greater reduction observed in the case of impermeable structures. However, the
radius of influence is constrained to less than a kilometre from the structures. The sediment pathways
reveal reduced sediment movement behind the structures. However, the sediment imported due to the
structures are sourced from within the intertidal basin which could trigger coastline retreat in the region.
Additional tests uncover impermeable structures with larger length to opening size ratio, placed closer
to the mangrove fringe to be able to retain sediment with comparatively higher efficiency. In case
of propagules, the trapping behaviour of the structures is less apparent, with dependencies on the
relative location of the structure to the sources and the direction of wind. In Demak, when structures
are located relatively offshore to the propagule sources, they are able to trap the propagules, thereby
creating a possibility for mangrove restoration. The study concludes that coastal structures enhance
sediment and propagule retention, with varying efficacy depending on the type, location and length of
the structure, suggesting their potential utility as a valuable tool for mangrove restoration.
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1
Introduction

1.1. Context
Mangrove forests are important ecosystems offering a plethora of services that benefit communities
around and away from them. Services offered by the ecosystems include but are not limited to, provi-
sions like timber, fuel wood, habitats for various species, coastal and flood protection against storms
and, in certain circumstances, tsunamis, among other flood hazards, the value of which is estimated at
2,000 to 9,000 USD per hectare per year (Barbier et al., 2011; Alongi, 2008; Kathiresan and Rajendran,
2005; Spalding, 2010).

These impressive ecosystems persist in the portion of the tidal zone from mean sea level (MSL) to
highest spring tide. They are generally found in the tropical and subtropical regions and covered a
total of 137,760 square kilometres globally in the year 2000 (Alongi, 2002; Giri et al., 2011). However,
the mangrove cover has been in decline over the years at a rate of 0.16% to 0.39% per year globally
since 2000 (Hamilton et al., 2016). While the rate of loss seems to have decreased when compared
to previous decades, there still exist causes for concern especially in the region of Southeast Asia. In
Indonesia, the annual mangrove deforestation rate ranges from 0.26% to 0.64%, which is approximately
twice the global average (Hamilton et al., 2016). This decline in mangrove forest cover worldwide can
be attributed mainly to anthropogenic activities such as urban development, transformation of forests
into economic land use such as aquaculture and agriculture, and demand for wood (Winterwerp et al.,
2020). It is however important to note here that, while economic growth was one of the key drivers of
mangrove loss in the past (1996 to 2006 to be precise), during the recent years, net gain of mangrove
cover was observed to correspond to regions of higher economic growth (Hagger et al., 2022). This
suggests that increased wealth and education, and improved agricultural productivity could ultimately
reduce development pressure, thus aiding restoration efforts (Ceddia, 2019).

Although restoration efforts have not been lacking, few appear to have succeeded, mainly due to un-
informed selection of sites and species (Wodehouse and Rayment, 2019). Restoration has also often
failed when planting is done within habitats that would not support their natural recruitment (Primavera
and Esteban, 2008; Bayraktarov et al., 2016). It is therefore important to obtain knowledge on the physi-
cal and biological processes at site, to inform the design and implementation of rehabilitation strategies.
One of the most efficient strategies in use is Ecological Mangrove Restoration (EMR) (Lewis, 2001). In
this approach, it is attempted to restore habitat favourable for mangrove growth without any planting
in general, as it is well known that mangrove forests can self-repair provided the habitat allows for it
(Lewis III, 2005). Principles of EMR have been successfully implemented in various restoration efforts
across the world.

1



1.2. Problem Statement 2

The coastal area of Demak district in Central Java, Indonesia suffers from tremendous erosion, which
has lead to significant loss of the mangrove cover there (Ecoshape, 2015). The erosion can be ascribed
to excessive aquaculture and subsidence (Winterwerp et al., 2020). Subsidence is a major threat to
mangrove forests in the Demak coastal system with rates exceeding 8 cm/year in Sayung district of
Demak close to the coast which is an order of magnitude higher than eustatic sea level rise (Deltares,
2021a). While mangroves are capable of keeping up with relative sea level rise by enhancing sed-
iment accretion (see Figure 1.1), it follows that sediment availability is a key factor in determining if
the mangroves can maintain sufficient surface accretion (Lovelock et al., 2015). With rates of subsi-
dence as high as observed in Indonesia, mangrove restoration projects planned for the area should
also accrete enough sediment to facilitate growth of mangroves. A pilot rehabilitation project in Demak
implemented EMR, and created the required habitat for mangrove expansion by use of temporary per-
meable structures made of brushwood and bamboo poles proposed by Winterwerp et al. (2013). The
dams are used to dissipate waves and thereby trap sediment in the low energy environment behind
them. Design of such structures has thus far been based on best-engineering practice and therefore
do not always prove successful, which led to studies on developing physics-based models to optimise
the design (Gijón Mancheño, 2022).

Figure 1.1: Potential damage limitation against sea level rise through sediment accretion by mangroves (From Spalding et al.,
2014)

A systemic understanding of physical processes on site allows not only to optimise the design of struc-
tures used, but also the layout at the location, which helps devise the most effective rehabilitation
strategies. While morphodynamic models and hence bed level changes in response to structures are
available for the study area of Demak (see Smits, 2016), knowledge on sediment andmangrove propag-
ule pathways would provide insights on the system connectivity for different structure characteristics
and, thus optimise rehabilitation strategy so as to maximise the probability of success of the campaign.

1.2. Problem Statement
Mangrove coastlines globally are eroding due to a combination of various, mostly anthropogenous
factors. To restore the eroding forests, temporary structures are being used to trap sediment and
elevate bed to levels ideal for mangrove expansion. However, success of rehabilitation efforts depend
on information about physical and ecological processes and, conditions like sediment availability at the
target site. Insight into the system and its processes are thus required for successful restoration, but we
lack models to understand sediment and propagule connectivity and hence, their availability and ability
to reach the target locations in the system. While Bisschop (2023) took the first steps toward modelling
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said pathways through an idealised model, the effect of structural interventions on the pathways is still
unknown. Knowledge of the effects of structures in use and their characteristics on the pathways is
thus required to better strategise restoration efforts.

1.3. Objectives
The objective of this research is to advance current knowledge on eroding coastal mangrove systems
by modelling sediment and propagule pathways in such a system in the presence of structures. The
resulting insights can be used to optimise rehabilitation strategies not only in the study area, but also
in similar regions. The objective stated is reformulated as a research question.

How do coastal structures affect sediment and propagule pathways for mangrove restoration?

To answer the broad question posed, it is imperative to address it from the mechanisms and analyse
the effect of individual drivers, which leads to the formation of the following sub-questions:

1. How are currents affected by the presence of structures used to trap sediment and thereby help
rehabilitate mangrove systems?

2. What is the effect on wave transformation by the structures present in the region?
3. How do structures and their implementation in the model influence sediment pathways in the

study area?
4. How do structures influence mangrove propagule pathways in the study area?
5. How do different characteristics of the structures affect the sediment pathways?
6. Do the pathways of sediment and propagules correlate to contribute to mangrove restoration?

1.4. Thesis Outline
The research questions posed will be answered by modelling the study area which requires a thorough
literature study. Results from the model will then be fed to SedTRAILS to obtain the relevant sediment
and mangrove propagule pathways.

A comprehensive literature study is done to understand the mangrove ecology and causes of man-
grove loss globally. A general overview on the use of structures (permeable and hard) to rehabilitate
mangroves is obtained from further study. This is expanded up on in Chapter 2.

Knowledge on the study area and the local hydro-, morpho- and sediment dynamics is acquired through
study on the region of concern. The obtained knowledge is presented in Chapter 3.

The choice of model is done based on a variety of factors explained in Chapter 4. The study area of
Demak coastal region is modelled using the chosen software for preliminary tests of the processes in
the system and validated using results produced by Bisschop (2023). A more extensive morphostatic
model with coastal structures is then built. The methodology for both hydrodynamic and Lagrangian
pathway modelling is expounded up on in Chapter 4.

Results from the individual models is then used in SedTRAILS (Sediment TRAnsport vIsualization &
Lagrangian Simulator) to obtain the pathways of sediment and mangrove propagules for the various
cases discussed which is showcased along with results from the hydrodynamic models in Chapter 5.
The obtained pathways are then used to reflect on their application and answer the research questions
posed in Chapter 6 and Chapter 7 respectively.





2
Literature

This chapter presents a review of the literature on mangrove ecology and propagule characteristics,
drivers of mangrove loss, and the use and effect of structures to rehabilitate mangroves at eroding
coastlines.

2.1. Mangrove Ecology
This section provides an overview on the available literature on mangrove and mangrove propagule
characteristics, requirements for mangrove establishment and long-term survival.

2.1.1. Mangroves and Mangrove Ecosystems

Mangrove ecosystems consist of trees and shrubs that grow at the interface between land and sea in
tropical and sub-tropical latitudes (30°N to 37°S). These span considerable variations in tidal height (<1
m to >4 m), geomorphology (coastal to riverine systems), sedimentary environment (peat to alluvial),
climate (warm temperate to both arid and wet tropics), and nutrient availability (oligotrophic to eutrophic)
(Feller et al., 2010). Because of their environment, mangroves are necessarily tolerant of, and have
therefore adapted to, high levels of salinity, anaerobic conditions and high temperatures (Kathiresan
and Bingham, 2001).

Mangrove forests create unique ecological environments that host a rich variety of species. The loose
sediments of the forests are home to a wide assortment of invertebrates (Kathiresan and Bingham,
2001). The complex root system of the trees also serves as a nursery habitat for crab, prawn and
fish species providing an abundance of food and shelter (Nagelkerken et al., 2008). Above the water
surface, mangrove trees and canopy provide habitat for a range of species including birds, mammals,
amphibians and reptiles (Rajpar and Zakaria, 2014).

Apart from hosting a large variety of fauna, mangroves also support a wide range of ecosystem ser-
vices. They protect coastlines, enhance water quality, yield commercial forest products, sequester
carbon among other services (Mitra, 2020). Mangroves contribute to coastal protection by their abil-
ity to attenuate waves by exerting resistance on the approaching waves, as they propagate across
the trunks and root systems of the trees (Mazda et al., 2006). Additionally, mangroves can promote
accumulation and stabilisation of coastal sediments with their complex root systems (Furukawa et al.,
1997). Mangroves effectively slow down and decelerate water flow, mainly as a function of the trees’
three-dimensional structure and the complex topographical features of channels, creeks, etc. This en-
ables efficient trapping of suspended and particulate matter, which can lead to land accretion, buffering
against storms and sea level rise (Walters et al., 2008). Besides coastal protection, mangroves and

5
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their biota also help remove excess nutrients from the water thereby aiding the purification of water to
an extent (Spalding et al., 2014; Trégarot et al., 2021). Mangrove forests also provide a livelihood to
local communities through fisheries and wood for fuel and construction (Glaser, 2003; Rönnbäck et al.,
2007). Mangrove tourism is also estimated to attract tens to hundreds of millions of visitors annually
and is a multi-billion dollar industry (Spalding and Parrett, 2019). With respect to carbon sequestra-
tion, mangrove ecosystems are among the most productive and biogeochemically active ecosystems
(Eong, 1993). Mangrove forests are highly productive, with carbon production rates equivalent to trop-
ical humid forests (Alongi, 2012). The carbon stock per unit area is also enormous as the top layers
of mangrove sediments store large amounts of organic carbon, typically an order of magnitude higher
than those of other tropical forests (Walters et al., 2008). Mangrove forests are thus hugely important
ecosystems providing services to communities at both local and global scales.

2.1.2. Propagules

Mangroves reproduce through propagules, which are seeds that germinate while still attached to the
parent tree. These propagules are then dispersed through water, during which period embryonic de-
velopment continues (NHMI, 2000). To allow for sufficient development, the propagules must remain
floating for an obligate dispersal period which is species-dependent (Rabinowitz, 1978). On reaching
a favourable site, the propagules get stranded and establish themselves rapidly as seen in Figure 2.1
(Osborne and Berjak, 1997).

Figure 2.1: Different species of mangrove propagules stranded during receding tide and their establishment thereafter to
seedlings (from Sousa et al., 2007)

The process of dispersal is crucial for the distribution and connectivity of mangrove populations, con-
tributing to shifting distributions in response to environmental changes (van der Stocken, Carroll, et al.,
2019; van der Stocken, Wee, et al., 2019). Dispersal of propagules is determined by a range of factors
from propagule traits such as its density and buoyancy to vector properties such as wind and water
currents as depicted in Figure 2.2 (van der Stocken, Wee, et al., 2019). The contribution of wind to
dispersal of propagules is found to be significant (Di Nitto et al., 2013) and dependent on propagule
characteristics such as buoyancy, density, morphology and floating orientation (van der Stocken et al.,
2013; van der Stocken et al., 2015). Water temperature and salinity can affect the density of water
and therefore the buoyancy of propagules. Salinity is a vital factor that affects the buoyancy of man-
grove propagules, including their flotation period and viability (Wang et al., 2019). With the threat of
climate change, in the future, a warmer and fresher ocean is likely to alter dispersal trajectories of man-
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grove propagules and increase rates of sinking in unsuitable offshore locations, potentially reducing
the resilience of mangrove forests (van der Stocken et al., 2022).

Figure 2.2: Mangrove dispersal is dependent on factors for propagule emigration, transfer and immigration. Fecundity,
predation and local retention determine the amount of emigrant propagules from the area. While in transportation, propagule
traits such as its density and viability period and, vector properties like salinity and water and wind current velocities determine

dispersal trajectories and probability of reaching a favourable site. Once the propagule reaches a desired location, its
establishment depends on factors such as retention (based on factors of shear stress, flooding, sediment conditions, etc.) and

predation in the area. (From van der Stocken, Wee, et al., 2019)

Dispersal of propagules can occur within the same population (short-distance dispersal (SDD)), to
nearby or distant populations (long-distance dispersal (LDD)), or between a mangrove stand and a new
location that lacks established mangroves (van der Stocken, Wee, et al., 2019). LDD allows for the
large-scale exchange of propagules between populations and the colonisation of unoccupied habitats
(Nathan et al., 2008). Hence, LDD, rather than local dispersal, determines large-scale phenomena of
greatest conservation concern, such as the spread of invasive plants, range shifts following climate
change, etc., (Trakhtenbrot et al., 2005). However, local establishment, predation and local propagule
retention ensure that a large amount of propagules will not leave the parental stand (van der Stocken,
Wee, et al., 2019; Di Nitto et al., 2013). The focus of this thesis is on SDD to understand the pathways
taken by propagules in the presence of local interventions.

2.1.3. Mangrove Establishment

On reaching a favourable location, propagules can establish as seedlings which grow into mangrove
trees. For successful establishment, a number of criteria need to be fulfilled. Balke et al. (2011) found
that the stranded propagules must overcome threemain thresholds seen in Figure 2.3 for establishment
to seedlings:

1. Stranded propagules need an inundation-free period to rapidly develop roots that are long enough
to withstand displacement by flooding

2. Roots need to become long enough to withstand seedling dislodgement by hydrodynamic forces
from waves and currents, with the required root length being proportional to the force that needs
to be resisted

3. Even longer roots are needed to survive high energy events that can cause sheet erosion and
thereby induce seedling dislodgement
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These thresholds can also be overcome with the help of interventions such as permeable dams (van
Bijsterveldt et al., 2022). With a thorough understanding of the system, installation of such dams can
increase the bed level through sediment trapping (helping overcome the first threshold) and mitigate the
wave stress (helping with the second and third thresholds), allowing an increase in the natural seedling
recruitment (Van Cuong et al., 2015).

Figure 2.3: Thresholds stranded propagules need to overcome for successful establishment to seedlings (alternatively known
as windows of opportunity) (from Balke et al., 2011)

For the purpose of mangrove restoration, van Bijsterveldt et al. (2022) extended the list of thresholds
to include propagule availability (phase 0) and growth limitations (phase 4). When aiming for rehabili-
tation without planting, propagule availability is of tremendous importance. Lewis III (2005) effectively
showcased this by re-establishing aquatic connectivity at a site deprived of propagules, consequently
triggering the initiation of mangrove regeneration. Once established, the seedlings need to overcome
growth limitations such as predation, disease or other stressors to grow into reproductive trees (van
Bijsterveldt et al., 2022). The thresholds vary for different species of mangroves, knowledge of which
helps with the success of restoration efforts.

2.1.4. Long-term Mangrove Survival

Mangroves have evolved several strategies to ensure survival in the harsh environments they inhabit.
Genetic diversity is one such strategy born as a result of numerous evolutionary processes and, is
crucial for adaptability and environmental resilience (Duke, 1995). A diverse genetic makeup also
reduces the vulnerability to diseases and pests by increasing the probability of having individuals with
natural resistance mechanisms (Pautasso et al., 2005). In the face of natural disasters that could cause
potential flooding, genetically diverse mangrove populations have a higher chance of survival (Guo et
al., 2018). Some individuals may have traits that confer resistance to damage caused by extreme
events, ensuring the population’s recovery (Alongi, 2008).

Within a genetically diverse mangrove system, zonation is characterised by distinct zones of mangrove
species at different elevations or at different distances from the shoreline (see Figure 2.4). The phe-
nomenon is attributed to the responses of individual species to variation in degree of tidal inundation,
salinity and other factors varying across the intertidal regime (Smith III, 1992). Such structure of the
forests are the result of a complex interplay of physiological tolerances and competitive interactions
ensuring survival of the population (Alongi, 2008).

As climate change continues to exert a growing influence globally, certain associated stressors like
carbon dioxide enrichment are projected to benefit mangrove populations, leading to heightened growth
and productivity (McKee et al., 2012). However, the net impact of climate change on mangroves is
anticipated to be significantly adverse with relative sea-level rise playing a pivotal role in determining
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their long-term survival (Friess et al., 2022). Mangroves can potentially keep pace with and adapt to
moderate rates of sea-level rise through a number of physical and biological mechanisms, including
the trapping of sediment from fluvial or surrounding coastal sources, below-ground root production,
leaf litter additions, microbial and algal mat production, etc., (Krauss et al., 2014). Consequently, the
current and future mangrove surface elevation dynamics are strongly influenced by the broader coastal
sediment budget (Lovelock et al., 2015). Studies from across the world show that mangrove forests
in the past have been able to keep pace with sea-level rise when the latter is limited to rates of less
than 7 mm per year (Saintilan et al., 2020). However, in addition, possible landward migration of the
forest in response to sea-level rise is limited by urbanisation (Enwright et al., 2016). Climate change
is also predicted to result in higher intensities of storms, which could lead to increased damage and/or
mortality of mangroves (Walsh et al., 2016; Gilman et al., 2008). Storm impacts on mangrove forests
can persist for years as legacies of past disturbance (Krauss and Osland, 2020). These ecosystems
can recover over time but their resilience depends on the size of the forest. Mangrove forests that
cover larger spatial areas might exhibit greater resilience compared to smaller stands, as the damage
aligns with the trajectory of cyclones, causing partial harm, with surviving regions serving as propagule
sources for affected areas (Krauss and Osland, 2020).

Figure 2.4: An example of mangrove zonation that occurs in the tropical Pacific listing the prominent species of each zone

2.2. Drivers of Mangrove Loss
Globally, a net 3.4% of mangrove extent has been lost between 1996 and 2020 (Bunting et al., 2022).
This loss can be attributed to a variety of reasons both natural and anthropogenic. Erosion in high-
energy environments during storms is an example of natural loss, while direct removal due to defor-
estation can be attributed to humans. Goldberg et al. (2020) identifies five main categories of drivers
comprising of anthropogenic causes such as commodities, non-productive conversion, reclaimed land
for human settlement and, natural causes of shoreline erosion and extreme weather events. From
2000 to 2016, agriculture and aquaculture, including rice, shrimp, and oil palm cultivation, served as
the primary global driver of mangrove loss, constituting 47% of global losses (Goldberg et al., 2020).
Shoreline erosion, a natural driver, represented the second highest percentage of global losses at 27%
(Goldberg et al., 2020). The share of all five drivers in global mangrove loss can be seen in Figure 2.5.

Within Southeast Asia, a substantial 82% of mangrove loss was found to be human driven, compared to
33% in the rest of the world (Goldberg et al., 2020). The primary driver of anthropogenic mangrove loss
was found to be the conversion of mangroves to aquaculture and agriculture during the period 1996-
2010 with historical evidence prior to 1996 (Thomas et al., 2017). In Indonesia, documented instances
of exploitation of the mangrove forests for timber and conversion to fish ponds have emerged as the
predominant drivers of loss in the region (Ilman et al., 2016).
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Throughout the world however, natural losses ofmangrove forests through erosion and extremeweather
events remain pervasive. Erosion is most commonly observed in high-energy environments, such as
along exposed coastlines and at the confluence of rivers and at river mouths (Thomas et al., 2017).
Shoreline erosion in mangrove ecosystems is the result of variability in sea-level rise, rainfall, temper-
ature, and wave activity (Friess et al., 2022). In addition, a potential bottleneck in the form of sediment
supply to the coast, when critically lowered, will exacerbate shoreline retreat. In the delta of the Chao
Phraya River in Thailand, a substantial reduction of approximately 80% in sediment supply, along with
surface subsidence resulting from groundwater extraction, led to the extensive retreat of mangrove
shorelines for several kilometers (Lovelock et al., 2015). Activities such as upstream urbanisation,
mining and deforestation directly impact sediment influx into mangrove forests and would need to be
monitored (Thomas et al., 2017).

Anticipated future land-use scenarios highlight coastal development as a significant factor contributing
to substantial mangrove ecosystem loss within the Indonesian archipelago (Ilman et al., 2016). An
example is the city of Semarang in Indonesia, grappling with ongoing subsidence primarily caused
by urban development (Abidin et al., 2013). This situation has resulted in recurrent coastal flooding,
eventually leading to the loss of mangroves in the vicinity of the city and neighbouring areas, owing to
shoreline erosion (Ilman et al., 2016). Recent research by van Bijsterveldt, Herman, et al. (2023) in
the area has been able to successfully quantify the relative sea-level rise (RSLR) experienced by the
rural areas near the coastline and associated mangroves in the Demak region. The findings indicated
that although individual trees were resilient to RSLR with high sediment deposition due to numerous
root adaptations, a sediment deficit with respect to RSLR ultimately led to erosion of the shoreline and
lateral retreat of the mangroves.

Figure 2.5: Drivers of global mangrove loss showcasing (a) longitudinal, (b) latitudinal distribution of total mangrove loss and
the relative contribution of its primary drivers and, (c-g) global distribution of mangrove loss and associated drivers from 2000 to
2016 at 1°×1° resolution (top), with the relative contribution of primary drivers per continent (bottom): (c) North America, (d)
South America, (e) Africa, (f) Asia, (g) Oceania. While natural causes seem to be the primary drivers of loss in the Americas
and Oceania, human driven causes seem to have had a much greater impact in Asia and Africa. (from Goldberg et al., 2020)

A field study by van Bijsterveldt et al. (2020) in Indonesia of a stretch of mangrove-mud coastline found
that seaward retreat of mangroves was observed in the regions with steep foreshores. Deep foreshores
exert less bottom friction on waves and therefore allow more wave energy to reach the shoreline. In
addition, with a steep elevation change from foreshore to shoreline (i.e., a concave profile), deeper
foreshores cause waves to come closer to the shoreline, which can further excavate the foreshore
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bed, creating a positive erosional feedback loop (Winterwerp et al., 2013). This disturbance in the
sediment balance has often been a major driver of furthering mangrove loss across the world (Anthony
and Gratiot, 2012; Besset et al., 2019; van Bijsterveldt, Herman, et al., 2023).

Apart from the various anthropogenic and biophysical drivers, socioeconomic variables are also found
to play an influential role in the potential loss of mangroves (Hagger et al., 2022). Both gross and net
loss of mangroves at a global scale from 1996 to 2016 were found to be negatively correlated to travel
time to the nearest city which served as a measure of market accessibility (Hagger et al., 2022). This
indicates access to markets to be a strong driver of mangrove loss. Hagger et al. (2022) observed
that the adverse impacts on mangroves resulting from increased market accessibility were somewhat
mitigated in countries with high levels of economic complexity and democracy, although the reduction
was not deemed statistically significant.

2.3. Mangrove Restoration on Muddy Coastlines
This section expounds on the factors required for successful restoration efforts and possible measures
that can be taken for rehabilitation.

2.3.1. Requirements for Restoration

Restoration by definition is the act of returning something to its former position or condition. For man-
groves to be restored where lost, it then follows that first and foremost, the driver(s) of loss at the site
needs to be studied and prevented from recurring. This requires a good understanding of the conditions
of the site being restored, which includes prior knowledge of both ecology and hydrology (Worthington
and Spalding, 2018). Of the numerous restoration efforts initiated in the past, few have been success-
ful, primarily because the local site conditions and the causes of loss there were poorly understood
which led to implementation of ill-suited measures (Lewis III, 2005; Wodehouse and Rayment, 2019).

Worthington and Spalding (2018) mention that as a starting point for mangrove restoration, it is pru-
dent to consider locations where mangroves have recently been lost. These areas are highly likely
to possess local soil conditions, tidal patterns, and elevation levels suitable for successful restoration.
Additionally, such locations are expected to facilitate sufficient free exchange of seawater with the ad-
jacent ocean or estuary and situated at an optimal distance from the source of freshwater supply. This
consideration is crucial, as a decrease in freshwater availability can elevate salinity levels, potentially
harming mangroves at the restoration sites (McKee and Faulkner, 2000). Moreover, their proximity to
existing mangroves significantly aids in fostering natural regeneration processes.

When taking climate change and the associated variables into account, relative sea-level rise becomes
an important parameter that determines the success of restoration efforts. After initial efforts to elevate
bed levels and/or plant seedlings, the sedimentation rates thereafter must be large enough to facilitate
long-term growth under rising sea levels (van Bijsterveldt et al., 2022).

One of the main factors determining the success of restoration efforts worldwide is the involvement
and collaboration of local communities and stakeholders (Holl et al., 2020; Randy et al., 2015). The
knowledge, support, and active participation of the communities contribute to the long-term success
and sustainability of restoration initiatives. Involvement of the community is expected to increase the
credibility of the restoration project and increase the likelihood of sustainable use in the future, as
well as compliance with regulatory measures to protect the developing stands of restored mangroves
(Rönnbäck et al., 2007).

To enhance the probability of a successful restoration, it is crucial to integrate long-term monitoring
and site management into the procedural framework of projects (Biswas et al., 2009; Randy et al.,
2015). Establishing a comprehensive, long-term monitoring program is essential to assess whether the
project is making measurable progress, enabling identification of mid-course adjustments and informed
modifications for future rehabilitation efforts based on the gathered and reported data (Lewis III et
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al., 2019). The plan should entail monitoring the growth and survival of mangrove species, as well
as carrying out ongoing or additional hydrological modifications, supplementary planting or weed/pest
removal (Worthington and Spalding, 2018). Monitoring, along with potential plan adjustments stemming
from it, should be recognised as a fundamental component of successful mangrove rehabilitation.

2.3.2. Rehabilitation Measures

Numerous mangrove restoration projects have been implemented worldwide, employing a variety of
methods. Of such methods, reforestation through planting and ecological restoration have emerged
as the most prevalent approaches. An illustrative instance of large-scale restoration is the extensive
replanting undertaken at the Mekong Delta in Vietnam between 1978 and 1998 (Van et al., 2015). In
Florida, over a period of approximately seven years, mangroves were restored across a 500 ha site
through hydrologic restoration without additional planting (Lewis III, 1990). Over time, these methods
have undergone significant refinement and, when applied properly, have shown a high success rate
(Worthington and Spalding, 2018).

When rehabilitation through planting is considered, possessing a sound ecological understanding is
pivotal. Often, unsuccessful outcomes in a project are attributed to the planting of species ill-suited
to the particular site (Bayraktarov et al., 2016). Individual species exhibit varied tolerances to distinct
biogeochemical factors and gradients across the intertidal area, showcasing different preferences for
elevation and location (see section 2.1.4). Hence, it is imperative to ensure the accurate species
selection and their planting at suitable locations within different segments of a system and, at varying
elevations to guarantee their survival. Moreover, barnacles, filamentous algae, and sedimentation
commonly inflicted damage upon the planted mangroves, underscoring the significance of appropriate
site selection and mitigation of stressors (Bayraktarov et al., 2016).

In many cases, restoration can largely be achieved through the restoration of physical hydrological pro-
cess, obviating the need for supplementary planting (Wodehouse and Rayment, 2019) (see Figure 2.6).
Restoring water flow and land elevation facilitates the natural transportation of mangrove propagules,
and over time mangrove regeneration can occur with no planting (Worthington and Spalding, 2018).
However, planting can help both to accelerate recovery rates and restore mangroves in places where
natural recruitment may be reduced (van Bijsterveldt et al., 2022).

Figure 2.6: Necessity for planting observed from restoration sites in Thailand and Philippines demarcated by zones. Only 16%
of the planting efforts were deemed necessary in total, exclusively within the mid and high intertidal zones (from Wodehouse

and Rayment, 2019).
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Ecological restoration of a site can often be achieved by simply removing the stressor that caused
the loss of mangroves in the location, which then allows for natural regeneration (delos Santos et al.,
2022). At eroding muddy coastlines, seaward expansion of mangrove stands requires an equilibrious
or accreting, convex shaped foreshore whereas, landward expansion is associated with optimal bed
level elevations and drainage (van Bijsterveldt et al., 2020). Consequently, rehabilitation measures
should aim to allow for sedimentation such that elevations of levels required for seedling establish-
ment are achieved. Landward expansion can be further induced by improving drainage of abandoned
aquaculture ponds, if any.

Across the world, the sedimentation required for restoration has been achieved primarily through the
usage of coastal structures such as breakwaters or sea walls and, temporary structures known as
permeable dams (Kamali and Hashim, 2011; Winterwerp et al., 2020). The structures block or dissipate
waves, thereby reducing the bed shear stress behind them and hence the erosive capability of waves.
The reduction in shear stress in turn allows for the incoming sediment to settle without the resuspension
by the waves (Winterwerp et al., 2020; Bosboom and Stive, 2021). However, when hard structures are
in use, the reflection of incoming waves erode the soil at the foot of the structures, scouring sediment
locally (Winterwerp et al., 2013). This could prove especially counterproductive along muddy coastlines
where the large water content of the fine sediment increases the risk of liquefaction due to the reflected
waves which, when combined with cohesive property of mud can enhance erosion through formation of
fluid mud and thereby, cause collapse of the structure. Once erosion is underway, a positive feedback
loop is generated inducing the erosive concave-up profile (Winterwerp et al., 2013).

Figure 2.7: The two different profiles of muddy foreshores with the convex profile concurrent to states of accretion or
equilibrium and the concave profile causing further erosion by allowing larger waves near the mangroves (from Winterwerp

et al., 2013)
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2.4. Morphodynamic Restoration Using Structures
This section expands upon the principle behind using temporary structures for rehabilitation of man-
groves, examples of restoration projects using such structures and what we still need to understand
about using permeable dams for restoration.

2.4.1. Do Permeable Structures Work?

The concept of employing permeable dams for mangrove rehabilitation draws from the Schleswig-
Holstein method for salt marsh creation. In this method, interconnected sedimentation basins were
created in front of the higher intertidal flats using permeable dams made of locally sourced natural
materials (Winterwerp et al., 2020). The skeleton of such dams are formed by two rows of vertical
poles of local wood between which brushwood bundles are used as the fill material (Winterwerp et
al., 2020). The brushwood was found to be susceptible to damage from wave action and shipworm,
and if not replaced early enough, affected the efficacy of the structures to induce sedimentation (Gi-
jón Mancheño, 2022). These structures are installed in the field with gaps between them typically an
order of magnitude smaller than their lengths, to allow for the influx of sediment-laden flow by the tide
(Gijón Mancheño, 2022). The dams are designed to emulate the lost vegetation and are thus believed
to play a role in reducing current velocities and dissipating waves, thereby enhancing the deposition of
fine sediment.

Figure 2.8: Permeable dam in use in the Indonesian coastal region. The vertical poles act as the framework supporting the
brushwood bundles (picture courtesy of A. Gijón Mancheño)

When currents come into contact with a structure, the ensuing flow separation produces drag forces
on the framework of the structure, leading to energy dissipation and thus, lower velocities behind the
structure. To estimate the drag forces on the structure, there are two key factors to consider, namely,
blockage and sheltering. The presence of poles decreases the available cross-sectional area for the
flow, consequently elevating the velocities between the elements due to mass conservation. This effect
is referred to as blockage (Etminan et al., 2017). On the contrary, the poles also diminish the velocities
acting on the downstream elements due to the creation of wakes behind the elements upstream. This
phenomenon is termed sheltering (Etminan et al., 2017). The relative importance of the two processes
is contingent upon the flow conditions, as well as the size and spacing of the poles (Gijón Mancheño,
Jansen, Winterwerp, et al., 2021). From Figure 2.9, it can be seen that for a constant porosity of
the structural arrangement of poles, higher resistance of the flow per element can be achieved for
smaller spanwise spacing, which enhances blockage and, larger streamwise spacing, so that elements
downstream experience less velocity reduction.
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Figure 2.9: Predicted bulk drag coefficient CD,b as a function of the streamwise spacing sx and spanwise spacing sy of the
poles compared to the pole diameter, d. The lines of constant volumetric porosity n are shown in black (from Gijón Mancheño,

Jansen, Winterwerp, et al., 2021).

When a wave propagates through a permeable dam, part of its energy is reflected seawards, part is
dissipated within the confines of the structure and, the rest is transmitted. The energy balance thus
reads,

K2
R +K2

D +K2
T = 1 (2.1)

where KR, KD and KT are the reflection, dissipation and transmission coefficients respectively. The
wave energy remaining after reflection traverses through the structure, exerting hydrodynamic forces,
primarily in the form of drag and intertidal forces on the poles (Gijón Mancheño, Jansen, Uijttewaal,
et al., 2021). This energy dissipation contributes to a reduction in the wave height transmitted through
the dam. It is essential to aim for significant dissipation of the incoming wave energy, as excessive
reflection can intensify local scour in front of the structure, and transmitted waves may trigger the
re-suspension of fine sediment. In the case of long waves, the drag coefficient converges to that of
steady flow (Gijón Mancheño, Jansen, Uijttewaal, et al., 2021). However, excessively narrow spanwise
spacings, chosen to optimise resistance, can increase wave reflection and thus, the associated scour
(Winterwerp et al., 2013). The dissipation by horizontal elements of the dam is more substantial due to
form drag experienced in both horizontal and vertical directions, owing to the elliptical motion of water
induced by waves (Suzuki et al., 2019). However, in shallow water, characterised by negligible vertical
velocity components, orientation of the element becomes inconsequential (Winterwerp et al., 2020).
Thus, the location of the structure and characteristics of the incoming wave can contribute significantly
to the efficacy of the structure.
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Figure 2.10: Wave transformation from its approach and travel through the permeable dam. The smaller wave height
transmitted through the dam enables sediment deposition and potential mangrove colonisation (from Gijón Mancheño, Jansen,

Uijttewaal, et al., 2021).

Permeable dams elevate bed levels behind them by attenuating both waves and currents. Research by
Gijón Mancheño (2022) revealed that the depth at which the structure is situated significantly impacts
its ability to trap sediment. While structures at deeper water have negligible influence on the coastline
position, those above MSL are submerged for only a relatively small portion of the tidal cycle and hence
do not cause substantial accretion behind them. However, considering longer time scales where land
subsidence could be significant, structures in deeper waters were found to be more efficient (Gijón
Mancheño, 2022). Consequently, when aiming for mangrove rehabilitation, the location of the dam
plays a pivotal role in the success of the project. Furthermore, van Bijsterveldt et al. (2022) found that
though the permeable dams utilised in the coastal region of Demak in Indonesia effectively trapped
sediment, the established propagules were unable to thrive due to the extreme levels of subsidence in
the area.

The salient features of permeable dams thus facilitate natural mangrove regeneration through the suc-
cessful establishment of locally available propagules by creating the three distinct windows of opportu-
nity as discussed in section 2.1.3. Firstly, by accumulating sediment and raising bed levels, the dams
create an inundation-free period behind them. Subsequently, by dampening waves and currents and
thus reducing the hydrodynamic forces on the propagules, they enable the development of roots to
lengths necessary for surviving high energy events. In the absence or successful mitigation of stres-
sors such as disease, predation, and similar factors, the established propagules can proceed to develop
into robust trees within the ecosystem.

2.4.2. Restoration Project Examples

Knowledge of mangrove restoration projects at different locations across the world can provide useful
insights into the spatial design and criteria for success and are therefore elaborated upon in this section.

Thailand

Coastal erosion has remained a persistent issue in the country, particularly noticeable in the Gulf of
Thailand where erosion rates can reach up to 30 m/yr in certain areas (Winterwerp et al., 2005). This
coastline is mostly muddy, with large areas of mangrove forests converted to aquaculture ponds. To
combat erosion, variousmeasures were implemented including low-crested revetments, sediment-filled
geotextiles and bamboo fences with densely spaced single rows of poles (Winterwerp et al., 2020).
Notably, the bamboo fencing was effective in enhancing sediment deposition at rates of 20-25 cm/yr
(Saengsupavanich, 2013). However, during storms, the planted mangrove seedlings were often up-
rooted by high waves, resulting in their inability to survive (Saengsupavanich, 2013).
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Vietnam

The Mekong Delta in Vietnam faces a number of challenges from urban development, unsustainable
use of natural resources to sea-level rise and increased intensity of storms. Combination of such factors
have led to erosion of the muddy coastline (Schmitt and Albers, 2014). To counteract the problem,
T-shaped permeable dams were constructed at numerous locations (Winterwerp et al., 2020). The
function of the long-shore dam component was to dampen the incoming wave energy, while that of
the cross-shore component was to diminish the alongshore currents. Openings of about 20 m were
made in the long-shore dams to allow for the influx of sediment and induce drainage (Winterwerp et al.,
2020). Additionally, two types of brushwood bundles, stiff and flexible, were tested. Flexible bundles
were found to be more efficient than their stiff counterpart in damping waves, with the former capable
of inducing up to 80% reduction of the incoming wave height (Schmitt et al., 2013). It was found that
the reduction in wave heights behind the dams also helped with the consolidation of the deposited
mud, thereby increasing its stability against erosion (Winterwerp et al., 2020). Natural regeneration of
mangroves was observed a few years after the erection of the dams.

Figure 2.11: Wave damping observed behind the T-shaped dams in Vietnam (picture courtesy of R. Sorgenfrei).

Indonesia

Indonesia has long-suffered from shoreline erosion and deforestation of mangroves due to urbanisa-
tion, conversion to aquaculture and subsidence (Ilman et al., 2016). Addressing this issue, a seawall
constructed using concrete cylinders was implemented in Timbulsloko. Within approximately two years
of its installation, sedimentation up to MSL occurred behind the seawall, and mangrove seedlings were
observed one year thereafter (Winterwerp et al., 2020). Presently, a mature mangrove canopy has
flourished behind the structure (see Figure 2.12). However, as a fully reflective hard structure, the sea-
wall has contributed to the development of significant scour in front of it, inhibiting seaward expansion
of the forest (Winterwerp et al., 2020).

At a nearby location, permeable dams were later erected to aid mangrove rehabilitation in the area
(Ecoshape, 2015). In the extensive monitoring campaign for the project, it was noted that bed lev-
els behind the dams rose considerably during the first twelve weeks, after which the trend plateaued
(Deltares, 2021b). Winterwerp et al. (2020) notes that after the initial period of deposition, when the
area behind the dams became intertidal, T-shaped dams would have served better to enhance sed-
iment influx. Another important discovery emphasised the acute necessity of regular maintenance,
without which, the degraded structures lost all the accumulated sediment. Mangroves were found to
persist in only a few highly protected areas and diminished elsewhere after a year or two, largely due
to subsidence (Deltares, 2021b; van Bijsterveldt et al., 2022).
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Figure 2.12: Seawall of concrete cylinders in Timbulsloko with the growth of dense mangrove forest behind the structure
(picture courtesy of COREM-UNDIP)

2.4.3. Knowledge Gap

Permeable dams, typically constructed from brushwood and locally-sourced wood, have been deployed
in several locations, some of which are highlighted in section 2.4.2, to mitigate erosion and restore erod-
ing mangrove coastlines. To effectively utilise such structures, the development of design guidelines
is imperative, drawing from empirical knowledge, physical and numerical system modelling, and field
measurements. Previous experiences with these temporary structures have yielded valuable empirical
knowledge, leading to the establishment of qualitative design guidelines and success criteria (Winter-
werp et al., 2020). Furthermore, investigations into quantifying the impact of these dams on waves,
currents, and morphodynamics through physical modelling and select field measurements have con-
tributed to defining criteria for the optimal arrangement and usage of structural components (Gijón
Mancheño, 2022).

Nonetheless, despite these advancements, a comprehensive understanding of the systemic implica-
tions of using permeable dams remains a largely uncharted territory. Previous attempts to gain such
insights, particularly within the pilot study area of Demak in Indonesia, implemented permeable dams
as thin, hard, fully reflective structures in their numerical models which are not truly representative of
the dams (Smits, 2016). Furthermore, the influence of design parameters, such as the permeability of
the structure and spatial configuration, including aspects like structure length and size of openings, has
not been explored in prior research, necessitating a comprehensive large-scale investigation. There-
fore, the present study is focused on assessing the influence of various structures, encompassing both
temporary and hard variants, on sediment and propagule pathways within the Demak coastal system.
Beyond uncovering how these structures impact sediment and propagule transport in their vicinity, an
examination of potential large-scale alterations in transport patterns within the entire system, spanning
from source to sink, due to these interventions could provide invaluable context for the development of
tailored design guidelines for these structures, specifically attuned to the system under consideration.
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2.5. Summary
Mangrove ecosystems consist of trees and shrubs that grow at the interface between land and sea in
tropical and sub-tropical latitudes, and provide a multitude of ecosystem services. Mangroves repro-
duce through propagules, which are seeds that germinate while still attached to the parent tree. The
process of dispersal is crucial for the distribution and connectivity of mangrove populations, and de-
pends on factors ranging from propagule characteristics such as their density and buoyancy to wind
and water currents. The dispersed propagules on reaching a favourable location can establish as
seedlings which grow into mangrove trees. For successful establishment, an inundation-free period
and growth of roots to adequate lengths such that the seedlings can withstand hydrodynamic forces
are required. For long-term survival, genetic diversity of mangrove systems and ample sediment supply
are crucial.

Loss of mangroves across the world can be attributed to mainly anthropogenic causes such as defor-
estation for commodities and land-use change, and natural erosion of shoreline. Furthermore, when
rates of relative sea-level rise are such that sediment supply cannot keep up, erosion of the shoreline
and thereby, the lateral retreat of mangroves is inevitable. In muddy coastlines, seaward retreat of man-
groves is amplified with steep foreshores which creates an erosional feedback loop and disturbance in
the sediment balance.

For mangroves to be restored where lost, the drivers of loss at the site should at first be prevented from
recurring. At sites with limited propagule availability, planting of mangrove seedlings can be considered.
It is imperative to ensure the accurate species selection and their planting at suitable locations within
the system. Natural regeneration of mangroves has been achieved predominantly through the use of
structures. Hard structures however can do more harm than good in muddy environments, where re-
flection of the incoming wave can erode the fine sediment and possibly induce liquefaction and thereby,
the collapse of the structure.

When temporary structures are used, they can help rehabilitate mangroves by emulating the lost veg-
etation and damping both waves and currents such that the sediment influx can deposit and elevate
bed levels behind the structures. The depth at which the structure is situated was found to significantly
impact its ability to trap sediment. Permeable dams must be able to raise and maintain bed levels to
the extent that the established seedlings are not uprooted during high-energy events. From previous
experience in Indonesia and Vietnam, it was found that T-shaped permeable dams would serve better
at the intertidal areas, with the cross-shore component reducing the alongshore current magnitudes
and enhancing sediment deposition.

Presently, an ample empirical knowledge from past experiences with using permeable dams to restore
mangrove coastlines and, quantification of the impact of such dams on waves and currents have con-
tributed to the development of design criteria for the structures. However, a systemic understanding of
the implications of using permeable dams, and their various design parameters and spatial configura-
tions on the sediment and propagule pathways, is still unknown.





3
Study Area

This chapter describes the characteristics of the study area of the Demak coastal system in Indonesia,
which extends from Semarang to the Wulan river delta.

3.1. Location

(a) (b)

(c) (d)

Figure 3.1: Overview of the study site at different spatial scales: a) The Indonesian archipelago b) The island of Java c) The
coastal system of Demak and d) The intertidal basins of Timbulsoko

The study area for this thesis is the Demak coastal system, seen in Figure 3.1 at different scales. This
location was chosen for the study since pilot projects on the use of temporary structures to rehabilitate
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mangroves and subsequent studies on various phenomena have been carried out at the site (see
Ecoshape, 2015; Gijón Mancheño, 2022; Tas, 2022; van Bijsterveldt et al., 2020).

Demak is a regency in Central Java, Indonesia, bordering the Java Sea in the northwest, the city of
Semarang in the southwest and the Wulan river in the northeast. The coastal system of Demak is a
part of the Java Sea, partially enclosed by Kalimantan to the North and Sumatra to the West, thus
creating a shallow, sheltered basin. Situated near the equator, the area is home to a tropical monsoon
climate (Tas et al., 2020). The location also has a persistent land subsidence problem with observed
subsidence rates up to about 19 cm/year in Semarang (Abidin et al., 2016).

3.2. Site Characteristics
This section expounds upon the meteorological, hydrodynamic and morphodynamic characteristics of
the Demak coastal region.

3.2.1. Meteorology

The study site, located in the tropical zone, is characterised by a seasonally reversing monsoon climate.
The yearly climate is characterised by two predominant seasons, with the northwest monsoon (NW)
running from December to March, and the southeast monsoon (SE) from April to October (Tas, 2022).

Figure 3.2: Probability density function of the wind direction over one year and during the NW and SE monsoon seasons with
the peak wind directions of sea breeze and the two seasons indicated using dashed lines (from Tas, 2022). The general

shoreline is oriented at about 31◦ from N (not indicated in the figure).

Figure 3.3: Monthly distribution of rainfall in Semarang (from Bayong Tjasyono et al., 2008).
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The prevailing wind directions of NW during the NW monsoon and SE during the SE monsoon are
shown in Figure 3.2. In addition to the principal monsoonal winds, a sea breeze primarily from the
North, arising from differences in temperatures of land and sea, is also prevalent (Tas, 2022; Bosboom
and Stive, 2021). The rainfall distribution in a year also varies depending on the monsoons (see Figure
3.3). The wettest months of the year occur during NW monsoon from December to February, with a
mean rainfall of about 4 to 5 m/yr, whereas the driest months of June to August with average rainfall
of approximately 1 m/year are during the SE monsoon season (Bayong Tjasyono et al., 2008). Conse-
quently, the NW monsoon is commonly denoted as the wet season, while the SE monsoon is known
as the dry season.

3.2.2. Hydrodynamics

River Discharge

Freshwater discharge in the study area is primarily from the Wulan River. The seasonal variation in
rainfall in the region is a good indicator for the distribution of discharge from theWulan river as seen from
Figure 3.4. According to the records of Klambu Station, 48.63 km south of the river mouth, freshwater
of as much as 350 m3/s is discharged into the Wulan River (Fadlillah et al., 2019). The river bifurcates
into two main channels called New Wulan River (NWR) and Old Wulan River (OWR). Owing to the
intense sedimentation and decrease of water depth in the OWR, the NWR was intentionally developed
to avoid flooding (Fadlillah et al., 2019). The average discharge from Klambu Station during the wet
season (October to May) is 138.18 m3/s, whereas the discharge amount during the dry season is 31.6
m3/s (Fadlillah et al., 2019). Since the Klambu station is far from the mouth of the river, it does not
present an accurate distribution of the discharge near the coast. At a measurement station near the
coast before the river bifurcates, the average discharge of 2016 was measured to be 132.95 m3/s in
the wet season and, 63.14 m3/s in the dry season. Additionally, the sediment load of the Wulan River
discharge is a main source of local sediment supply to the coastline (Bisschop, 2023). However, based
on the information obtained from local communities, sediment supply from the river is decreasing due
to agricultural and urban development upstream.

Figure 3.4: Monthly distribution of maximum, average and minimum discharge from the Wulan river measured at Klambu
station (from Fadlillah et al., 2019).
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Waves

The wave climate off the coastline of Demak also exhibits seasonal variations dependent on the mon-
soons. During the SE monsoon season, the general offshore wind direction contributes to mild wave
conditions. Conversely, during the NW monsoon season, which is characterised by winds from the
NW, larger waves, often reaching up to 2.5 meters in height with a period of about 5.5 s are generated
(Smits, 2016; Deltares, 2020). The wave pattern during the SE monsoon season primarily features
waves originating from the SE throughout most of the day, with a notable shift in the afternoon when
waves start coming from the N due to the influence of the sea breeze (Tas, 2022). Mean wave heights
of 0.5 m have been measured near the Demak coastline (Deltares, 2020).

Tide

In the coastal region of Demak, the tidal characteristics are primarily diurnal, with smaller semi-diurnal
components, classifying it as a mixed tide (Tas, 2022). The tidal constituents determined by Tas (2022)
through tidal harmonic analysis on water level data from 2016 to 2018 collected at the port of Semarang,
are provided in Table 3.1.

Constituent Name Period [hr] Amplitude [m] Phase [deg]
K1 Lunar-solar declinational (diurnal) 23.93 0.226 245
M2 Principal lunar (semidiurnal) 12.42 0.103 55
S2 Principal solar (semidiurnal) 12.00 0.083 308
O1 Principal lunar (diurnal) 25.82 0.079 132
P1 Principal solar (diurnal) 24.07 0.071 247
SSA Solar (semiannual) 4383 0.047 156
N2 Lunar elliptical (semidiurnal) 12.66 0.042 18
K2 Lunar-solar declinational (semidiurnal) 11.97 0.035 347
S1 Solar (diurnal) 24.00 0.022 64

Table 3.1: Primary tidal constituents in Semarang (from Tas, 2022)

The form factor, determined from the tidal constituents as:

F =
K1 +O1

M2 + S2
(3.1)

was found to be 1.72, indicating the mixed diurnal nature of the tide (Tas, 2022). This mixed tide
exhibits daily inequalities and variations in the spring-neap cycle, leading to an irregular periodicity
(Smits, 2016). The spring tidal range is usually around 1 m, thereby falling into the micro-tidal regime
(Tas, 2022; Bosboom and Stive, 2021).

Figure 3.5: Water levels measured in Semarang IHO station downloaded from Delft DashBoard (from Bisschop, 2023).
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Despite the general rule that tides propagate counterclockwise in the northern hemisphere and clock-
wise in the southern hemisphere, the tidal propagation in the Java Sea is complex due to its geograph-
ical location, bathymetry and surrounding land masses (Smits, 2016). The M2 tidal wave arrives from
the Indian Ocean through the Flores Sea, while the K1 tidal wave comes through the Makassar strait
from the Pacific Ocean. These two main constituents propagate westward in the Java Sea, creating a
counterclockwise phase propagation, even though the region is in the southern hemisphere (Hatayama
et al., 1996; Yusuf and Yanagi, 2013).

Currents

The broader oceanic circulation in the region is a consequence of the large-scale wind-driven circulation
(Smits, 2016). Owing to the marked regularity and seasonal consistency of the monsoon, the residual
ocean currents along the coast exhibit similar cyclic patterns, reversing their course twice annually.
Specifically, during the period from May to September, the southeast monsoon propels the residual
currents westward (Wyrtki, 1961). Conversely, in the presence of the northwest monsoon and during
the transitional months spanning from October to April, the residual currents shift eastward (Wyrtki,
1961). Near the coastline, these currents primarily flow from the northeast to the southwest. These
nearshore currents are characterised by their limited strength, resulting in minimal impact on sediment
transport processes (Smits, 2016). Wave-induced currents are considered negligible, due to the low
wave energy on mild foreshore slopes (Smits, 2016).

3.2.3. Morphodynamics

Bathymetry

The Demak coastal zone is very shallow, with slopes of about 1:1000 or even 1:1500 in stable and/or
accreting areas, which are typical for mud-mangrove coasts (Deltares, 2020; Winterwerp et al., 2020).
At eroding locations, comparatively steeper concave-shaped foreshores with slopes of about 1:600
have been observed (Deltares, 2020). Sediment deposited at theWulan River mouth can form cheniers,
which are narrow lenses of sand, under wave forcing (Tas, 2022). These cheniers can cause waves
to break, thereby possibly inducing sedimentation behind them and stabilising eroding coastlines (Tas
et al., 2020).

Sediment Characteristics

The substrate in the region consists primarily of muddy (80%) and sandy (20%) sediments that are
spatially heterogeneous (van Domburg, 2018). van Domburg (2018) provided an analysis of sediment
grain sizes along two distinct transects within the Demak area, one displaying accretion and the other
undergoing erosion shown in Figure 3.6. The accreting transect is defined by the presence of a chenier
and a vegetated area situated between the chenier and the coastline. Table 3.2 presents the grain size
data for both transects. Upon examining the grain sizes, it is evident that the eroding transect con-
tains coarser sediment (with a D50 of 24 µm) in contrast to the accreting transect, which features finer
sediment (with a D50 of 12 µm), excluding location A3 at the chenier. In both transects, smaller grain
sizes are observed closer to the shoreline, where the substrate transitions to a muddier composition.
Furthermore, the chenier within the accreting transect is characterised by a predominantly sandy sedi-
ment composition (with a D50 of 145 µm), while Tas (2022) posited that the bed is primarily composed
of mud with a minor sand fraction, featuring a D50 of 235 µm at the cheniers.

Furthermore, permeable dams used to trap sediment and rehabilitate mangroves at the eroding tran-
sects, are mostly implemented at a distance of about 100 to 200 m from the mangrove fringe in the
region where sediment of size D50 = 57.61 µm are found.
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(a)

(b)

Figure 3.6: Schematisations of the experimental set-up at a) eroding transects and b) accreting transects

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 3.2: Sediment grainsize per location

3.2.4. Mangroves

Avicennia marina (grey or white mangroves) and Rhizophora mucronata (red mangroves) are the most
dominant species in Demak with an ample amount of propagules available in the region (Ecoshape,
2015). Avicennia marina is a pioneer species in Demak, which colonises intertidal regions above MSL
(see also section 2.1.4), whileRhizophoramucronata is present chiefly along the river banks (Verschure,
2013). Considering the limitations for seedling establishment and growth, van Bijsterveldt et al. (2022)
found thatRhizophora mucronata had a higher survival (67%) but lower growth rate, whereas Avicennia
marina had lower survival rates (21%) but significantly higher growth rates.
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3.3. Shoreline Erosion
Shoreline erosion in Demak is a complex issue driven by various factors. Prasetyo et al. (2019) con-
ducted a study that found the absolute sea level rise to be increasing, with the coastline of Demak
retreating significantly in recent years. However, erosion of the coastline is primarily caused by local
land subsidence due to the excessive withdrawal of groundwater, natural consolidation, and the added
load of construction in the area (Marfai and King, 2007). Rates of land subsidence vary across the
region, with higher subsidence near urban areas such as Semarang, which are typically an order of
magnitude higher than eustatic sea level rise in the region (Deltares, 2021a; van Bijsterveldt, Herman,
et al., 2023).

Furthermore, the historical development of human interferences has significantly impacted the sedi-
ment budget, especially in Demak and Semarang (Marfai, 2011). The removal of mangrove forests in
favour of shrimp ponds has led to the loss of historic deposits, contributing to coastal erosion (Ecoshape,
2015). This loss of mangrove habitat has reduced the resilience of the coast resilience and initiated a
self-accelerating erosion process (Winterwerp et al., 2013).

The combination of land subsidence and sea level rise makes the Demak coastal system highly vulner-
able to episodic events, which can lead to significant coastal erosion in short periods of time.

Figure 3.7: Overlay of subsidence in and around Semarang (the redder the colours the larger the subsidence) on the coastline
retreat in the area since 1972 (from Ecoshape, 2015).





4
Modelling

This chapter expands upon the selection of the modelling software used, model set-up in Delft3D and
provides an overview of SedTRAILS as a particle tracking tool and describes its implementation.

4.1. Model Selection
To model the relevant processes in the Demak coastal region, a hydrodynamic numerical model is
required. A Lagrangianmodel is then needed tomodel the pathways of sediment and propagules based
on the hydrodynamic output from the process-based model. Two alternatives of Delft3D and Delft3D-
FM were considered to model flow in the study area. This section elaborates on the considerations
that led to the choice of software.

Delft3D uses a structured grid for numerical modelling of the processes in the system. A grid is said
to be structured when grid cells are well-ordered and array-like indices in three dimensions can be
used to label and identify the different elements. With an unstructured grid, grid cells can be joined in
any manner (FLOW-3D, 2022). The Delft3D-FM suite uses an unstructured grid which can be used to
couple large regions with quadrangles using cells of other types such as triangles with relative ease.
Grid refinement where necessary is then easily done with an unstructured grid whereas, with a struc-
tured grid, curvilinear grids are used for this purpose, which is not as computationally effective as the
former. Delft3D-FM can therefore be preferable and computationally less expensive to model coastal
processes when compared to Delft3D. However, nesting a smaller grid with a higher resolution in the
area of interest within the larger domain of the overall grid is possible in Delft3D, and is a viable alter-
native.

For the present study, an important consideration when choosing the modelling software was the pos-
sibility of implementation of permeable structures. In Delft3D, structures of varying permeability can be
implemented, which can be calibrated to well-represent the temporary structures used to rehabilitate
mangroves in the study area. Delft3D-FM can currently only model structures as impermeable. Since
the main aim of the thesis is to understand the impact of structures permeable and impermeable on the
sediment and propagule pathways in the system, Delft3D was chosen to model the domain of interest.

4.2. Delft3D
Delft3D-4 can carry out numerical modelling of flows, sediment transport, waves, water quality, morpho-
logical developments and ecology (Deltares, 2018a). The Delft3D framework is composed of several
modules, grouped around a mutual interface, while being capable to interact with one another. Most
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notable of them are the Delft3D-FLOW and -WAVE modules which are used to model flow and, wave
generation and propagation, respectively.

The WAVE module utilizes the SWAN (Simulating WAves Nearshore) model to simulate the evolution
of random, short-crested wind-generated waves (Deltares, 2018c). Delft3D-FLOW on the other hand is
a multi-dimensional (2D or 3D) hydrodynamic and transport simulation program which calculates non-
steady flow and transport phenomena that result from tidal and meteorological forcing on a rectilinear
or a curvilinear, boundary fitted grid (Deltares, 2018b). The module can also model density driven
flows in terms of differences in salinity with time varying sources and sinks like river discharges and,
temperature with heat flux models. Sediment transport and the associated change in morphology can
also be computed using the FLOWmodule, but within this project changes in morphology are neglected
to keep the model morphostatic by way of which the computational time remains reasonable. For 3D
simulations, the model is resolved vertically into a user-specified number of layers in either the σ-grid
with fixed number of layers or the Z-grid with fixed layer thickness.

4.2.1. Nested Flow Model Set-Up

Domain

A nested model was implemented in Delft3D with two grids, one covering a larger domain across the
Demak coastal system with a lower resolution and, another smaller grid with a higher resolution nested
within the larger model close to the coast where permeable structures are used to restore mangroves.
The domain of the overall model is representative of the Demak coastal system and obtained from
Bisschop (2023). It extends from the Wulan river delta to the North, to the city of Semarang at the
southern end of the model domain (50 x 23 km) at a latitude of about -6.9 degrees. Grid size of 333 m
by 333 m is enforced for the overall model. In the vertical direction, the σ-grid is used with 14 layers of
increasing thickness from 2% from both the bottom and the surface layers, producing a grid with layers
of thickness [2, 3, 4, 6, 8, 11, 16, 16, 11, 8, 6, 4, 3, 2]%. The gradually varying layer thickness allows
for resolving the logarithmic profile of the horizontal velocity components and to account for wind as a
main driving force of flow.

Figure 4.1: Grids used for computation in Delft3D (overall large-scale grid in black and nested grid in blue) with the land
boundary (black line). The three open boundaries are annotated as (1) South boundary, (2) Offshore boundary and (3) North

boundary

The domain of the nested model extends 10 km by 10 km in the intertidal area near Timbulsloko. A
grid of varying grid size from 100 m by 100 m near the edges, with further refinement to a size of 33 m
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at the area of interest to better resolve processes there, was used. The nested model is also enforced
with a vertical σ-grid of 14 layers.

Bathymetry

The bathymetry for the overall model was adapted from Bisschop (2023), originally built from the Gen-
eral Bathymetric Chart of the Oceans (GEBCO’08) dataset from Delft dashboard and corrected where
needed using the QUICKIN tool in Delft3D (van Ormondt et al., 2020). The dataset was also extended
in a few regions with additional control contours and sounding point data. It is a continuous digital
terrain model for ocean and land, with land elevations derived from the Global Land One-km Base
Elevation (GLOBE) database.

Bathymetry of the nested model is a combination of the GEBCO dataset offshore and field measure-
ments used in Deltares (2020) at the intertidal region. The combined bathymetry of the model was
modified at the intersection of the two datasets using QUICKIN to smooth out any sharp gradients
created due to combining the two different datasets (see Appendix A).

Bathymetry at the intertidal area of the overall model was also modified based on the field measure-
ments from Deltares (2020). The final bathymetry used in the two models can be seen in Figure 4.2.

(a) (b)

Figure 4.2: Bathymetry of a) the overall model with the outline of the nested model domain (black line) and b) the nested model

Time Frame

The coastal system of Demak is characterised by a NW monsoon (wet season) that runs from De-
cember to March and a SE monsoon (dry season) from April to October (Tas, 2022). Owing to the
orientation of the coastline, the NW monsoon season has winds directed onshore and hence higher
waves. Conversely, the dry season is characterised by calm conditions due to offshore directed wind.
Hence, sediment transport is found to be negligible during the dry season and is not considered for
the study (Bisschop, 2023). The simulation period for both models is chosen to be the full month of
January in the wet season. A timestep of 1.5 minutes is chosen for the overall model and 0.5 minutes
for the finer nested model owing to the Courant limitation.



4.2. Delft3D 32

Tide

Tide in the study region is classified as mixed and mainly diurnal, with the spring-neap variation domi-
nated by a smaller semi-diurnal component (Tas, 2022). Tidal signal for a simulation period of themonth
of January is forced as the open boundary condition in the overall model with astronomic components.
The required components are obtained from the global tidal model in Delft DashBoard (van Ormondt
et al., 2020) for boundaries divided into smaller sections to account for tidal phase lag (Bisschop, 2023).

In the nested model, tide is forced as the boundary condition as a time-series of water level obtained
from the results from the overall model run. Here the boundaries are sectioned based on the gradient
of the bathymetry to allow for a more accurate interpolation.

A reflection parameter of 1000 s2 and 300 s2 is implemented in the overall and nested models respec-
tively. Since the reflection coefficient is directly related to the time taken for a free surface wave to
travel from the boundary on one end to the other of the domain, a smaller value of the coefficient is
computed for the nested model and implemented as such (Deltares, 2018b).

River Discharge

Discharge from the Wulan river varies throughout the year with large fluctuations between the wet
(November to March) and dry (May to September) seasons. Themean discharge during the wet season
in 2016 recorded at a station near the mouth was 132.96 m3/s (Bisschop, 2023). As the month of
January during the wet season is chosen as the simulation period, the average discharge during the
wet season is used as a boundary condition across the river.

Currents

Currents from each of the 14 vertical layers of the overall model are used as a boundary condition in
the nested model. This allows for more control over the magnitude and direction of currents near the
boundaries where necessary.

Wind

Wind in the Demak region is characterised by different directions and average magnitudes for the two
predominant seasons prevailing there. Wind is offshore-directed from WNW during the NW monsoon
season and onshore-directed from ESE during the SEmonsoon season. For simplicity, a constant wind
speed of 4.4 m/s from 292.5◦ is used in the model, corresponding to the wet season (Smits, 2016).

Physical Parameters

A uniform bottom roughness coefficient computed with the Manning formula is implemented in both
overall and nested models at a value of 0.012 s/m1/3.

The horizontal eddy viscosity and diffusivity values were an order larger near the open boundaries
offshore for the overall model with values of 10 and 7 m2/s respectively compared to the rest of the
domain. This is done so as to eliminate any unwarranted circulatory currents near the boundaries. The
eddy viscosity values provided as input to the model is depicted in Figure 4.3. Concurrently, domain
of the nested model has an initial viscosity of 1 m2/s in the overall model and hence is implemented
as such in the nested model. Sub-grid Horizontal Large Eddy Simulation (HLES) is activated in both
models with dimensional number 3 and a Prandtl-Schmidt number of 0.7.
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Figure 4.3: Horizontal eddy viscosity input to the overall model with higher values of viscosity offshore

Structures

The steady-state sub-critical flow rate, Q through a hydraulic structure is related to the difference be-
tween the upstream and downstream water levels:

Q = µA
√
2g|ζu − ζd| (4.1)

where µ is the contraction coefficient that can range from 0 to 1, A is the wet flow-through area and
ζu and ζd are the upstream and downstream water levels respectively. The contraction coefficient in
Equation 4.1 is dependent on the type of hydraulic structuremodelled (Deltares, 2018b). An assumption
of local equilibrium between the force on the flow due to the obstruction and the local water level gradient
is made. For a Q-H relation at a U-velocity point,

g
ζu − ζd
∆x

=
Q2

2µ2A2∆x
= closs−U

Um,n|U⃗m,n|
∆x

(4.2)

the resistance coefficient closs−U acts as an input parameter for the structure (Deltares, 2018b).

The permeable dams used in the field are represented in the model using the additional parameter of
porous plate in Delft3D. A porous plate is a semi-permeable structure that extends into the flow along
one of the grid directions, that covers some or all layers in the vertical (Deltares, 2018b). Its thickness
is much smaller than the grid size in the direction normal to the porous plate. As a partially transparent
structure, it allows for exchange of mass and momentum across its length (Deltares, 2018b). The
porosity of the plate is controlled by friction with the resistance coefficient closs−U from Equation 4.2
as an input parameter. To approximate the current patterns through and around the permeable dams
observed in the field similar to that depicted in Figure 4.4, the resistance coefficient was tested for values
ranging from 1 to 1000. The residual and instantaneous depth-averaged current velocities across the
porous plate in the test model for the different resistance coefficients are illustrated in Figure 4.5 and
Figure 4.6 respectively. Values of resistance coefficient were chosen such that the porous plates were
able to substantially reduce the current velocities through them, thereby inducing a proclivity for flow to
traverse between the structures than through them. A value of 10 for the resistance coefficient simulates
a reduction in residual current velocity of approximately 50% when compared to thin dams (see Figure
4.5). However, during rising tide at the location, a value of 20 for the resistance coefficient induces a
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similar effect (see Figure 4.6). Hence, values in the range of 10-20 were chosen for the porous plates
dependent on their location. Location of the structures implemented in the model is pictured in Figure
4.7. The values of resistance coefficient enforced for the different porous plates are provided in Table
4.1. Comparison of the residual and instantaneous current velocities across the six different plates are
provided in Appendix B.

Figure 4.4: Streak lines of current patterns in the presence of permeable dams in Timbulsloko. Elevated flow velocities
through the gaps between the structures can be ascertained from the darker lines accentuated by the yellow curves.

Figure 4.5: Residual depth-averaged currents over one month for the different cases of structural presence and values of
resistance coefficient of the porous plates
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Figure 4.6: Depth-averaged currents during rising tide for the different cases of structural presence and values of resistance
coefficient of the porous plates

Figure 4.7: Location of the six structures implemented in the Delft3D models

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

Table 4.1: Values of resistance coefficient of the different porous plates implemented in the Delft3D models
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Hard structures like the sea wall built using concrete cylinders in Timbulsloko (Winterwerp et al., 2020)
were represented in the model using thin dams. Each dam acts as a closed boundary across a cell face
preventing flow through it and is assumed to be of infinite height, making it impermeable. Similar to a
porous plate, a thin dam is assumed to be negligible thickness in comparison to the grid size normal to
the direction of the structure (Deltares, 2018b).

4.2.2. Model Calibration and Validation

Calibration is the tuning of a numerical model by adjusting parameter settings in order to reproduce
physical phenomena as closely as possible. Validation of a model is proving that the model indeed
accurately describes these physical phenomena using an additional data set (van Maren, 2004). To
validate the results produced by the nested model, residual depth-averaged currents over the simula-
tion period were compared with the results from the overall model and the reproducibility was evaluated.
The overall model is used for validation since as an idealised model, it was previously validated by com-
parisons to existing models of the area, expert judgement, underlying principles and, literature (Biss-
chop, 2023). Residual currents were compared for different boundary conditions and, eddy viscosity
and diffusivity values to validate and by way of which, to also calibrate the model.

Boundary Conditions

The boundary conditions for the nested model are obtained from the overall model using the tools
Nesting(1) and Nesting(2) in Delft3D. Nesting(1) provides the observation points required in the overall
model to produce the boundary conditions necessary for the nested model. Nesting(2) creates the flow
and transport conditions using the results from monitoring stations of the overall model. The nesting
tools in Delft3D can currently only generate hydrodynamic time-series boundary conditions of water
level or perpendicular velocity type.

As the nested model domain covers a relatively small region of shallow water depths, the choice of type
and composition of boundary conditions can particularly influence the model results. Hence, a range
of configurations of the boundary conditions are tested:

(a) All water level boundaries (1, 2 and 3 in Figure 4.1)
(b) Cross-shore (1, 3) water level boundaries and offshore (2) current boundary
(c) Cross-shore (1, 3) current boundaries and offshore (2) water level boundary
(d) Current - offshore (2) and North (3) boundaries and water level South (1) boundary

For each configuration listed above, the residual depth-averaged currents over a period of one month
of the simulation period are compared to those from the overall model run to determine the optimal
type for each boundary section. Comparison of the residual currents is shown in Figure 4.8. Residual
depth-averaged currents from the overall model show a general flow direction from the South to North
offshore which is replicated in all nested model configurations except for all boundaries of water level.
A residual inflow is observed at a small section of the North boundary for configuration (b), deviating
from negligible, mostly parallel to the boundary currents there seen from the overall model. Currents
from the overall model are best replicated for the (d) set of boundary types as shown in Figure 4.8
(d). However, implementing a water level boundary for a relatively smaller grid size in shallow water
depths in the South boundary led to unreliably high velocities closer to land. Hence, the configuration
(c) of cross-shore current boundaries and offshore water level boundary is chosen which produces a
considerably similar pattern and magnitude of currents to the overall model.
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(a) (b)

(c) (d)

Figure 4.8: Residual depth-averaged currents for one month from overall model (in red) and nested model (in blue) for a) all
water level boundaries b) cross-shore water level boundaries and offshore current boundary c) cross-shore current boundaries
and offshore water level boundary (final configuration implemented in the model) d) current - offshore and North boundaries

and water level South boundary

Eddy Viscosity

A uniform horizontal eddy viscosity value of 1 m2/s (default value for Delft3D-4) provided as input in the
nested model produced residual depth-averaged current patterns for a one-month simulation period in
the monsoon season as shown in Figure 4.9 (a). A circulatory current near the offshore boundary can
be seen in Figure 4.9 (a), not found in the residual current pattern of the overall model in Figure 4.9 (c).
Therefore, a gradually varying viscosity from 10 m2/s to 1 m2/s near the offshore boundary depicted in
Figure 4.10, is provided as input to ascertain if the change in viscosity can eliminate the circulation to
the North. As can be seen from Figure 4.9 (b), the circulation is not eliminated but pushed landward
instead. However, the current magnitude near the North boundary correlate better to that from the
overall model when compared to the case with constant eddy viscosity.
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(a) (b)

(c)

Figure 4.9: Residual depth-averaged currents from a) nested model for horizontal eddy viscosity of 1 m2/s b) nested model for
gradually varying horizontal eddy viscosity near the offshore boundary and c) overall model zoomed in to the nested model

domain (outlined in red). The circulatory currents are highlighted in yellow.

Figure 4.10: Horizontal eddy viscosity input to the nested model with gradually decreasing viscosity near the offshore boundary
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Though the horizontal eddy viscosity and diffusivity are listed as calibration parameters, care must be
taken to not provide as input unreasonably high values for the parameters. This is especially true for
the model domain with low tidal current velocities in shallow regions, as eddy viscosity is prescribed
in models as the product of a velocity and a length scale. The Delft3D-FLOW manual states that for
detailed models of grid sizes in the range of tens of metres, the values for eddy viscosity and diffusivity
are typically in the range of 1 to 10 m2/s (Deltares, 2018b). Hence, a uniform horizontal eddy viscosity
of 1 m2/s is chosen for the model run.

4.2.3. Wave Model Set-Up

A nested stand-alone wave model in Delft3D was set up using the same grids used in the flow model
with the finer grid nested in the overall grid. During the NW monsoon season modelled with Delft3D-
FLOW, waves are assumed to approach the shoreline from NW with a directional spreading of 15◦ and
significant height of 0.7 m (Smits, 2016). Processes of depth-induced breaking and bottom friction are
modelled with wind growth and whitecapping. Wave-driven currents are excluded from the study as
they are computationally expensive.

For a stand-alone wave model computation, water levels for which waves are to be modelled should
be provided as input by the user. Since the emphasis of this thesis is on the sediment and propagule
movement in the intertidal areas of Timbulsloko, characterized by consistently elevated water levels
beyond MSL in contrast to offshore regions, a set of five water levels ranging between MSL and HW,
equidistantly spaced, was designated as discrete temporal increments for computational purposes.
This selection was undertaken with the objective of ensuring a constant presence of wave activity and
consequently, sediment mobility within the designated area of interest.

Permeable dams were represented in the wave model by means of sheet type obstacle with a reflection
coefficient of zero and a constant transmission coefficient. The appropriate value for the transmission
coefficient was obtained from Gijón Mancheño (2022). For storm waves, a reasonable assumption
of 60% transmission through the dams is made. From Figure 4.11, it can be ascertained that for an
incoming wave height of 0.13 m, a wave height of approximately 0.08 m was recorded behind the
permeable dam, resulting in a transmission coefficient of 0.6.

Hard structures were also implemented as sheet type obstacles in the wave model albeit with a trans-
mission coefficient of zero and a reflection coefficient of one. Reflection of specular type with the angle
of reflection equal to the angle of incidence was enforced.

Figure 4.11: Significant wave heights measured (black dots) behind permeable dams with predictions by XMgrove model of
wave transformation through the structures (from Gijón Mancheño, 2022)
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4.3. SedTRAILS
To facilitate a meaningful interpretation of the current vector fields and bed shear stress data generated
by the Delft3D-FLOW and Delft3D-WAVE models, SedTRAILS (Sediment TRAnsport vIsualisation and
Lagrangian Simulator) is used as a post-processing tool. It is used to derive the sediment and propagule
pathways within the study area using the output from the Delft3D models. SedTRAILS is a Lagrangian
sediment transport model and visualisation tool, developed for efficient and high-resolution computa-
tion of sediment transport pathways (Pearson et al., 2021). The post-processing tool was originally
developed for coral larvae, which was then extended to sandy sediment and in recent past to compute
mangrove propagules (Storlazzi et al., 2017; Bisschop, 2023).

Lagrangian particle tracking has found extensive application in evaluating connectivity within the realm
of oceanography and marine ecology (Hufnagl et al., 2017; van Sebille et al., 2018). This prominence
arises from the models’ capacity to simulate the complete trajectory history of particles, and not just
their points of origin and final destination. Particle tracking models are also relatively fast and lend them-
selves well to parallel computing (Paris et al., 2013). This approach thus allows for a faster and more
detailed analysis of sediment connectivity than existing Eulerian approaches (e.g., Pearson et al., 2020).
Despite the existence of several Lagrangian models for sediment transport (MacDonald and Davies,
2007; Soulsby et al., 2011), their use in supporting connectivity investigations has been limited. Hence,
there is a need for Lagrangian sediment particle tracking tools tailored to predicting sediment transport
pathways and determining connectivity of complex coastal systems. To meet this need, the Lagrangian
sediment transport model of SedTRAILS was developed (Pearson et al., 2021). Furthermore, visuali-
sation of complex transport pathways help enable effective communication of sophisticated numerical
model results to a non-scientific community and stakeholders to generate meaningful discussions.

SedTRAILS proves particularly useful where the execution of computationally expensive process-based
models like Delft3D is confined to a concise simulation period to obtain the representative transport vec-
tor fields and other scalar output such as bed shear stress. Thus, acquired output are subsequently
used in SedTRAILS to analyse the sediment and propagule connectivity in the model domain for a
much shorter computation time while not sacrificing model resolution and accuracy.

4.3.1. Domain

Both Delft3D-FLOW and -WAVEmodels output to two separate grids: a coarser grid covering the larger
area of Demak coastal system and a finer grid encompassing the intertidal areas of Timbulsloko. In
order to achieve a comprehensive understanding of sediment and propagule trajectories, encompass-
ing connectivity across the entirety of the coastal system, it becomes imperative to merge the output
derived from the two grids. This merging process is executed using MATLAB employing a polygon file
that can be used to include output from nested grid within its bounds and merge it with the results from
the overall grid outside its bounds, as shown in Figure 4.12. Using a polygon file can be particularly
helpful when combining results excluding part of the output from a grid that is better represented in the
output from the other grid. For this research, output near the boundaries of the nested model is omitted
to disregard a circulation current near the Northern boundary seen in Figure 4.8 (c).
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Figure 4.12: Domain used for trajectory computations in SedTRAILS merging part of output from the nested grid with output
from overall grid in rest of the area

4.3.2. Structures

The effect of thin dams implemented in Delft3D-FLOW model on the flow field did not translate to the
particle trajectories in SedTRAILS. In the presence of thin dams for which case flow should have ideally
been blocked by the structures, the particles pass through, although they do slow down. To replicate
the true effect of such structures on the different particle pathways, the expected behaviour of particles
upon encountering the structures was explicitly coded into SedTRAILS. In the presence of thin dams,
a particle that makes contact with the structures is directed algorithmically to reflect back at an angle
normal to the angle of incidence. With such a modification, particles could no longer go through the
structures but were entrapped instead. Subsequently, they are either transported along and out through
the gap between the structures or align with the prevailing current, moving away from the structures.
This can be seen in Figure 4.13.

To model the trapping behaviour of propagules behind the porous plates, a trapping probability per input
timestep in SedTRAILS, probtrap is used wherein, any time a particle makes contact with the dam, the
probability it traverses through the dam is computed as probtraverse = 1 - probtrap. Consequently, for
a sufficiently large trapping probability, only a minor fraction of particles manage to pass through the
dam while the rest are trapped behind it during each ebb and flood cycle.
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Figure 4.13: Trajectories of 540 flow particles around the thin dams for a period of 2.5 days. Reflection of particles when
interacting with the structures is coded explicitly into SedTRAILS thus allowing no passage of particles through the thin dams

4.3.3. Sediment Module

The computation of sediment pathways in SedTRAILS requires the output from Delft3D-FLOW and -
WAVEmodels. Current velocities and mean and maximum bed shear stress are extracted from the flow
model runs. Since the wave model provides outputs at the grid corners, while the flow model calculates
parameters at the grid centres, the mean of the output parameters at the corners is calculated for the
former to derive the outputs at the grid centres.

Wave-induced maximum bed shear stress is computed using the output parameters from the -WAVE
model as,

τ̂w = 0.5ρfwû
2
0 (4.3)

with orbital velocity, û0 and friction factor, fw (Bosboom and Stive, 2021). The friction factor is computed
as,

fw = exp

−5.977 + 5.213

(
ξ̂0
r

)−0.19
 (4.4a)

fw,max = 0.3 (4.4b)

with particle excursion amplitude, ξ̂0 and roughness r (Swart, 1974; Soulsby, 1994). Roughness is
computed as the Nikuradse roughness, ks of 2.5D50 and the particle excursion amplitude is given by,

ξ̂0 =
û0T

2π
(4.5)

where, T is the wave period. Since the stand-alone wave model computations provide stationary result
parameters, the time-varying maximum bed shear stress was computed based on the water levels from
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an observation point in the intertidal region. The total maximum bed shear stress is then determined
by adding the maximum bed shear stresses induced by both the current and the waves, without con-
sidering the non-linear enhancement of bed shear stress. The mean bed shear stress is equated to
that due to currents as wave-induced bed shear stress tends to zero when averaged over time.

The pathways are computed based on the grain velocity defined by Soulsby et al. (2011) as in Equation
(4.6). The freedom factor F indicates if the grain is trapped (F = 0) or is free to move (F = 1). F is set to
1 in the simulations with the grain always free to move thereby disregarding its interactions with the bed.
P establishes the probability that a free grain moves as bedload or in suspension. R is a reduction factor
for the speed of a mobile grain compared to the current velocity and, Uc is the current velocity averaged
over the bottom 1 m of the water column. However, since the area in focus is the intertidal basins near
and of Timbulsloko due to the presence of structures there, where the water depths are always below
1 m, the depth-averaged currents are used to compute the sediment pathways. Nevertheless, a few
simulations with average current speeds over the bottom half of the water profile are executed to obtain
a better representation of the trajectories of sediments offshore.

Ugr = F · P ·R · Uc (4.6)

Pathways are computed for sediment particles from 1000 clusters in the region shown in Figure 4.14.
Sediment trajectories are also modelled for source particles equidistantly spaced in the vicinity of the
structures as depicted in Figure 4.15 to better understand the local trapping efficiency of such structures.
Since sediment of varying grain sizes are observed in the study domain (see section 3.2.3), simulations
for two different grain sizes are carried out. Sediment in the domain is assumed to be muddy with grain
size of D50 = 18 µm to model large-scale pathways (Bisschop, 2023). At the location of structures
about 100 m from the mangrove fringe in eroding transects, sediment of size D50 = 58 µm is observed
and is hence modelled, to discern the local effects of structures on the sediment pathways.

Figure 4.14: 1000 clusters in the model domain within a polygon outside which sediment movement is not observed. One
sediment particle is released from each cluster at the start time of a simulation.
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Figure 4.15: Source particles equidistantly spaced at 20 m around the structures

4.3.4. Propagule Module

Dispersal of propagules is heavily dependent on wind as discussed in section 2.1.2. For propagules
floating on the surface or with a part above the surface, a windage factor can be introduced to enhance
the influence of wind. However, observations by A. Gijón Mancheño have found that the Avicennia
Marina propagules found on site float just below the surface (Bisschop, 2023). Hence, their trajectories
are modelled using the current velocity of the surface layer from the Delft3D-FLOW model.

Unlike sediment, there are a number of other factors to consider when modelling the pathways of
propagules such as their viability, depth of establishment, etc. A concept of ”sticky depth” is used in
the SedTRAILS model, where floating propagules establish in their current location if the water depth
in that area is shallower than the sticky depth specified by the user. For the simulations, a sticky depth
of 2 cm is implemented based on the length of Avicennia Marina propagules which are typically 2-3
cms long (Yun et al., 2022). Another parameter of ”sticky time” is defined in the model as a period of
time during which floating propagule cannot establish at any location. The parameter is introduced to
replicate the obligate dispersal period (ODP) of the propagules which is the period for which propagules
must remain floating once abscised to be able to establish as seedlings (Rabinowitz, 1978). An ODP
of about 5-10 days is required for Avicennia Marina propagules (Clarke, 1993). Therefore, a sticky time
of 5 days is implemented in the model.

The lifespan of propagules is determined by their viability and buoyancy periods. Rabinowitz (1978)
found that Avicennia Marina propagules could remain viable in seawater for a period of up to 6 months.
The propagules were found to sink within a few days when exposed to seawater but nonetheless, tend
to refloat (Clarke, 1993; Clarke et al., 2001). The buoyancy period is thus disregarded for the study.
Since the simulation period of the models is one month, which is shorter than the viability period of the
propagules, their lifespan was neglected for the SedTRAILS simulations.

Propagule source polygons were generated using Google Earth images (see Figure 4.16) with which
300 sources were modelled with SedTRAILS. With the introduction of structures, interaction of propag-
ules with the structures was coded in explicitly with a trapping probability as stated in section 4.3.2,
since observations by A. Gijón Mancheño found that propagules tend to be trapped behind the per-
meable dams in the region. The windows of opportunity for successful establishment of propagules
discussed in section 2.1.3 were not modelled, as the focus of this study is on the influence of structures
on propagule pathways. With morphostatic model simulations, the change in bed elevations required
for the creation of the windows of opportunity behind the structures is not captured. Modelling the cri-
teria for successful establishment of the propagules without the appropriate change in the bed levels
would therefore prove to be inaccurate.
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Figure 4.16: Mangrove source patches shown as white polygons based on mangrove forest populations near the coastline
within the model domain





5
Results

This chapter showcases the main results from the Delft3D model and subsequently from the Sed-
TRAILS simulations with and without the different structures.

5.1. Hydrodynamics
This section elaborates on the results from the nested Delft3D-FLOW and -WAVE models.

5.1.1. Currents

Figure 5.1: Residual depth-averaged currents over a month in the wet season in the overall model domain (left), nested model
domain (top right) and, near Timbulsloko (bottom right)

47
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The sediment pathways in the study area are modelled based on primarily the depth-averaged currents
as showcased in section 5.2. The residual depth-averaged currents over one month in the NW mon-
soon season shown in Figure 5.1, in the study area offshore, are toward NE, in agreement with model
results of Deltares (2020) and Bisschop (2023). Flow discharge from the Wulan River creates a fresh-
water plume near the mouth of the delta extending a few kilometres along the coastline. This plume,
and thereby the riverine sediment, remains in close proximity to the coast due to the prevailing WNW
winds during the wet season. The presence of stratification induced by freshwater discharge results
in reduced depth-averaged current velocities within the plume area due to the prevention of mixing.
In the intertidal basin, tidal flow is ebb-dominant in the channels and flood-dominant with alongshore
components in the flats as (see Figure 5.1).

In the presence of thin dams, the flow is blocked by the structures resulting in currents of negligible
magnitude behind them (see Figure 5.2 (a)). This flow blockage causes also creates a discontinuity
in the current direction behind the barriers. Tidal inflow and therefore sediment input into the area
behind the dams occurs via the openings between the structures. In the case of porous plates, current
velocities are reduced as they pass through the structure (see Figure 5.2 (b)). The resistance to flow
induces larger flow velocities through the gaps between the structures. In addition, the flow reduction
behind the structures and acceleration through the gaps is less pronounced for porous plates compared
to thin dams. The structures produce a similar effect on the instantaneous currents which can be
ascertained from Figure B.3 and Figure B.4 in Appendix B.

(a) (b)

Figure 5.2: Residual depth-averaged currents over a month in the wet season near Timbulsloko in the presence of a) thin
dams and b) porous plates

Comparison of the residual depth-averaged currents over amonth in the wet season for the casewithout
any structures, in the presence of thin dams and with porous plates, is depicted in Figure 5.3. The
residual tidal flow is uninhibited in the absence of structures. When thin dams are introduced, the flow
blockage causes a change in the direction of both instantaneous (not pictured) and residual currents
behind the dams when compared to the default case without any barriers to the flow. Just behind the
thin dams, the residual current vectors are infinitesimally small, indicating negligible velocities. When
porous plates are present, current velocities behind the barriers become lower. Moreover, the direction
of residual current vectors with porous plates exhibits a slight variation when compared to the default
scenario. This phenomenon can be attributed to the spatial alterations in water levels between the
two cases, which arise from the resistance offered to the flow by the porous plates. The changes
manifested in the currents are however, restricted to a radius of less than one kilometre in the proximity
of the structures in all scenarios. Beyond this range, there is no perceptible variation in the flow vectors.

The pathways taken by propagules in the region are modelled based on the surface layer currents,
whose residuals over a month in the wet season are shown in Figure 5.4. Currents in the surface layer
are predominantly governed by the wind and are hence directed onshore for the majority of the time
in the intertidal regions, and along the coastline, as a consequence of modelling the NW monsoon
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season, as can be seen from Figure 5.4. However, offshore, the flow is still governed by tides with the
residual currents directed toward NE similar to the residual depth-averaged currents.

Figure 5.3: Residual depth-averaged current vectors over one month for the default case, in the presence of thin dams and in
the case of porous plates

Figure 5.4: Residual currents over a month in the surface layer in the wet season in the overall model domain (left), nested
model domain (top right) and, near Timbulsloko (bottom right)
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5.1.2. Waves

The wave-induced maximum bed shear stress computed for a water level of 0.4 m (MHW) is shown in
Figure 5.5 for the three scenarios of structural presence. The average maximum bed shear stress over
the simulation period is illustrated in Figure C.1 in Appendix C. The hard structures induce complete
wave reflection with no transmission, consequently leading to the most significant reduction in shear
stress behind them. Moreover, due to wave reflection, it is also noticeable that shear stress in front of
the structures is higher when compared to the scenario without any barriers. In the case of permeable
dams modelled with a transmission coefficient of 0.6, a decrease in bed shear stress can be discerned,
as illustrated in Figure 5.5 (b). However, this reduction is notably less pronounced than what is observed
with hard structures. Considering the southernmost barrier, the introduction of a hard structure results
in a maximum bed shear stress of 0.014 N/m2 behind it. Conversely, a permeable dam situated in the
same location induces a higher bed shear stress of 0.34 N/m2 at that position, which escalates to 0.65
N/m2 in the absence of barriers. However, since no reflection is considered for the permeable dams,
shear stress in front of the dams is not enhanced as in the case with hard structures.

(a) (b)

(c)

Figure 5.5: Maximum bed shear stress due to waves for MHW (0.4 m) in the a) vicinity of hard structures (shown as solid red
lines) b) presence of permeable dams (dotted red lines) and, c) absence of structures (location indicated using black lines)
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5.2. Sediment Pathways
This section showcases the results of sediment pathways and related parameters modelled using Sed-
TRAILS. It should be noted that the results presented in this section do not represent the actual trajecto-
ries followed by the sediment particles. The formulation utilised in the SedTRAILS model, as described
in Soulsby et al. (2011), was originally designed for non-cohesive, sand-sized sediment and therefore,
does not account for mud-related processes such as flocculation, hindered settling, etc. Such pro-
cesses are likely to be relevant at the muddy coastline of Demak. Therefore, these results should be
regarded as a qualitative indication of potential sediment transport routes.

5.2.1. Large-scale Pathways

The trajectories taken by sediment particles in the Demak coastal region based on depth-averaged
currents and on average currents of the bottom half of the vertical profile are shown in Figure 5.6
and Figure 5.7 respectively. While the pathways based on depth-averaged currents better represent
sediment movement in the intertidal regions, those based on average currents of the lower half of
the vertical profile might afford a better representation of sediment movement in the offshore region,
since the formulation by Soulsby et al. (2011) used in the model prescribes the usage of current velocity
averaged over the lowest 1m of the water column. However, since themodel is designed for sand-sized
particles with a different sediment concentration profile compared to mud, accuracy of using current
velocity of the lower half of the vertical profile is presently unknown.

Figure 5.6: Pathways of 1000 sediment particles of size D50 = 18 µm based on depth-averaged currents during a month in the
wet season. Three depth contours for -5 m below MSL, mean low water (MLW) and mean high water (MHW) are depicted as

grey, dotted black and solid black lines respectively.

Sediment particles, especially offshore, in both cases, predominantly move along the coast toward
NE. This resembles the residual depth-averaged current pattern in the area seen in Figure 5.1, so the
sediment transport offshore can hence be said to be tide-dominant. Close to the coastline however, the
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freshwater plume acts a barrier both to offshore sediment transport thereby trapping riverine sediment
close to the coast, and possible inflow. Nevertheless, north of the Wulan Delta, sediment near the
coastline, is transported offshore, by the average currents of the lower half of the profile. This could
explain the observations by Septiangga and Mutaqin (2021) who found the northern shoreline to be
retreating presently.

The protruding Wulan Delta also blocks some of the alongshore transport of sediment. This phe-
nomenon is more apparent from Figure 5.7 where fewer particles are able to bypass the delta. Near
the intertidal basins of Timbulsloko, export of sediment from the basins can be observed. Even so, the
exported sediment does not travel far offshore and is trapped within the plume. Furthermore, no move-
ment of sediment is observed far offshore, more than approximately 10 kilometres from the shoreline,
as the maximum bed shear stress in the area is not large enough to initiate motion of the sediment
particles.

Figure 5.7: Pathways of 1000 sediment particles of size D50 = 18 µm based on average currents of the bottom half of the
vertical profile during a month in the wet season. Three depth contours for -5 m below MSL, MLW and MHW are also depicted

in the figure.

To better visualise the source of sediment traversing through the region, the sediment pathways are
mapped based on the distance of the source particles from the back of the intertidal basin as shown
in Figure 5.8. It is noticeable from the figure that sediment from offshore travels along the coastline
before being barricaded by the freshwater plume and pushed offshore, where they continue parallel to
the shoreline. Sediment near the coast is trapped within the plume where they circulate slowly due to
the eddies formed in the area. The plume extends halfway to the intertidal basin, south of which there is
an opportunity for sediment inflow through tidal infilling. However, it can be observed from Figure 5.8 (b)
that sediment from offshore does not contribute to inflow into the basin. Most sediment within the basin
is however transported landward, signifying local retention. Towards the north-eastern end of the basin
near the coastline, a notable sediment recruitment process is observed occurring in the sheltered area
behind the chenier, drawing sediment from the region located in front of the chenier. Caution should
be exercised when interpreting the observations in the intertidal region, as the bathymetry in the area,
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particularly the section immediately seaward of the intertidal basin, has been modified to allow for
smooth transition between two sets of bathymetric datasets (see Appendix A). As a result, it exhibits a
steeper profile compared to what is typically observed in eroding mud-mangrove coastal environments.
The limitation is further discussed in Chapter 6.

(a)

(b)

Figure 5.8: Pathways of sediment particles of size D50 = 18 µm based on distance offshore from back of the intertidal basin for
a) Demak coastal region and, b) intertidal basin of Timbulsloko. Three depth contours for -5 m below MSL, MLW and MHW are

also depicted in the figures.
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5.2.2. Influence of Structures on Pathways

Sediment pathways in the presence of structures both hard and permeable are modelled to better
understand the influence of such structures on the pathways and sediment-structure interactions. Tra-
jectories taken by sediment in the Demak coastal region in the vicinity of hard structures are depicted in
Figure 5.9 for sediment of D50 both 18 µm and 58 µm. Sediment in both cases does not pass through
the structures as prescribed in SedTRAILS. More movement of sediment is observed for particles of
smaller size with a smaller critical Shields parameter. The structures at the southern end (1 and 2 from
Figure 4.7) are able to slow down the sediments travelling behind them, and even trap them when they
are of the larger size. However, most particles are still either carried farther into the basin through the
channel nearby or transported alongshore, outside the influence of the structure, and out of the basin
due to change in tidal current direction in the area. The residual currents behind the structure near the
channel are also slightly alongshore corresponding to the sediment pathways in the region (see Figure
5.2 (a)). The structures farther into the basin (3 and 4 from Figure 4.7) seem to be more efficient in
trapping sediment of the larger size due to their placement closer to the mangrove fringe, where the
currents are already negligible (Figure 5.2 (a)). Structures at the northern end (5 and 6 from Figure
4.7) seem to be the least effective in their ability to trap sediment, as the sediments imported through
the gap between the structures and behind the structures themselves are transported out of the region
in the subsequent ebb cycle. However, near the obstruction at the northern end, sediments are more
sheltered and slowly move into the intertidal basin.

(a) (b)

Figure 5.9: Sediment pathways of 500 source particles in the Demak coastal region based on depth-averaged currents
zoomed into the area near the thin dams for particles of a) size D50 = 18 µm and, b) size D50 = 58 µm. Sediment particles
traversing through the area about half a kilometre behind the structures (shown as purple dotted polygons in Figure 5.11) are
mapped in colour according to their age (time elapsed since the particles were released), with the pathways of other sediment

particles in the region in grey. Two depth contours for MLW and MHW are also depicted in the figure.
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Sediment pathways in the Demak coastal region near the permeable dams are shown in Figure 5.10.
In the presence of permeable dams, more movement of the sediment can be observed near the struc-
tures. This can be attributed to a relatively smaller reduction in currents and wave heights by the dams
in comparison to the impact of hard structures. However, more import of sediment by the structures
can also be noted in the case of permeable dams. This is also supported by Winterwerp et al. (2013)
who found that hard structures like seawalls reduce the tidal prism and hence reduce sediment import.
Winterwerp et al. (2020) and Smits (2016) also hypothesised that when permeable dams are imple-
mented, tidal flow will be primarily through the openings between the structures with negligible flow
through the dams themselves. From Figure 5.10 it can be seen that the hypothesis is not supported by
the model results, since the permeable dams are modelled as porous plates, and therefore allow for
substantial sediment movement though the structures. Observations by Borsje (2017) in Demak also
confirm current flow through the dams, although the field study was conducted during the dry season.
The alongshore transport and eventual export of sediment behind the structures at the southern end
(1 and 2 from Figure 4.7) is evident from Figure 5.10 (b), more so than in the case with hard struc-
tures. The dams farther into the basin (3 and 4 from Figure 4.7) however, seem to still be capable of
sediment import and retention behind them even with reduced impact on currents and waves. Never-
theless, in both structure types and at all locations, whatever small amount of sediment is imported is
all sourced locally from within the basin itself and not from offshore. This could have major impact on
other locations within the basin and could trigger coastline retreat in the area.

(a) (b)

Figure 5.10: Sediment pathways of 500 source particles in the Demak coastal region based on depth-averaged currents
zoomed into the area near the porous plates for particles of a) size D50 = 18 µm and, b) size D50 = 58 µm. Sediment particles
traversing through the area about half a kilometre behind the structures (shown as purple dotted polygons in Figure 5.11) are
mapped in colour according to their age (time elapsed since the particles were released), with the pathways of other sediment

particles in the region in grey. Two depth contours for MLW and MHW are also depicted in the figure.

5.2.3. Structure Characteristics

In order to quantify the effect of structures and their characteristics such as their type (hard or perme-
able), length, etc., on the sediment pathways, the retention ability is measured by counting the number
of particles behind the structure at each time step over the entire simulation. The count is then nor-
malised by the number of sediment particles that were present initially before the start of the simulation
to serve as a measure of the trapping efficiency of the structure. For this purpose, sources just in the
vicinity of the structure spaced equally at 20 m resolution are used (see Figure 5.11).
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Figure 5.11: Sources of sediment particles in the vicinity of the structures with the dotted purple lines representing the
polygons within which particles are counted to quantify the retention ability of each set of structures. The purple polygons are
larger to include counting of the sediment particles in the seaward side of the mangrove patches behind the structures. Two

depth contours for MLW and MHW are also depicted in the figure.

Type of Structure

The normalised number of particles behind the set of structures farther into the basin (3 and 4 from
Figure 4.7) for the three cases of structural presence is showcased in Figure 5.12. The number of
sediment particles is normalised as the fraction of particles at each timestep to the initial number of
particles behind the structures.

It is evident from the figure that even without the presence of any structure to combat erosion, some
retention behaviour is exhibited at the location as the normalised number of particles do not reach zero
during the simulation time. With the presence of permeable dams, the retention capacity is slightly
increased wherein approximately 20% of the particles behind the dams is retained. When hard struc-
tures are implemented however, the trapping efficiency is increased considerably where 80% of the
sediment particles present initially behind the dams stay there through the month. Nonetheless, both
temporary and hard structures are unable to retain the sediment imported during the initial flood cycles
and eventually end up losing sediment behind them. The rate of loss of sediment from behind the
structures however can be improved most by implementing hard structures.

A note of caution here however, is that SedTRAILS was developed as a visualisation tool for qualita-
tively assessing the source-to-sink movement of sediment. Quantification of the amount of sediment
transport is not the main purpose of the tool with the existence of a major supply limitation. Results
shown in Figure 5.12 for instance, consider only a thin, uniform surface layer of sediment. Though the
thin dams supposedly retain 80% of the sediment particles, the model computes the number of particles
based solely on the initial single layer of prescribed sediment sources. Consequently, the translation of
these numbers into erosional or depositional characteristic of the region remains unknown and should
not be interpreted as such.



5.2. Sediment Pathways 57

Figure 5.12: Normalised number of sediment particles behind the set of structures further behind in the basin, in the absence
of structures, in the presence of porous plates and for thin dams during the simulation period

Structure Length

The effect of length of the structures on the retention capacity of the structures is studied by comparison
of the normalised number of sediment particles behind the set of hard structures on the northern (5 and
6 from Figure 4.7) and southern (1 and 2) ends shown in Figure 5.13. The structures at the southern
end of the basin are each 200 to 250 m long with a 33 m opening between them whereas the structures
at the northern end are 100 m long each with the same 33 m gap between them.

Both sets of structures are present at locations with similar residual current patterns with small along-
shore components near one end and sheltering due to obstruction at the other end (Figure 5.2 (a)).
From the figure, it can be discerned that longer structures and larger structure length to opening size
ratio can increase the trapping efficiency of the structure set-up. While the thin dams at the northern
end lose almost all the sediment behind them, the longer ones at the southern end have a retention
capacity of about 70%.

However, caution is warranted when interpreting these observations. While both types of structures
are situated in areas with similar residual current patterns and sheltering, it is essential to note that
the comparison of retention ability does not consider the lengths of structures at the same location.
This oversight could introduce deviations in the assessment of retention ability. Therefore, the natural
retention ability at the three locations of structural presence is compared in Figure 5.14. Here, zero
retention is observed at the northern and southern locations of the structures, whereas approximately
18% natural retention is noted at the location farther into the basin. Thus, when comparing the sediment
retention capacity at the different locations, especially structures at the northern and southern ends (1, 2,
5 and 6 from Figure 4.7) to structures mid-basin (3 and 4), regional differences must be acknowledged.
To disentangle the influence of structure characteristics from the location of the structures, a preliminary
sensitivity analysis is performed (see Appendix D), revealing the superior retention capability of longer
structures. Nevertheless, it is worth noting that longer structures could produce larger shadow zones
from waves and hence better protect sediment in the area from resuspension and eventual transport
away from the region.
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Figure 5.13: Normalised number of sediment particles during the simulation period behind the thin dams at the southern and
northern ends. The number of sediment particles is normalised as the fraction of particles at each timestep to the initial number

of particles behind the structures.

Figure 5.14: Normalised number of sediment particles during the simulation period behind the location of thin dams at the
southern, mid and northern ends when no structures are present. The number of sediment particles is normalised as the

fraction of particles at each timestep to the initial number of particles behind the structures.
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Distance of Placement from Mangrove Fringe

Another characteristic of distance of placement of the structure from the mangrove fringe is tested for
its influence on the trapping efficiency of the structures. Two sets of structures, one farther into the
intertidal basin (3 and 4 from Figure 4.7) closer, at about 50 m from the mangrove fringe, and another,
at the northern end of the basin (5 and 6 from Figure 4.7) placed at approximately 150 m offshore from
the nearest mangrove population, are compared on the basis of the normalised number of sediment
particles behind them throughout the simulation period of one month as depicted in Figure 5.15. Both
sets of structures are of the same length with equal sizes of gaps between them.

It can be observed from the figure that structures placed closer to the mangrove fringe or elevated
bathymetry can retain sediment better than those placed far from it. The structures placed closer to the
mangroves could retain up to almost 80% of the sediment initially present behind them compared to
less than 5% by the structures placed further from the mangroves. Here too, caution must be exercised
in direct interpretation of the observations as the structures compared are placed at different locations
within the system. However, from the analysis presented in Appendix D, the higher retention capacity
of structures placed closer to the mangrove fringe can be ascertained. It is worth noting that, structures
when placed closer to the mangroves are helped by the reduced current velocities and wave action
at the location which are further enhanced with the structures themselves thereby helping them better
retain the sediment behind them.

Figure 5.15: Normalised number of sediment particles during the simulation period behind the thin dams farther into the basin
and at the northern end. The number of sediment particles is normalised as the fraction of particles at each timestep to the

initial number of particles behind the structures.
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5.3. Propagule Pathways
This section presents the results of propagule pathways modelled using SedTRAILS in the NW mon-
soon season.

5.3.1. Large-scale Pathways

The trajectories taken by propagules with sources at the mangrove patches observed from Google
Earth images (see Figure 4.16), during the NW monsoon season, are mapped in Figure 5.16. The
pathways of propagules are dominated by wind and are therefore all moving toward the coastline.
Within the intertidal basin, due to the added complexity of the obligate dispersal period (ODP), during
which propagules cannot get stuck, some traverse alongshore before eventually moving landward and
getting stuck within the basin. Without the ODP, not as much movement of the propagules can be
observed. Nevertheless, from examining the colour of the pathways in Figure 5.16, it becomes apparent
that although propagules cannot get stuck during the first five days of the simulation and are free to
move, they ultimately settle in locations from where they cannot move within the subsequent two days
and are effectively immobilised. In the intertidal basin, most propagules get stuck at the pond bunds
(Figure 5.17) in the regions as they move toward the coastline. This observation is supported by van
Bijsterveldt et al. (2022) whose findings indicate that more propagules were observed in the pond zone
than in the coastal zone during the NW monsoon season.

Figure 5.16: Pathways of propagules over a week with an obligate dispersal period (ODP) of five days and based on surface
current velocity. The green dots represent the location where the propagules get stuck while the smaller white dots represent
the sources of the propagules. Cross marks, if any, indicate end points of propagules that are not stuck within the simulation

period of seven days. Three depth contours for -5 m below MSL, MLW and MHW are also depicted in the figure.
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Figure 5.17: Coastal and pond zones demarcated from a Google Earth image

Figure 5.18: Pathways of propagules over a week with an ODP of five days and based on surface current velocity near the
structural locations. The green dots represent the location where the propagules get stuck while the smaller white dots

represent the sources of the propagules. Two depth contours for MLW and MHW are also depicted in the figure.

Near the location of the structures, propagules from the mangrove patches in the region are also trans-
ported onshore and therefore do not feed the region behind the structures. In any case, a few propag-
ules from other sources within the basin are transported to the location of the structures and eventually
get stuck near the mangrove patches landward of the structures as shown in Figure 5.18. However,
since the model is implemented with a constant wind in the region without possible daily variation, local
propagules in reality could serve more as a source for the region behind the structures than depicted
through these pathways.
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5.3.2. Influence of Structures on Pathways

(a)

(b)

Figure 5.19: Pathways of propagules over a week with an ODP of five days and based on surface current velocity in the
presence of a) thin dams and, b) porous plates. The green dots represent the location where the propagules get stuck while

the smaller white dots represent the sources of the propagules. Two depth contours for MLW and MHW are also depicted in the
figure.
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The effect of structures both hard and temporary, if any, on the propagule pathways is portrayed in
Figure 5.19. In the presence of thin dams, propagules that are approaching the area behind the struc-
tures are blocked by the structures at the northern (5 and 6 from Figure 4.7) and southern (1 and 2)
ends until eventually transported along the structures and into the basin. In case of porous plates, the
propagules are trapped in front of the same structures until the current can carry them away and to
another location within the basin.

When propagules approach from behind the structures like in the case of the barriers further into the
basin (3 and 4 from Figure 4.7), they are trapped by the structures in the site behind them and could
contribute to mangrove growth there. It should be noted nonetheless that, as stated previously, when
time-varying wind is taken into account, the structures might be able to help trap more propagules
behind them.





6
Discussion

This chapter mounts a discussion of the results showcased in Chapter 5 in the context of model limita-
tions, generalisations made, contribution to literature and possible future applications.

6.1. Methodological Limitations
This section elaborates on the constraints associated with the Delft3D-FLOW and -WAVE hydrody-
namic models as well as the Lagrangian model SedTRAILS, and other assumptions made for modelling
of the study region, and their influence on the outcomes derived from them.

6.1.1. Delft3D Model Limitations

Bathymetry

The bathymetry used for both the flow and wave models is a combination of two different datasets,
one relatively coarse (Bisschop, 2023) and another more refined (Smits, 2016) near the coastline. The
coarser dataset was used for the large-scale model while the refined set was used for the nested
model. Since the boundary conditions for the nested model are obtained from the large-scale model,
the bathymetry near the open boundaries of the nested model needed to closely resemble that of the
large-scale model to obviate unrealistic current velocities near the boundaries. Hence, bathymetry for
the nested model was constructed with the coarser dataset offshore of the intertidal region and with
the refined dataset in the basin. However, the difference in both datasets was substantial, which was
smoothed over a small distance of nearly 600 m in front of the basin. This produced a steep foreshore
in the region (with slopes of about 1:400), as depicted, in Figure 6.1 with contour lines close together
in front of the intertidal region. van Bijsterveldt et al. (2020) found that mangrove retreat occurred in
steeper foreshores due to concentrated wave energy in the hollow profiles. This implies that the very
steep foreshore modelled in this thesis may not be representative of the whole coastal region, as both
eroding and accreting transects were found in Demak (van Domburg, 2018). The accreting transects
however, were found to be expanding due to the presence of cheniers, which are not modelled in the
morphostatic model of Delft3D used for this research (van Bijsterveldt, van Der Wal, et al., 2023). In
addition, the identified eroding transects in the area exhibited slopes ranging from approximately 1:600
to 1:500, milder than the slope of 1:400 modelled (Deltares, 2020; van Domburg, 2018). The much
steeper foreshores could result in larger waves near the intertidal basin, thereby affecting sediment
import due to the enhanced bed shear stresses.

65
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Furthermore, although a more refined bathymetric dataset is employed for the intertidal zone, it is
noteworthy that data points across much of the basin exhibited the same elevation of MSL. Although
channels were introduced manually using Google Earth images (see Appendix A), the flats are still
mostly equally elevated. This observation raises concerns, particularly in areas with mangrove veg-
etation, where elevations might reasonably be expected to be higher owing to the sediment trapping
ability of the mangroves (Walters et al., 2008). Field studies in the region to measure the bed levels
are therefore recommended, to obtain a robust dataset of the bathymetry in the intertidal area.

Figure 6.1: Bathymetry of nested model mapped with colour limits of -1.5 to +1.5 with respect to MSL with contour lines

Boundary Conditions for Nested Model

Various configurations of boundary conditions were tested for the nested model to find the ideal set
such that the processes are well-represented by the model as discussed in section 4.2.2. Out of all
possible boundary conditions for the nested model, cross-shore current boundaries and offshore water
level boundaries provided the residual current patterns that were most similar to those of the large-scale
model, and were hence chosen. However, a residual circulation current not present in the large-scale
model persists near the northern bound of the nested model. Influence of the eddy on sediment and
propagule pathways is however avoided by combining the results from large-scale and nested models,
disregarding the output from nested model in the region near the boundaries, as depicted in Figure
4.12. The resultant current patterns near the bounds of the nested model are therefore not expected
to have a substantial effect on the results derived from SedTRAILS. Nonetheless, utilising a more
appropriate set of boundary conditions for the model would help in its future applications. Presently,
Delft3D-FLOW exclusively supports the use of hydrodynamic time-series as boundary conditions for
the nested model, specifically pertaining to water level or current velocity data types (Deltares, 2018b).
Novel techniques such as the one proposed by Ye et al. (2012) are being developed for implementation
of boundary conditions of other types for nested models. Ye et al. (2012) proposed a new boundary
condition of a combination of Riemann and tangential velocity components. This combination allows the
representation of oblique incoming flows at open boundaries, facilitating a smooth transition between
inflow and outflow in the nested modelling domain. Exploring such techniques in future studies could
contribute to the development of a more robust model.
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Vegetation

Mangrove stands in the intertidal region are not modelled in this study to avoid over-complicating the
model. Consequently, their influence on the hydrodynamics in the region is neglected. Mangroves ex-
hibit the capacity to dampen waves and decelerate water flow as the tides and waves traverse through
them (see section 2.1.1). This capability endows mangroves with the potential to amplify the sediment
trapping efficiency of the structures erected in front of them. Consequently, the current model may
underestimate the sediment-trapping capabilities of these structures.

Furthermore, the complex root systems of mangroves can also affect propagule pathways by restricting
their movement out of the mangrove stand, thereby reducing the number of propagules reaching open
water. However, this phenomenon is not expected to affect the modelled propagule pathways, as only
the propagules exported out of the stand are currently modelled.

Mangrove vegetation can be implemented in the Delft3D-FLOW model either through trachytopes or
as rigid 3D vegetation (Deltares, 2018b). The former approximates the vegetation through variation
in roughness while the latter imitates vegetation with the help of various parameters describing verti-
cal plant structure and spatial distribution of the plants. However, when the required parameters are
unknown, the effect of mangroves on currents can be imitated using a grid of porous plates. Such an
implementation has been successfully tested previously by Gan (2014) to mimic temporary breakwa-
ters.

6.1.2. SedTRAILS Model Limitations

Transport Formulation

The transport formulation used in the SedTRAILS model is based on the Lagrangian particle tracking
model of Soulsby et al. (2011) for sand-sized non-cohesive sediment. The formulation is thus not in-
tended for the modelling of mud transport, and does not account for transportation processes related
to muddy sediment, such as flocculation, hindered settling, etc. Since flocculation is ignored, the as-
sociated increase in sediment size and thus the increased possibility of deposition is not manifested
in the sediment pathways modelled using SedTRAILS. In particular, when freshwater discharge and
associated baroclinic effects are already found to play a substantial role in the sediment transport in
the system, inclusion of the behaviour of flocculation would lead to the formation of flocs at the plume
front, enhancing deposition there (Eisma, 1986).

Hindered settling signifies a reduction in settling velocities of suspended sediment when the concentra-
tion of sediment in the water column reaches a significant level (Winterwerp et al., 2021). Incorporation
of the effect would provide more realistic depositional rates of suspended sediment. Furthermore, the
3Dmotion of mud particles, incorporating settling velocities is not simulated with the current formulation.

Morphostaticity

SedTRAILS is developed as a Lagrangian model to compute sediment pathways for a fixed bathymetry.
While working with a constant bathymetry saves computation time, it nevertheless introduces a distinct
set of challenges. When the bed levels are not updated, the bed shear stress, water depths, currents
etc., do not vary as they would in reality. Therefore, the sediment pathways that could vary as the
bed is elevated behind the structures are not modelled. Consequently, the sediment retention capacity
obtained for the various structure characteristics is valid for the initial stages after the construction of the
structures at the location, during which time the bed levels do not vary considerably. By implementing
a morphostatic model, the consolidation effects of mud are also discarded which could overestimate
the mobility of sediment in the area.

For propagules, survival of those that are trapped behind the structures is not modelled, since the
bed levels, and consequently the windows of opportunity at the location remain unchanged. When
the bed levels are not updated, it leads to inaccuracies in reflecting the true requirements of the mini-
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mum inundation-free period and reduced bed shear stress behind the structures, thereby providing an
inaccurate assessment of the survivability of trapped propagules.

6.1.3. Other Assumptions

Wind

In both the Delft3D-FLOW and -WAVE models, wind of a constant speed and direction is implemented.
The constant onshore wind results in an almost constant onshore surface layer velocity near the coast-
line and regular onshore waves. The unvarying onshore wave direction does not influence the sediment
pathways as the wave-induced currents are neglected in the study. However, near-constant onshore
directed currents in the surface layer mean that the propagules are always moving landward. Since the
structures are present offshore of mangrove stands, this assumption of invariable wind leads to negli-
gible propagule movement and consequent establishment in the area behind the structures while van
Bijsterveldt et al. (2022) observed sufficient establishment of propagules behind the structures during
the wet season.

Waves

The bed shear stress from the wave model computations are used in SedTRAILS to obtain the relevant
sediment pathways. For this research, the maximum bed shear stress due to currents and waves are
added linearly, neglecting the non-linear interactions between the two processes. However, it can be
gleaned from Figure 6.2 that the non-linear effects could be substantial (Bosboom and Stive, 2021).
Underestimating the maximum bed shear stress could therefore have a considerable influence on the
sediment pathways due to the underestimation of sediment mobility.

Figure 6.2: Maximum and mean bed shear stress based on different models, accounting for non-linear interactions between
currents and waves (from Bosboom and Stive, 2021)
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Implementation of permeable dams in the wave model is done using a sheet-type obstacle with a
constant transmission coefficient. However, research done by Gijón Mancheño (2022) established
the relation between incident wave height and the transmission coefficient also shown in Figure 4.11.
Hence, a constant transmission coefficient chosen for storm waves could potentially be mispredicting
the wave heights behind the structures. However, wave model simulations for larger water depths
result in wave heights above 0.2 m near the structures surpassing the storm wave heights for which
the transmission coefficient was calculated. Hence, employing a constant transmission coefficient of
0.6 may not be entirely unrealistic.

Figure 6.3: Significant wave heights near the location of the structures (indicated as solid black lines) for tidal elevation of MHW

The time series of maximum bed shear stress used in SedTRAILS for the computation of sediment
pathways, is constructed based on the water level time series at an observation point in the intertidal
region. This also means that the wave-induced bed shear stresses for water levels below MSL are
ignored which could have potential consequences in the sediment pathways in regions outside the
intertidal zone. However, since the focus of this thesis is on the effect of structures in the intertidal basin
on the sediment and propagule pathways, the main conclusions of this research will not be altered by
this assumption.

Porous Plate

The porous plates implemented in the Delft3D-FLOW model to approximate the effect of permeable
dams used in field employ the usage of a resistance coefficient that determines the reduction in current
velocities. The coefficient is chosen qualitatively to simulate a current reduction of approximately 50%
of that brought about by the hard structures. For a more precise implementation of the dams to thereby
obtain more accurate sediment pathways, field measurements of current velocities in the vicinity of the
dams are required.

6.2. Knowledge Contribution
The literature gap is stated in section 2.4.3 as a lack of an understanding of the systemic implica-
tions of using permeable dams to rehabilitate mangroves. This research has tried bridging the gap
by estimating the effect of coastal structures, both permeable (temporary brushwood structures) and
impermeable (permanent hard structures), on the sediment and propagule pathways. Firstly, the im-
pact of structures on currents and waves within their proximity and beyond was studied. Subsequently,
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the effect of structures and their various characteristics on sediment and propagule trajectories was
researched. Ultimately, it was examined if the sediment and propagule pathways correspond to help
rehabilitate mangroves behind the structures. Through this process, the first step toward gaining a
systemic understanding of using structures to rehabilitate mangroves is taken. Below, a few important
results from the research are discussed in the context of the available literature.

6.2.1. River Plume

Previous research by Bisschop (2023) found the river plume to act as a barrier to sediment transport
in the Demak coastal system. The freshwater plume traps the riverine sediment close to the coast,
and blocks possible inflow of sediment from offshore. Wolanski (1992) also observed that sediments
outwelled from mangrove forests can be retained in a coastal boundary layer formed by estuarine
circulation. However, the sediment pathways presented in Figure 5.8 (b) in the previous chapter show
the plume to also act as a barrier of sediment import to the intertidal basin. The lack of import is further
enhanced by the steep foreshores modelled with Delft3D. Therefore, the hypothesis by Winterwerp et
al. (2013) that large waves could be a potential importer of sediment to the coastline possibly depends
on estuarine circulation, if any.

6.2.2. Structure Permeability

The results showcased in Chapter 5 assert the influence of structure permeability on both the hydro-
dynamics and sediment pathways in the region. While the impermeable structures reduce sediment
movement with better efficacy than permeable dams, they also allow for comparatively less import as
predicted by Winterwerp et al. (2013). However, the sediment retention capacity of the impermeable
structures was found to be much higher in comparison and could therefore, better retain sediment be-
hind them. Although installation of hard structures is more expensive, extensive and frequent shipworm
induced damage to permeable dams result in substantial maintenance costs (Deltares (2021b)). There-
fore, using hard structures to enhance sediment accretion could be a favourable alternative, keeping
in mind the risks related to their usage in muddy environments discussed in Chapter 2.

The effect of permeability of structures on the hydrodynamics and sediment transport has not previously
been modelled for a quasi-3D system. Research previously done by Gijón Mancheño (2022) provided
insights into the effect of structures on the morphodynamics using a 1D cross-sectional model. Smits
(2016) explored the influence of permeable dams on the hydrodynamics and morphodynamics of the
Demak coastal system with a 2D model, but implemented the structures as impermeable thin dams
within the model. Results from this study therefore provide useful distinction between the hard and
permeable structures and their influence on the processes in a coastal system.

6.2.3. Sediment Sources

The sediment pathways in the presence of structures depicted in Figure 5.9 and Figure 5.10 show
reduced movement of sediment travelling behind the structures. However, the sediment that traverses
in the region is sourced from within the basin and not from offshore as hypothesised by Winterwerp
et al. (2013). Nevertheless, the steeper than normal foreshores could be a reason behind the lack of
sediment import from offshore into the basin.

6.2.4. Propagule Dispersal

Propagule pathways modelled in the region show negligible movement indicating dispersal of propag-
ules up to a maximum of about 10 kms within the system. Observations of Avicennia Marina propagule
dispersal by Clarke (1993) found most propagules to disperse for less than 1 km with very few dispers-
ing for distances larger than 10 kms, supporting the model results.
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To ensure long-term survival of mangrove forests, genetic diversity of the population is imperative as
discussed in section 2.1.4. A bio-diverse forest requires the coastal system to be a recipient of propag-
ules from sources far away. Receiving such propagules and their eventual establishment is possible
in the region due to the onshore winds during the wet season pushing available propagules toward the
coastline.

6.2.5. Mangrove Restoration

Worthington and Spalding (2018) mention that as a starting point for mangrove restoration, it is prudent
to consider locations where mangroves have recently been lost, as such areas are highly likely to
possess the necessary conditions for successful restoration. Structures in the study area, especially
those modelled for this thesis, are located close to the existing mangrove patches and can therefore
said to be ideally located. However, the sediment and propagule pathways correlate at only select
locations, thereby highlighting the importance of other factors such as structure length, type, direction
of wind, etc. Pathways of both sediment and propagules, large-scale and in the vicinity of the structures,
vary widely. This can be attributed to their driving forces. While the sediment pathways are modelled
with depth-averaged currents, the propagule pathways are modelled based on currents in the surface
layer which is predominantly forced by the wind. Nevertheless, at locations were both sediment and
propagule pathways correlate, possibly leading to restoration of mangroves there, long-term survival
is a challenge, with high subsidence rates in the region (Deltares, 2021b).

6.3. Application
The results obtained from this research can in principle, be applied directly to similar systems with com-
parable hydrodynamic processes, for instance other micro-tidal mud-mangrove systems with extensive
degradation by shrimp farming and/or ground water extraction. However, the morphostatic modelling
approach used for this study may not be ideal when the relative timescale of morphodynamic change is
significantly smaller than the duration of the model run. For the study region of Demak coastal system,
a mean bed level increase of 0.5 cm was observed over four months in the wet season behind the per-
meable dams at a certain location (Winterwerp et al. (2020)). With a simulation period of one month,
and an average bed level change of 0.13 cm, validity of the morphostatic approach can be ascertained
by modelling the sediment pathways for the initial bed level and for with an increase of 0.13 cm, and
comparing the results obtained. At regions with rapidly migrating mudbanks (celerity of 1.5 km/year)
like Suriname (Augustinus, 2004), a morphostatic modelling approach might not be ideal. Nonetheless,
the small-scale interactions of sediment and propagules with the structures can be universal such as
reduction in movement of sediment behind the structures. The modelling approach and the methodol-
ogy remains mostly universal wherein the structures can be implemented in the model of other systems
using the methodology described in Chapter 4.

When considering the various structure characteristics, longer structures, placed closer to the man-
grove fringe show a high sediment retention capacity. Additionally, the location of the structures also
play a significant role in their retention capabilities. When currents in the region have a significant
alongshore component, shore-perpendicular dams are advised to be constructed to slow sediment
transport in the direction and thereby promote accretion. Without the cross-shore dams, the sediment
transported behind the shore-parallel structures are eventually carried out of their region of influence
as showcased in Figure 5.9.

The propagule pathways depend on specific local characteristics such as the wind direction, propagule
species, etc. The modelled Avicennia Marina propagules have intrinsic properties such as buoyancy
and viability periods that inform their lifespan in the model, and the obligate dispersal period (ODP) that
dictates the ”sticky time”. Therefore, when this approach is utilised for other systems, the site-specific
properties need to altered to suit the target system.





7
Conclusions and Recommendations

This chapter concludes the thesis work and suggests recommendations for further research.

7.1. Conclusions
This section presents the conclusions for the research question posed in Chapter 1.

7.1.1. Primary Research Objective

The main research question posed at the start of the study was:

How do coastal structures affect sediment and propagule pathways for mangrove restoration?

Coastal structures used to rehabilitate mangroves affect the sediment and propagule pathways by
altering currents and transforming waves in the region. Additionally, structures of varying types and
characteristics affect the pathways in different ways. This is further expounded up on by answering the
research sub-questions posed in Chapter 1.

• How are currents affected by the presence of structures used to trap sediment and thereby help
rehabilitate mangrove systems?

In the presence of hard structures, flow is blocked, thereby deflecting the currents. Just behind the
structures, current velocities are negligible. In case of permeable dams, current velocities are reduced
as flow passes through the dams. Currents are also slightly deflected by the presence of the dams
due to the resistance exerted on the flow by the structures. The changes induced by both types of
structures on the flow are however, restricted to a radius of less than one kilometre in the proximity of
the structures for the site modelled.

• What is the effect on wave transformation by the structures present in the region?

The hard structures exhibit complete wave reflection with no transmission, consequently leading to the
most significant reduction in wave action behind them. In addition, due to wave reflection, wave-induced
bed shear stress in front of the structures is enhanced. Permeable dams too, induce a reduction in
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wave heights, although not to the extent of the hard structures. However, with the current approach,
the permeable dams reflect negligible wave energy, due to which, the shear stress in front of the dams
are not enhanced as in the case with hard structures.

• How do structures and their implementation in the model influence sediment pathways in the
study area?

Hard structures block sediment transport through them, allowing inflow through the gaps between the
structures. The structures are able to slow down the sediment transported behind them and trap a
fraction of the sediments, the rest of which are either carried farther into the basin, or transported
alongshore, outside the influence of the structure, and out of the basin. In the presence of permeable
dams, more movement of the sediment can be observed near the structures. However, the dams also
allow for more influx of sediment when compared to hard structures. Nevertheless, in both structure
types and at all locations, whatever small amount of sediment is imported is all sourced locally from
within the basin itself and not from offshore. This could have major impact on other locations within the
basin and could trigger coastline retreat in the area.

• How do structures influence mangrove propagule pathways in the study area?

In the presence of hard structures, propagules that approach from in front of the structures are blocked
by them until eventually transported along the structures and into the basin. In case of porous plates,
the propagules are trapped in front of the same structures until the current can carry them away and
to another location within the basin. However, propagules approaching from behind the structures are
trapped by them at the required region. Therefore, whether the propagules are blocked transport into
the area behind the structures, or are trapped there, depends on whether from which relative direction
they approach the structures.

• How do different characteristics of the structures affect the sediment pathways?

The permeable dams exhibit a greater sediment retention capacity compared to a scenario with no
structures in place. In contrast, hard structures demonstrate even higher sediment retention capabil-
ities when compared to permeable dams. However, both permeable and hard structures are unable
to retain the sediment imported during the initial flood cycles and eventually end up losing sediment
behind them. The rate of loss of sediment from behind the structures however can be improved most by
implementing hard structures. Longer structures and larger structure length to opening size ratio can
increase the trapping efficiency of the structure set-up. Longer structures are able to produce more pro-
nounced shadow zones from waves and hence better protect sediment in the area from resuspension
and eventual transport away from the region. Finally, structures placed closer to the mangrove fringe
or elevated bathymetry are able to retain sediment better than those placed far from it. When placed
closer to the mangroves, structures are helped by the reduced current velocities and wave action at the
location which are further enhanced with the structures themselves thereby helping them better retain
the sediment behind them.

• Do the pathways of sediment and propagules correlate to contribute to mangrove restoration?

Structures can help trap sediment behind them through reduction of currents and wave action thus
creating a shadow zone behind them where movement of sediment is restricted. The efficacy of the
structures depend on where they are located, what type is used and how long they are in comparison
to the size of the openings between the structures. In case of propagules, the trapping behaviour of
the structures is less apparent as the sources of propagules are mostly behind the structures and are
pushed landward due to the persistent onshore wind during the wet season. However, when propagule
sources are available relatively landward from the structures, the barriers are able to trap propagules,
thereby creating a possibility for mangrove rehabilitation.
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7.2. Recommendations
This section propounds a few recommendations for further research based on discussion in Chapter 6
of the results obtained from the various models.

7.2.1. Bathymetry

The bathymetry utilised in the flow and wave nested models is a combination of two datasets: a coarser
one offshore of the intertidal basin and a more refined dataset for the basin itself. However, a significant
disparity between these datasets resulted in a steep foreshore in front of the basin. Furthermore, in
the intertidal zone, a notable issue arises as many data points across the basin are reported at the
same elevation of MSL. This uniformity in elevations, especially in areas with mangrove vegetation, is
a cause for concern, as one would expect higher elevations due to the sediment trapping capacity of
mangroves. To address these concerns and improve accuracy, field studies to measure bed levels in
the region are recommended to obtain a more comprehensive and precise dataset of the bathymetry in
the intertidal area. Using such a dataset can result in a more accurate prediction of the hydrodynamics
and hence the sediment pathways in the region. However, the refined dataset could be implemented
in both the large-scale and nested models as a first step to improving the model.

7.2.2. Vegetation

Mangrove stands and their impact on the hydrodynamics in the study area are not explicitly modelled
in this research. However, mangroves have the potential to enhance the sediment-trapping efficiency
of the structures placed in front of them by reducing current velocities and attenuating wave energy.
Therefore, mangrove vegetation could be incorporated into the Delft3D-FLOW model using methods
such as trachytopes or rigid 3D vegetation. Alternatively, when the necessary parameters are unknown,
the effect of mangroves on currents can be approximated using a grid of porous plates.

7.2.3. Transport Formulation

The SedTRAILS model employs a transport formulation based on a Lagrangian particle tracking model
originally designed for sand-sized non-cohesive sediment. However, this formulation was not intended
for muddy sediment and therefore, does not account for processes such as flocculation and hindered
settling. The absence of flocculation in the model results in the neglect of increased sediment size and
deposition possibilities. Hindered settling, representing reduced settling velocities with higher sediment
concentrations, is another process not considered. Incorporating this effect could yield more realistic
depositional rates of the sediment. Furthermore, the 3D motion of mud particles, incorporating settling
velocities is not simulated with the current formulation. Therefore, using a Lagrangian sediment trans-
port model developed for mud or implementation of muddy processes in SedTRAILS is recommended,
with the inclusion of a 3D component such that settling velocities are included in the computations.

7.2.4. Morphodynamic Approach

SedTRAILS is designed as a Lagrangianmodel for computing sediment pathwayswithin a fixed bathymetry.
Without updating bed levels, factors such as bed shear stress, water depths, and currents remain static,
deviating from real-world variability. Consequently, the model does not account for potential variations
in sediment pathways resulting from elevated beds behind structures. As a first step, sediment path-
ways are recommended to be computed for the initial bed levels, and for bed levels expected at the
end of the simulation period for a preliminary comparison. When a substantial difference is noted, a
morphodynamic approach might be better suited.
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A
Bathymetry of Nested Model

Bathymetry of the nested Delft3D model was built from two datasets, one relatively coarse in the off-
shore region (Bisschop, 2023) and another more refined in the intertidal basin (Smits, 2016). The
combined bathymetry used in the model is shown in Figure A.1.

Figure A.1: Bathymetry of the nested model with the area where dataset from Bisschop (2023) was used indicated with a red
polygon

Bathymetric datasets fromBisschop (2023) and Smits (2016) are shown in Figure A.2. When compared,
it is evident that the dataset from Bisschop (2023) is not as detailed in the intertidal region. The datasets
are therefore combined to result in the bathymetry depicted in Figure A.3.
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(a) (b)

Figure A.2: Bathymetric datasets obtained from a) Bisschop (2023) and b) Smits (2016)

Figure A.3: Combined bathymetry built using the dataset of Bisschop (2023) in the offshore region and Smits (2016) in the
intertidal basin

Although the dataset from Smits (2016) was comparatively more detailed, the intertidal region was
elevated at the same level of MSL with the exception of the land strips. Therefore, channels were
introduced based on past Google Earth images shown in Figure A.4 (a) and Figure A.4 (b). Additional
modifications based on the current Google Earth image (Figure A.4 (c)) were also made to obtain the
bathymetry of the nested model showcased in Figure A.5 (b).
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(a) (b)

(c)

Figure A.4: Google Earth images of the intertidal basin a) at July 2021 with the channel depicted as a darker streak between
two land strips, b) at May 2017 with two channels south and north of a mangrove patch, and c) at April 2023

(a) (b)

Figure A.5: Bathymetry of the nested model a) before adding channels (black lines) and lowering elevations at areas (black
polygon) based on Google Earth images, and b) used in Delft3D





B
Porous Plates

Permeable dams constructed in the study area to trap sediment are replicated in the Delft3D model
utilising an additional parameter of porous plate. Since the porous plate allows for restricted transfer
of mass and momentum, the input parameter of resistance coefficient was tested for a range of values
to find the one for which the flow patterns and current velocities correspond closely to those observed
in the field and physical models constructed in laboratories to replicate a scaled-down version of the
system. Residual and instantaneous current velocities across each of the six porous plates with the
resistance coefficients implemented in the model are provided in the figures in this appendix.

Figure B.1: Location of the six structures implemented in the Delft3D models
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(a) (b)

(c) (d)

(e) (f)

Figure B.2: Comparison of residual depth-averaged currents over a month in the absence of structures (blue), thin dams
(black) and porous plates (pink) for structures a) 1 b) 2 c) 3 d) 4 e) 5 f) 6
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(a) (b)

(c) (d)

(e) (f)

Figure B.3: Comparison of depth-averaged currents during rising tide in the absence of structures (blue), thin dams (black)
and porous plates (pink) for structures a) 1 b) 2 c) 3 d) 4 e) 5 f) 6
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(a) (b)

(c) (d)

(e) (f)

Figure B.4: Comparison of depth-averaged currents during falling tide in the absence of structures (blue), thin dams (black)
and porous plates (pink) for structures a) 1 b) 2 c) 3 d) 4 e) 5 f) 6



C
Bed Shear Stress

The wave-induced maximum bed shear stress computed as the average over a month for water levels
based on a observation point in the intertidal basin is shown in Figure C.1 for the three scenarios of
structural presence.

The hard structures do not transmit the waves and are instead fully reflected. This leads to the most
significant reduction in shear stress behind them. Additionally, due to wave reflection, shear stress in
front of the structures is higher when compared to the scenario without any structures. In the case
of permeable dams modelled with a transmission coefficient of 0.6, a decrease in bed shear stress
can be observed. However, this reduction is notably less pronounced than what is observed with hard
structures. When compared to Figure 5.5 based on MHW, effect of the structures on the maximum
shear stress is less apparent when averaged over the simulation period.

(a) (b)
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(c)

Figure C.1: Average maximum bed shear stress due to waves in the a) vicinity of hard structures (shown as solid red lines) b)
presence of permeable dams (dotted red lines) and, c) absence of structures (location indicated using black lines)



D
Sediment Retention - Sensitivity

Analysis

Comparison of the sediment retention capacities of structures with different characteristics are made
in Chapter 5. However, to differentiate between the influence of regional differences and structure
characteristics in the performance of the structures, a preliminary sensitivity analysis is performed.

Two sets of structures, one longer and another shorter are modelled at the same location as depicted
in D.1. The sediment retention capacity of the two sets of thin dams is showcased in D.2. Sediments
are better retained by the longer thin dams at the location, retaining up to 70% of the sediment behind
the dams, compared to 25% by the shorter structures.

Figure D.1: Location of two set of structures, one longer (red) and one shorter (blue) in the intertidal basin
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Figure D.2: Normalised number of sediment particles during the simulation period behind the thin dams at the southern end,
depicted in Figure D.1. The number of sediment particles is normalised as the fraction of particles at each timestep to the initial

number of particles behind the structures.

Another set of models were run with two sets of thin dams, one closer and another farther from the
mangrove fringe at the same location as shown in D.3. The sediment retention capacity of the two sets
of structures is showcased in D.4. The retention ability of the thin dams closer to the coastline is higher,
retaining up to almost 80% of the sediment behind them, compared to 60% by the structures placed
farther from the coastline.

Figure D.3: Location of two set of structures, one closer (red) and one farther (blue) from the mangrove fringe within the
intertidal basin
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Figure D.4: Normalised number of sediment particles during the simulation period behind the thin dams farther into the basin,
depicted in Figure D.3. The number of sediment particles is normalised as the fraction of particles at each timestep to the initial

number of particles behind the structures.
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