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Summary

Mangrove ecosystems are dynamic environments that provide numerous ecological, economic, and so-
cietal benefits, such as shoreline protection, carbon sequestration, and flood protection. These ecosys-
tems are exclusively found in tropical and subtropical regions and thrive at the interface of land and
sea. Despite their many benefits, mangroves face significant threats, leading to substantial losses over
the past century. The degradation of mangroves compromises flood protection and shoreline stability,
increasing the risk of severe coastline erosion and flooding.

Current research highlights the role of mangroves in flood protection but presents conflicting theories
on their impact on coastline stability. Two competing theories exist regarding the effect of mangroves
on coastline stability, namely the "land-builders” and the "land-consolidators” theory. According to the
"land-builders” theory, mangroves actively accumulate sediment and contribute to the expansion of
coastlines. In contrast, the "land-consolidators” theory suggests that mangroves play a more passive
role in stabilizing existing landforms and serve as buffers against erosion. The debate on the primary
function of mangroves remains unresolved. Furthermore, existing studies often date back over 50
years and are limited by specific hydrodynamic and geomorphic settings, leaving a gap in understand-
ing broad trends.

This research aims to bridge this gap through a global assessment of the influence of mangroves on
coastline development, complemented by a local assessment to explore detailed interactions in spe-
cific case study areas. The local assessment will focus on two coastlines of about 15 kilometres. The
first case study focuses on a coastline that is mostly experiencing erosion, and the mangrove forest
is stable. In contrast, the second case study focuses on a coastline that is mostly eroding, and the
mangrove forest is contracting. The study’s objective is to explore the dynamic impact of mangroves
on coastline stability through an extensive analysis of historical datasets to identify trends and patterns
in coastline changes associated with mangrove ecosystems. The focus lies on observing trends be-
tween coastline stability and the presence of mangroves, the relationship between coastline stability
and mangrove forest width, and the influence of the state of mangrove forests (contracting, expanding,
stable) on coastline stability.

Both the global and local assessment rely on two primary datasets: the Muddy Shoreline Monitor,
which offers historical coastline position data for muddy coastlines (Hulskamp et al., 2023), and the
Global Mangrove Watch, which provides data on the global extent of mangrove ecosystems (Bunting
etal., 2022). The Muddy Shoreline Monitor dataset and the Global Mangrove Watch dataset were used
to analyze coastline position changes and mangrove width changes, respectively, between 2005 and
2016.

The results found that, globally, mangrove areas exhibit slightly higher accretion rates compared to
non-mangrove areas, yet also experience slightly higher erosion rates. Secondly, the relationship be-
tween the mangrove width and coastline stability differs between the global assessment and the local
assessment. In the global assessment, it was found that larger widths are associated with increased
accretion and erosion rates. In contrast, in the local assessment, it was found that widths above 1000
meters are more effective at lowering erosion rates. Finally, it was found that the state of mangrove
forests influences coastline stability, with expanding and stable forests contributing to higher accretion
rates and lower erosion rates and contracting forests correlating with increased erosion rates and de-
creased accretion rates.



Vi Summary

Although the results, particularly those regarding the effect of the state of the mangrove forest, offer
promising insights, it is essential to acknowledge the constraints imposed by data limitations, including
spatial and temporal resolutions, as well as methodological challenges. These uncertainties under-
score the need for caution in drawing definitive conclusions and emphasize the importance of contin-
ued research to refine our understanding. Recommendations for future research include addressing
data limitations and enhancing methodological approaches. Furthermore, research should also focus
on the effect of the state of the coastline on the stability of a mangrove forest. Finally, factors that
could significantly impact the ability of mangroves to stabilize coastlines, such as hydrodynamic condi-
tions, human activities, and sediment availability, should be investigated further. These factors should
preferably be investigated by performing local studies and using local data instead of global data, as
this data is often more accurate.
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Introduction

1.1. Background

Mangrove ecosystems are among Earth’s most vital and dynamic environments, providing a multitude
of ecological, economic, and societal benefits (McCarthy, 2001 and Fagherazzi et al., 2017). These
ecosystems are known for their rich biodiversity and for the diverse range of ecosystem services they
offer, including shoreline protection, flood protection, carbon sequestration, improving the water qual-
ity, wood provision and facilitating fisheries (T. Worthington and Spalding, 2018 and McCarthy, 2001).
Mangrove ecosystems are exclusively found in tropical and subtropical regions and thrive at the in-
terface of land and sea (T. Worthington and Spalding, 2018 and Mclvor et al., 2013). To be able to
withstand the harsh conditions within this zone, such as significant hydrodynamic forces and exten-
sive ranges of salinity, mangroves exhibit unparalleled morphological and physiological adaptations
compared to other vegetation types (Kathiresan and Bingham, 2001 and Hamilton, 2019). Yet, man-
grove ecosystems face various threats ranging from deforestation for industrialization and urbanization
to climate change, such as rising sea levels and changes in freshwater input (Ashton, 2022). In the
previous century, numerous mangrove ecosystems globally were lost, mainly due to the conversion
of mangrove forests to aquaculture and agriculture. It is estimated that in the twentieth century, up to
35% of the total global mangrove forest area has been lost. However, providing an exact number is
challenging due to limited data available before 1996 (Polidoro et al., 2010 and Ashton, 2022). Over
the past decade, there has been a heightened recognition of the value of mangrove forests, leading to
a yearly decrease in the rate of mangrove degradation. Nevertheless, the ongoing loss remains sub-
stantial, with an estimated disappearance between 0.3% and 0.7% of the total mangrove forest area
annually (Hamilton and Casey, 2016 and Friess et al., 2019). The consequences of large-scale losses
can be devastating, especially regarding flood protection and shoreline stability. Since mangroves can
anchor sediment due to their dense root system, they can protect shorelines from the erosive forces of
waves and currents (Kathiresan, 2003 and Gijsman et al., 2023). Without this protection, coastlines be-
come vulnerable to erosion, which can result in the loss of valuable land. Furthermore, mangroves can
mitigate flooding during storms. Losing mangroves can elevate the frequency and severity of flooding
events, posing a direct threat to humans (Gijén Manchenfio et al., 2021). In addition, factors like biodi-
versity loss, reduced water quality, and the release of carbon make the situation all the more critical
(M. Spalding et al., 2014).

Currently, extensive research has been conducted regarding the influence of mangroves on flood pro-
tection. Itis well established that mangroves can play a crucial role in flood protection (Menéndez et al.,
2020; Gijsman et al., 2021; Verhagen and Loi, 2012). Mangroves can effectively attenuate incoming
waves and stabilize sediment with their roots. The former stems from two key factors: the shoaling ef-
fect due to the presence of vegetation and roots that decrease the water depth and, most significantly,
the substantial drag force exerted by the vegetation (Gijon Manchefio et al., 2021 and Horstman et al.,
2014).
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The latter reduces damages due to erosion, and consequently, since the roots trap the sediment, sed-
iment accumulates, decreasing the water depth. The reduced water depth will, in turn, cause waves to
attenuate earlier and thus limit the number of waves that can propagate deep into the mangrove forest
(Gijén Manchenio et al., 2021 and Thampanya, 2006). However, many uncertainties remain regarding
the effect of mangroves on coastline stability. Two competing theories exist in the literature, namely
the "land-builders” theory and the ”"land-consolidators” theory (Friess et al., 2019). According to the
"land-builders” theory, mangroves actively accumulate sediment and contribute to the expansion of
coastlines (J. H. Davis, 1946). In contrast, the "land-consolidators” theory suggests that mangroves
play a more passive role in stabilizing existing landforms and serve as buffers against erosion (Swales
et al., 2015). Studies on this topic present conflicting evidence, with some indicating exclusive roles for
mangroves and others demonstrating their ability to function in both capacities, influenced by various
biogeomorphic factors (f.e. the specific species of mangroves present and the sediment availability
and the composition of the sediment). However, no consensus exists on what biogeomorphic factor is
the most crucial (Friess and McKee, 2021; S. Y. Lee et al., 2014; C. D. Woodroffe et al., 1985; Lovelock
et al., 2010; Chapman, 1944; Steers et al., 1940; Bird, 1986; K. Krauss et al., 2003; Moldenke et al.,
1960).

Despite the incomplete understanding of the exact nature of the impact of mangroves on coastline
protection, it is recognized that mangroves are contributors to soil development and sediment accu-
mulation. Mangroves directly influence soil development through biological processes, such as intro-
ducing organic matter into the soil through litter deposition and root growth. Additionally, they indirectly
contribute to soil development through physical processes by reducing water velocities, promoting sed-
iment deposition, and capturing sediment (Mclvor et al., 2013 and Gijéon Manchefio et al., 2021). In the
long term, the increase of sediment accumulation due to the presence of mangroves leads to landscape
alterations. The slope on the seaward side of the mangroves outside the forest will increase, while the
slope within the forest will flatten. The profile becomes more convex-up, resulting in a faster decrease
in water depth and reduced velocities towards the end of the flat, as waves break earlier (Friedrichs,
2011; Lovelock et al., 2010; Mullarney et al., 2017). This convex shape also influences the average
water depth during high water slack, allowing for increased sediment deposition on the bed. Overall,
mangrove forests enhance the flood-dominant behaviour of tidal flats, potentially reducing erosion rates
across the entire tidal flat (Bryan et al., 2017).

1.2. Problem Statement

Despite decades of research, the debate on whether mangroves predominantly act as "land-builders”
or "land-consolidators” remains inconclusive, highlighting the complexities and uncertainties inherent in
understanding the diverse ecological roles of these coastal ecosystems (Friess and McKee, 2021 and
Mclvor et al., 2013). Existing studies provide valuable insights into regional and local assessments of
mangrove ecosystems. However, they only hold in specific hydrodynamic and biogeomorphic settings
(Besset et al., 2019; Thampanya et al., 2006; S. Das, 2020). Furthermore, a substantial portion of
existing research on this topic dates back over 50 years (J. H. Davis, 1946; Steers et al., 1940; Wat-
son, 1928; Egler, 1952). A noticeable void exists in understanding broad patterns and trends across
diverse hydrodynamic settings. This research endeavours to bridge this gap by undertaking a global
assessment of the influence of mangroves on coastline development. The complex interplay of climate,
wave dynamics, and hydrodynamics varies significantly across regions, and a global perspective may
prove helpful in capturing the nuanced relationships between mangroves and coastline stability. Com-
bining the global assessment with a local assessment could lead to a more thorough understanding of
the effect of mangroves on coastline stability. The local assessment allows exploring the influence of
mangroves on coastline stability more closely when hydrodynamic and climatic conditions are similar.
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1.3. Research Framework

1.3.1. Objective

This study aims to explore the dynamic impact of mangroves on morphological development, encom-
passing both global and local perspectives. It will do this through an extensive analysis of big data
sources, focusing particularly on historical data sets. The overarching goal of this research is to unveil
trends and patterns associated with coastline changes linked to mangrove ecosystems.

1.3.2. Research questions
Main research questions:

1. Can a trend be observed between coastline stability with or without the presence of mangroves
globally?

2. Globally, is there a relationship between coastline stability and mangrove forest width?

3. On a global level, does a relationship exist between coastline stability and the state of a mangrove
forest (contracting, expanding or stable)?

4. Locally, how do erosion and accretion rates vary between coastlines hosting contracting, stable or
expanding mud-mangrove belts?

Sub research questions:

1. To what extent can the impact of mangrove ecosystems on coastline development be assessed
using available global data?

2. Do the results of the global assessment and the local assessment align?

1.3.3. Research Object

In this research, only open coast mangrove ecosystems will be discussed. The complex interplay of tidal
forces, wave dynamics, and sediment dynamics in lagoonal, deltaic, and estuarine settings presents
substantial data collection and interpretation challenges, so they will not be discussed. Furthermore,
while mangroves flourish in muddy, sandy and mixed tidal flats, their behaviour and influence on the
tidal flats diverge significantly. Due to time and resource constraints, only muddy coastlines will be
discussed, as more mangrove habitats are found on muddy coastlines than on sandy ones.

1.3.4. Methodology

This section will give an overview of the method. The research will be divided into four parts: a literature
study, a global assessment, a regional assessment, and finally, a local assessment. The four parts of
this thesis will be discussed below.

1. Literature study
The literature study aims to gain a comprehensive understanding of the ecosystem services provided by
mangroves, the threats they face, and the dynamics of sediment on both bare mudflats and mangrove-
covered mudflats.



4 1. Introduction

2. Global assessment (scale 1000 - 2000 km)

In this phase, the objective is to provide a comprehensive overview of the global impact of mangroves
on coastline stability. Data from the Muddy Shoreline Monitor is used to obtain historical and current
data on coastline development on muddy coastlines (Hulskamp et al., 2023), and data from the Global
Mangrove Watch is used to obtain data on the worldwide extent of mangrove ecosystems (Bunting
et al., 2022). Using these datasets, the trends in coastline change between mangrove-covered and
non-vegetated areas in tropical and sub-tropical regions globally are compared. Furthermore, it will
be determined if a global relation exists between the forest’s width and coastline stability. Finally, it
will be determined if the state of the mangrove forest (stable, expanding or contracting) influences the
coastline stability.

3. Local assessment (scale 10 - 100 km)

In the local assessment, the same data will be used as in the global assessment. The local assessment
aims to investigate if the changes in coastline positions are influenced by the behaviour of a mangrove
forest (contracting, stable, or expanding). In the case studies it is assumed that hydrodynamic and cli-
matic conditions are similar. This analysis will be done for two case study areas considering a coastline
of around 15 [km]. The first case study considers a coastline that is mostly experiencing erosion and
the mangrove forest is stable. In contrast, the second case study considers a coastline where most of
the coastline experiences erosion and the mangrove forest contracts.

1.3.5. Overview

Chapter 2 contains the literature review, which discusses mangrove forests and their effect on coastline
stability. Chapter 3 presents the global assessment. In this chapter, the influence of mangroves on
coastline stability globally will be researched. Chapter 4 presents the local assessment. In this chapter,
two case studies will be discussed to analyse the effect of mangroves on coastline stability when hy-
drodynamic and climatic conditions are similar. In Chapter 5 the research questions will be answered.
Finally, Chapters 6, 7, and 8 present the conclusion, discussion, and recommendations, respectively.



Literature study

2.1. Introduction on mangroves

Mangrove ecosystems are unique ecosystems that consist of trees, shrubs and other vegetation that
thrive in brackish water and are able to withstand the harsh conditions in the intertidal area (Mclvor
et al., 2013). Other terms that are frequently used to describe this environment are mangal or tidal
forest (Hamilton, 2019). The intertidal area is situated between mean sea level (MSL) and high tide. At
low tide, this area is exposed to air and at high tide, this area is partially submerged (J. Ellison, 2009).
To be able to thrive in this zone, mangrove trees are adapted to withstand large ranges of salinity, low
levels of oxygen in the soil (anaerobic soil) and substrate that is unstable due to the various changes
in hydrodynamic forcing (Hamilton, 2019). In literature, the terms 'mangals’ and 'mangrove forests’
are frequently used interchangeably to describe the ecosystem in which this vegetation thrives. The
term 'mangal’ typically encompasses the entire plant life found in a swamp within a mangrove forest,
while the term 'mangrove forest’ specifically denotes those species classified as mangrove trees within
mangals. This terminology is the most consistently employed in literature and will also further be used
in this research (Macnae, 1968 and Hamilton, 2019).

Mangrove ecosystems are primarily distributed within the latitudinal band spanning 30° north to 30°
south of the equator. However, there are exceptions to these geographic boundaries particularly along
the eastern coast of South Africa and the southern coast of Australia (M. D. Spalding et al., 1997). The
most northern mangrove forest exists in Bermuda at 32°20’N. Conversely, the most southern mangrove
forest exists near southern Victoria, Australia, at 38°45’S. It appears that a consistent water temper-
ature above 20°C is important for mangroves to thrive (Hamilton, 2019 and M. D. Spalding et al., 1997).

The total area of mangrove forests in 2020 covered approximately 145,000 km? (Bunting et al., 2022).
The majority of these mangrove forests are concentrated in Asia, Africa and South America. More
specifically, in Indonesia, most mangrove forests are located, followed by Brazil and Australia, respec-
tively. Notably, neither Europe nor Antarctica contains any mangrove ecosystems (Jia et al., 2023
and Bunting et al., 2022). A visual representation of the global distribution of mangroves and their
respective sizes can be found in Figure 2.1.
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Figure 2.1: Mangrove distribution (Jia et al., 2023)

The distribution of mangroves is often divided into two groups: a western group and an eastern group.
The eastern group includes the land surrounding the Atlantic Ocean and the west coast of America
(essentially the eastern hemisphere), while the western group includes the land surrounding the Indian
Ocean and the Pacific Ocean (except for the west coast of America). The western group is often also
referred to as the Indo-West Pacific group (IWP), and the eastern group as the Atlantic East Pacific
group (AEP). The eastern group has a considerably larger biodiversity than the western group (M. D.
Spalding et al., 1997 and Basha, 2018). Mangrove ecosystems can also further be divided into four
categories according to their geomorphological features, namely deltaic mangrove ecosystems, estu-
arine mangrove ecosystems, open coast mangrove ecosystems and lagoonal mangrove ecosystems.
This will further be discussed in section 2.1.3.

Mangrove ecosystems hold immense ecological, economic and social values. However, mangrove
ecosystems face an array of threats (T. Worthington & Spalding, 2018). In the past couple of decades,
there has been a significant loss and degradation of these vital ecosystems. Just a few decades ago,
mangroves were commonly viewed as unproductive wastelands, devoid of intrinsic value, and were
actively encouraged for destruction by governments and urban planners (M. D. Spalding et al., 1997).
This mindset led to the disappearance of a substantial number of mangrove areas. It is estimated that
in the twentieth century up to 35% of the total global mangrove area has been lost, though the exact
extent of these losses remains challenging to ascertain due to the limited availability of reliable data
(Valiela et al., 2001 and FAO, 2007). At present, mangrove forests continue to face significant rates of
degradation, but in comparison to previous decades, this trend has notably decelerated (T. Worthington
& Spalding, 2018). Itis estimated that every year, between 0.3% and 0.7% of the global mangrove area
disappears. Unfortunately, higher rates can be observed in Asia (Hamilton and Casey, 2016 and Friess
etal., 2019). In the next sections, the array of ecosystem services of mangrove forests and the threats
mangrove forests face will be discussed.

2.1.1. The ecosystem services of mangroves
In this section, some of the key ecosystem services of mangrove forests are discussed.

Biodiversity

Mangrove trees and shrubs constitute a vital and diverse habitat that supports numerous species.
These trees create a complex labyrinth of root systems that provide shelter and offer a safe breeding
environment for many species (Hutchison et al., 2014). The channels within mangrove ecosystems
transport freshwater from inland rivers hereby establishing vital connections with diverse ecosystems,
enabling larger creatures to visit or utilize mangroves as nursery areas (Hutchison et al., 2014 and
M. D. Spalding et al., 2021).
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Mangals are critical habitats for many species. Approximately 340 species that primarily live in man-
grove forests are considered to be critically endangered, endangered or threatened-vulnerable. Exam-
ples of these species include seahorses and tigers (M. D. Spalding et al., 2021).

Coastal protection

Mangroves play a crucial role in protecting coastlines from coastal hazards such as storm surges and
cyclones. Mangroves are able to achieve this by attenuating waves and effectively capturing and stabi-
lizing sediment (Menéndez et al., 2020; Gijsman et al., 2021; Verhagen and Loi, 2012). The influence
of mangroves on stabilizing sediment will be discussed in Chapter 2.2. Their effectiveness in wave
attenuation stems from two key factors: the shoaling effect due to the presence of vegetation and
roots that decrease the water depth and, most significantly, the substantial drag force exerted by the
vegetation (Horstman et al., 2014 and Gijén Manchefio et al., 2021). The degree of wave attenuation
largely depends on the length of the waves, with short waves, such as wind waves, being dissipated
easier than long waves, such as swell waves. Additional factors influencing the capacity of mangroves
to dissipate waves include the height of the mangrove trees, the structure of their root systems, the
density of the mangrove ecosystem, and the overall size of the mangrove area (Mazda et al., 1997 and
Gijon Manchefio et al., 2021). An illustration of the possible role of mangroves in coastal protection
can be seen in Figure 2.2.

OFFSHORE NEARSHORE HABITAT IMPACT CONSEQUENCES
DYNAMICS DYNAMICS

Figure 2.2: The possible role of mangroves in coastal protection (M. D. Spalding et al., 2021)

Carbon sequestration

Like all forests, mangrove trees convert carbon dioxide. Carbon is captured through photosynthesis
into the leaves, wood, and roots of the trees. As the trees grow, the carbon reserves in the trees
steadily increase (Alongi, 2014 and M. D. Spalding et al., 2021). However, mangroves rank among
the most efficient carbon-capturing ecosystems globally. They excel at transforming carbon dioxide
into organic carbon at rates surpassing nearly all other habitats on Earth (M. D. Spalding et al., 2021;
Sanderman et al., 2018; T. Worthington and Spalding, 2018). Furthermore, in contrast to many other
types of forests, the carbon deposited in mangrove soil through litterfall and root growth decomposes
exceptionally slowly due to the waterlogged conditions caused by tidal inflows. This results in the
gradual accumulation of carbon-rich and highly organic soil over extended periods, often spanning
hundreds to thousands of years (Lang’at, 2013; Alongi, 2014; M. D. Spalding et al., 2021).

Improving water quality

Mangroves enhance water quality through pollutant filtration. Their intricate root systems slow down
water movement and facilitate the settlement of sediment. Toxins and nutrients often bind to sediment
or clay particles, and these contaminants are effectively removed from the water during the sediment
settling process (of Australasia, 2015 and Gardner and Finlayson, 2018). Furthermore, due to the ability
of mangroves to trap sediments, the turbidity in coastal waters is reduced (online coastal information,
n.d.). This means that the water is clearer, which allows for better light penetration, resulting in the
increase of photosynthetic activity of plants and algae and better oxygen exchange near the water
surface (Lunt & Smee, 2019).
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Facilitating fisheries

Mangrove forests function as thriving fish production centres. Their intricate systems of water channels
and shallow pools provide shelter and offer a safe breeding environment for many aquatic species
(Hutchison et al., 2014 and zu Ermgassen et al., 2020). The remarkable productivity of mangroves
ensures a consistent and abundant food source. Every year, over 1,000 trillion commercially valuable
fish and invertebrates are introduced into coastal waters across the globe by the current mangrove
cover (T. Worthington & Spalding, 2018). At present, many small-scale fisheries rely on the existing
stock of these fish and invertebrates, targeting valuable species like anchovies, crabs, and shrimp (T.
Worthington and Spalding, 2018 and zu Ermgassen et al., 2020).

2.1.2. Threats facing mangrove forests

The main causes for the global degradation of mangrove forests can be subdivided into two categories,
namely direct human threats and indirect human threats or climate change. The most significant direct
human threats to mangrove forests, ranked from most to least important, are conversion to aquaculture
and agriculture, mining, forest exploitation, urbanization and the impact of civil engineering structures
(Ashton, 2022; E. L. Gilman et al., 2008a; S. C. Das et al., 2022). The most important causes of global
mangrove forest losses due to climate change are the effect of storms and high-water events, changes
in precipitation patterns and sea level rise (Romanach et al., 2018 and S. C. Das et al., 2022).

Conversion to aquaculture and agriculture

It is estimated that the conversion of mangrove forests into suitable land for aquaculture and agriculture
is responsible for about 47% of global mangrove loss between 2000 and 2016 (Goldberg et al., 2020).
Shrimp farms, in particular, are the primary drivers of this change within the aquaculture sector. Dur-
ing the 1980s and 1990s, many countries encouraged the conversion to aquaculture to enhance food
security and improve livelihoods, which caused mangrove destruction on a large scale (Hishamunda
et al., 2009). Unfortunately, the immense economic value of the shrimp industry continues to pose a
substantial and persistent threat to mangrove ecosystems (Ashton, 2022; Richards and Friess, 2016;
FAO Fisheries and Aquaculture Information and Statistics Service, 2021). In Figure 2.3 a picture of
mangrove deforestation due to shrimp ponds can be observed.

Figure 2.3: Mangrove deforestation due to shrimp ponds (Laman, 2009)

The primary drivers in the agricultural sector are rice cultivation and palm oil production (Goldberg et
al., 2020 and Richards and Friess, 2016). This is particularly evident in Myanmar, where rice farming,
and Indonesia, where palm oil cultivation has already led to extensive mangrove loss. Unfortunately,
in both countries, the large-scale degradation of mangrove forests is still ongoing (Ashton, 2022 and
Richards and Friess, 2016).

Mining

Approximately 12% of the global reduction in mangrove coverage between 2000 and 2016 can be
attributed to activities associated with resource mining and petroleum extraction (Goldberg et al., 2020).
In both Cameroon and Nigeria, the practices of sand mining and oil drilling have resulted in significant
rates of land subsidence and environmental degradation (Ashton, 2022).



2.1. Introduction on mangroves 9

These negative impacts extend beyond mere subsidence and include issues such as the increased
turbidity and siltation of waterways. Mangroves have been significantly impacted, as mining sediments
have covered and suffocated these crucial coastal ecosystems. Furthermore, there are long-lasting
indirect pollution effects that persist for many years as a result of these activities (Ashton, 2022 and
Ohimain, 2003).

Forest exploitation

Forestry was responsible for an 8.3% worldwide decline in mangroves between 1996 and 2010, with its
effects predominantly concentrated in Southeast Asia (Thomas et al., 2017). Mangroves are primarily
harvested for fuel wood and charcoal production. Unfortunately, forestry still poses a significant threat
to mangroves (Ashton, 2022). However, forestry can be done in a sustainable way. For example,
fast-growing timber trees, such as the species Acacia, can be planted in areas adjacent to protected
mangroves to discourage the cutting of conservation areas for fuel wood consumption (Ashton, 2022
and Goessens et al., 2014).

Urbanization

One of the most direct ways urbanization threatens mangroves is through the clearing of land for in-
frastructure development. With the expansion of cities, mangroves often make way for the construction
of ports, airports, housing, industrial facilities, and other projects. Many large cities, such as Jakarta
(Indonesia) and Mumbai (India), resulted in the large-scale loss of mangrove forests (Ashton, 2022).
Fortunately, the impact of this threat has diminished in the past decade, with urbanization accounting
for only 3% of mangrove forest loss between 2000 and 2016 (Goldberg et al., 2020).

However, urbanization also indirectly endangers mangrove forests. As urban areas grow, they tend to
consume more plastic and generate more waste. Additionally, urbanization frequently leads to height-
ened industrial and agricultural activities, resulting in the release of pollutants such as heavy metals,
pesticides, and chemical fertilizers. The accumulation of these pollutants can adversely affect man-
grove vegetation and the species that inhabit these ecosystems (Ashton, 2022 and Harris et al., 2021).

The effect of civil engineering structures

The implementation of civil engineering structures in both marine and river environments can result
in significant mangrove ecosystem losses. Seawalls and coastal erosion control structures, designed
to safeguard coastal populations, have adverse impacts on mangrove ecosystems by disrupting sedi-
ment dynamics and reducing sediment availability (E. L. Gilman et al., 2008a). When these structures
are constructed near mangrove ecosystems, they can lead to shoreline erosion directly impacting the
mangroves (Tait and Griggs, 1991 and Fletcher et al., 1997). This alteration destabilizes the man-
grove habitat, leading to the loss of valuable vegetation and associated wildlife. Similarly, upstream
construction of structures like dams in rivers traps sediment, conversely limiting sediment availability
in mangrove ecosystems, which can potentially result in vegetation loss (E. L. Gilman et al., 2008a).
Additionally, such constructions often lead to a decrease in freshwater availability. Since mangrove
ecosystems only thrive in brackish water, reduced freshwater availability can result in excessively saline
water, unsuitable for mangrove survival (S. C. Das et al., 2022 and Kathiresan, 2002).

Climate change

Climate change exerts significant pressures that can result in the degradation of mangrove ecosystems.
Firstly, an anticipated increase in the frequency and intensity of extreme weather events is expected
(Solomon et al., 2007 and Church et al., 2001). These events have already played a substantial role in
mangrove loss, contributing to 11% of overall mangrove depletion between 2000 and 2016 (Goldberg
et al., 2020). Extreme weather events such as cyclones, storm surges, and tsunamis can inflict direct
and indirect damage on mangrove trees. Strong winds, often accompanying these events, can lead to
severe mangrove damage or mangroves can even be uprooted. Prolonged inundation from extreme
weather events can also cause significant mortality. Additionally, these events can introduce large
amounts of sediment, smothering mangrove roots and disrupting their ability to respire and access nu-
trients, thereby causing mangrove losses on a large scale (Smith et al., 1994; C. Woodroffe and Grime,
1999; Sherman et al., 2001).
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Furthermore, precipitation patterns can change due to climate change (E. L. Gilman et al., 2008a).
Changes in precipitation, particularly in regions experiencing reduced rainfall, can reduce freshwater
availability, elevate salinity levels, and ultimately contribute to the degradation and potential loss of
mangrove ecosystems (S. C. Das et al., 2022). Finally, sea level rise can pose a significant threat
to mangroves situated in the intertidal zone (Ashton, 2022). The consequences of sea level rise can
vary based on local factors like topography, slope, rate of sea level rise, sediment sources, sediment
quantity, and land availability for migration (C. D. Woodroffe, 1990 and E. L. Gilman et al., 2008b).
In areas with higher elevations and lower tidal ranges, there may be potential for vertical sediment
accumulation, aiding mangroves in keeping pace with sea level rise. Conversely, in regions with lower
elevations and greater tidal ranges, mangroves may struggle to adapt, potentially leading to widespread
tree mortality (Romafach et al., 2018; E. Gilman et al., 2007; J. C. Ellison, 2000; Ward et al., 2016).
Figure 2.4 shows a picture of a mangrove ecosystem in the US. Unfortunately, this ecosystem was
largely destroyed after the passing of the hurricanes Katrina and Wilma and to this day still struggles
to re-establish (Popkin, 2020).

Figure 2.4: Mangroves still struggle to re-establish after the passing of hurricanes Katrina and Wilma
(USA) (Popkin, 2020).

2.1.3. Mangrove topologies

Mangrove ecosystems can be classified according to geomorphological and biological factors. Many
classifications exist (f.e Thom, 1984 and C. Woodroffe, 1992); however, in this research, the classifica-
tion proposed by Worthington et al. (2020) will be used. This classification is chosen as Wortington et
al (2020) combined many previously designed classifications into one. The classification categorizes
mangrove ecosystems based on their geomorphic characteristics, such as deltas and lagoons, to-
gether with their sedimentary composition. Initially, the classification distinguishes between mangrove
ecosystems situated in areas where either terrigenous sediments or carbonate sediments predomi-
nate. Terrigenous sediments primarily result from the weathering of continental rocks and are the most
dominant setting. Carbonate sediments are formed from calcium carbonate, often originating from the
shells and remains of marine organisms. These sediments can also be referred to as marine sediments
(Balke and Friess, 2016 and Bosboom and Stive, 2021). Utilizing their geomorphic features, four main
types of mangrove ecosystems can be differentiated namely, deltaic mangrove ecosystems, lagoonal
mangrove ecosystems, estuarine mangrove ecosystems, and open coast mangrove ecosystems. In
2016, among all mangrove ecosystems, approximately 40.5% were deltaic, 27.5% were estuarine, 21%
were open coast, and the remaining 11% were lagoonal (T. A. Worthington et al., 2020). All four types
can be found in areas dominated by terrigenous sediments, but only open coast mangrove systems
and lagoonal mangrove systems can be present in regions where carbonate sediments predominate
(T. A. Worthington et al., 2020 and Balke and Friess, 2016). The four types will be further discussed
below.
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Deltaic mangrove ecosystems

Deltaic mangrove ecosystems occur at river-dominated coasts. These coasts are characterized by
substantial freshwater input and sediment discharge but experience a low tidal range. The substantial
sediment discharge carried by these rivers contributes to the creation of delta formations (Wright, 1985
and C. Woodroffe, 1993). Within a delta two types of plains can be discerned, namely active deltaic
plains and abandoned deltaic plains. Active deltaic plains receive a high influx of freshwater, which
hinders the growth of salt-tolerant vegetation like mangroves. In the abandoned deltaic plains, the
river water flow is less forceful, resulting in a conducive environment where the extensive growth of
mangrove ecosystems is possible (Wright and Coleman, 1973 and C. D. Woodroffe, 2000). Due to the
large sediment supply coming from the river, continuously new areas are created that are suitable for
mangrove colonization (Selvam & Karunagaran, 2019). Figure 2.5 provides a schematic representation
of the deltaic mangrove ecosystem.
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Figure 2.5: Deltaic mangrove ecosystem (Selvam & Karunagaran, 2019)

Estuarine mangrove ecosystems

Estuarine mangrove ecosystems occur at tide-dominated coasts. These coasts are characterized by
a significant tidal range and strong bidirectional tidal currents (C. Woodroffe, 1992 and Thom, 1984).
This means that during high tide, a large volume of water enters the estuary with a significant velocity,
and conversely, at low tide, a large volume of water leaves the estuary with a significant velocity. These
tidal currents are able to disperse the large amounts of sediments transported by rivers and often in
the process create elongated islands and shoals offshore. These features are able to dampen the
wave energy effectively (Selvam & Karunagaran, 2019). Typically, the primary river channels exhibit
a funnel-like shape and receive inflow from a network of numerous tidal creeks (Wright et al., 1973).
These tidal creeks are separated by expansive tidal flats, which provide habitats for extensive man-
grove growth. These tidal flats, along with the elongated islands and shoals, accommodate thriving
mangrove ecosystems (Selvam & Karunagaran, 2019). Figure 2.6 provides a schematic representa-
tion of an estuarine mangrove ecosystem.

Figure 2.6: Estuarine mangrove ecosystem (Selvam & Karunagaran, 2019)



12 2. Literature study

Lagoonal mangrove ecosystems

Lagoonal mangrove ecosystems occur at wave-dominated coasts. These coasts are characterized by
a low volume of river discharge and a high wave energy (Thom, 1984). This high wave energy is able
to continually reshape the sediment deposits brought in by rivers and sediments settled on the seabed.
This natural process results in the creation of elongated sandy ridges running parallel to the shoreline,
alongside the formation of barrier islands. These barrier islands encircle expansive lagoons (Selvam
and Karunagaran, 2019 and Thom, 1984). Within the vicinity of these lagoons, mangrove ecosystems
flourish (C. Woodroffe, 1992 and C. D. Woodroffe et al., 2016). Figure 2.7 provides a schematic repre-
sentation of the lagoonal mangrove ecosystem.

Tidal inlet

Figure 2.7: Lagoonal mangrove ecosystem (Selvam & Karunagaran, 2019)

Open coast mangrove ecosystems

Open coast mangrove ecosystems occur either at low energy coasts where carbonate sediments are
dominant or at sheltered embayments where terrigenous sediments are dominant (C. Woodroffe, 1992
and C. D. Woodroffe et al., 2016). At coasts where carbonate sediments dominate, mangroves can
thrive when the coast is protected by carbonate platforms and/or coral reefs. Carbonate platforms are
shallow marine areas where carbonate sediments accumulate. Both carbonate platforms and coral
reefs are able to dampen wave energy (Twilley and Rivera-Monroy, 2009 and C. Woodroffe, 1992).
Mangroves can also thrive on coasts that are protected by mud banks. These mud banks can also
dampen wave energy effectively (Spencer et al., 2016). Figure 2.8 provides a schematic representation
of an open coast mangrove ecosystem.
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Figure 2.8: Open coast mangrove ecosystem (Silvestri, Kershaw, et al., 2010)
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2.2. Sediment dynamics on mudflats

Mangroves colonize mudflats or intertidal flats on muddy coasts, sandy coasts and mixed muddy/sandy
coasts (Swales et al., 2021). However, mangroves are primarily present on muddy coasts. Mud is a
mixture of (salt)water, silt, clay, fine sands and organic matter (Bosboom & Stive, 2021).

Mangrove forests influence the sediment dynamics along the coastline, yet the precise nature of their
impact remains a subject of ongoing research and debate. This debate centres around two primary
hypotheses: mangroves as “land-builders” and mangroves as "land-consolidators” (Friess & McKee,
2021). According to the hypothesis of mangroves as "land-builders”, mangroves are able to accumulate
sediment and even self-generate new organic soil actively. These processes establish the requisite
conditions for the expansion of land either horizontally (toward the sea) or vertically (J. H. Davis, 1946).
According to the hypothesis of mangroves as "land-consolidators”, mangroves inhabit intertidal areas
once they reach an elevation where tidal conditions permit the establishment and survival of seedlings
(Swales et al., 2015). Once established, mangroves play a role in sediment consolidation, the formation
of soil through biogenic processes and the promotion of additional sediment deposition. However, they
don’t actively accumulate sediment and build new land (Friess and McKee, 2021 and Swales et al.,
2015).

Some studies have presented evidence supporting the idea that mangroves exclusively act as "land-
builders” (J. H. Davis, 1946; Steers et al., 1940), while others propose that mangroves solely act as
"land-consolidators” (Watson, 1928; Egler, 1952; Swales et al., 2015). However, another widely ac-
cepted theory is that mangroves can function as both "land-builders” and "land-consolidators” depend-
ing on the specific biogeomorphic setting, although no consensus exists on what setting causes what
behaviour. The term biogeomorphic setting denotes the interplay of biological and geomorpholog-
ical processes shaping coastal landscapes (Viles, 1988). Some researchers believe that sediment
availability is the most important factor. In sediment-rich environments, mangroves will act as "land-
builders”, while mangroves in sediment-poor environments will act as "land-consolidators” (S. Y. Lee
et al., 2014; C. D. Woodroffe et al., 1985; Lovelock et al., 2010). Another theory is that the sedimen-
tary habitat is the crucial factor that determines the behaviour of mangroves. According to this the-
ory, three different sedimentary habitats exist, namely sand-dominated environments, mud-dominated
environments and reef-dominated environments (Chapman, 1944). Mangroves in sand-dominated
environments will act as "land-builders” and begin forming peat after colonization. Mangroves in mud-
dominated areas rely on the mechanical trapping of silt for land consolidation and will act more like
"land-consolidators”. Similarly, mangroves rooted in reef-dominated settings may not significantly con-
tribute to land development (Chapman, 1944 and Steers et al., 1940). Other researchers say the type of
mangrove species and the type of mangrove roots is the determining factor, with some species able to
act as "land-builders”, while some are not able to actively accumulate sediment (Bird, 1986; K. Krauss
et al., 2003; Moldenke et al., 1960). Itis clear that many uncertainties still exist regarding these coastal
ecosystems’ diverse ecological roles.

To better understand the role of mangroves on mudflats, the sediment dynamics on bare mudflats and
on mangrove-covered mudflats will be discussed. In Figure 2.9 an overview of all morphodynamic
processes that will be discussed in this research can be observed. Many of the processes are present
on both bare- and vegetated mudflats. In the following section, an introduction on tidal flats will be
given, followed by the sediment dynamics on bare mudflats. Finally, sediment dynamics present on
mangrove-covered mudflats will be discussed.
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Figure 2.9: Processes influencing soil development and degradation (adapted from Swales et al., 2021)

2.2.1. Introduction on tidal flats

Tidal flats

Tidal flats are areas where sediments, such as sand and mud that are brought in by tides or rivers,
accumulate (Balasuriya, 2018). A tidal flat consists of three zones, namely the subtidal zone, the in-
tertidal zone and the supratidal zone. The subtidal zone is located below the mean low water spring
tide (MLWS) and is seldom exposed to the air. The supratidal zone is located above mean high water
spring tide (MHWS) and is only inundated during extreme conditions. The intertidal zone, as already
discussed previously, is the zone between mean low water springs and mean high water springs (Gao,
2019 and Amos, 1995). An overview of the three regions can be seen in Figure 2.10.

Figure 2.10: The zonation of tidal flats (BC, 2010)

As is the case for mangrove ecosystems, tidal flats can be classified as well. A classification can be
seen in Figure 2.11. In this classification, three main types of tidal flats are discerned namely, back-
barrier systems, tide-dominated estuary/delta and coastal plain (R. A. Davis & Dalrymple, 2012). Back-
barrier tidal flats are found on the inner side of barrier islands, spits, and bars, which act as natural wave
buffers (Morales, 2022). Tide dominated estuaries and deltas are tidal flats present near estuaries and
deltas. Coastal plain tidal flats can be divided into Chenier plains and Strand plains. Strand plains,
also known as beach plains, are coastal landforms that are essentially flat or gently sloping areas
adjacent to a shoreline. Chenier plains are elongated, beach ridges made of sand or seashells that
run parallel to the shoreline (R. A. Davis and Dalrymple, 2012 and Augustinus, 1989). Mudflats tend
to develop near extensive chenier plains and larger river deltas, while sandy tidal flats tend to develop
near smaller river deltas and strand plains (Healy et al., 2002). Mudflats and sandy tidal flats generally
have a different cross-shore profile. Mudflats typically display an accretional, convex-up cross-shore
profile, while sandy tidal flats display an erosional, concave-up cross-shore profile (M.-e. Ren, 1985;
Frey et al., 1989; Semeniuk, 1981; Hale and McCann, 1982). A convex-up profile means that the lower
flat has a larger slope than the upper flat, while a concave-up profile means the upper flat has a larger
slope than the lower flat (Hanssen et al., 2022). In Figure 2.12, a schematization of a convex-up and
concave-up profile can be seen.
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This research focuses exclusively on open coast mangrove systems. Therefore, the discussion will
specifically revolve around coastal plain tidal flats. Among these, Chenier plains are of primary interest
due to their muddy substrates, which provide an ideal environment for mangrove ecosystems to thrive.
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Figure 2.11: Classification tidal flats (R. A. Davis & Dalrymple, 2012)
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Tidal flats develop in regions with sufficient fine-grained sediment, such as clay, silts, and fine sands
available. The critical factor contributing to the formation of tidal flats is the predominance of tides and
tidal currents over other hydrodynamic forces. The tidal action should thus be significant (Klein, 1985).
However, this does not mean that wave forces can’t exert a dominant influence (King, 1972). Waves
break in the surf zone, driving the transportation of fine-grained sediment toward offshore regions. In
such instances, if the supply of fine-grained materials is limited, the result is the formation of sandy
or gravelly beaches instead of tidal flats. However, when there is a substantial influx of fine-grained
sediment, the accumulation of these materials progressively reduces the slope of the intertidal area.
This reduction in bed slope enhances tidal currents and the wave energy disperses over the intertidal
flat due to bed friction. Therefore, the presence of fine-grained sediment weakens the impact of wave
action and amplifies tidal forces (Gao, 2019). Although the impact of wave action weakens, waves
still play a crucial role in sediment transport and in shaping the morphology of tidal flats (Christiansen
et al., 2006; Friedrichs, 2011; Fan, 2011). Furthermore, the tide-dominated setting can temporarily be
changed to wave-dominated conditions during extreme events such as storms and cyclones (Mei-e
et al., 1985; M. Ren, 1986; Andersen and Pejrup, 2001).

CONCAVE-UP PROFILE CONVEX-UP PROFILE

Figure 2.12: Concave-up and convex-up tidal flat after Choi and Jo, 2015

Intertidal flats

To discuss the interplay between mangrove ecosystems and tidal flats, mainly the intertidal zone is
important as most mudflats can be found there (Gao, 2019). The intertidal zone is often divided into
four zones as can be seen in Figure 2.13. These four zones are the sand flat, mixed flat, mud flat and
salt march. Salt marches comprise the top part of the intertidal flat. The salt march consists mainly of
clayey or muddy materials, often rich in organic carbon content. Just below this layer, there is a mud
layer, consisting of clay and fine silts, that aligns with the elevation close to the high-water mark. This
layer exhibits very thin laminae. Laminae are different layers that are less than 10 mm thick (Reineck
& Singh, 2012). They are identifiable due to variations in sediment texture and/or composition within
and between these thin layers (Bridge, 2003). Subsequently, the mixed flats can be found.
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On the mixed flat, a sedimentary structure called tidal bedding can be found. Tidal bedding are al-
ternating layers of mixed sand and mud. This feature is formed as a result of tidal cyclicity, as sand
gets deposited during spring tides and mud during neap tides (Shi, 1991 and Gao, 2019). The lowest
section is characterized by a layer of sand. This layer corresponds to the lower part of the intertidal
zone and extends into the subtidal zone. This zone is characterized by well-sorted sand and bedforms
such as bed ripples (Gao, 2019 and Reineck and Singh, 2012). The different zones are not always
very distinguishable as on some intertidal flats mud completely covers the flat, while on other intertidal
flats mud is only scarcely present (G. Evans, 1965; Amos, 1995; Gao, 2019).
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Figure 2.13: The zonation of intertidal flats (Gao, 2019)

On open coast intertidal flats, tidal channels are frequently less developed compared to other types of
tidal flats. This is particularly true in the lower section of the intertidal flat (Frey et al., 1989; Fan et al.,
2004; Alexander et al., 1991). This phenomenon is attributed to the substantial hydrodynamic forces
exerted on the lower part of the intertidal bank. These forces diminish the stability of the creek banks,
resulting in a smoothing effect on the creeks (R. A. Davis & Dalrymple, 2012). However, in the upper
part of the intertidal flat, where vegetation is often present, tidal creeks, comprising small creeks and
larger tidal channels form. The presence of vegetation provides protection from high hydrodynamic
forces, fostering the development of more intricate tidal channel networks (R. A. Davis and Dalrymple,
2012; M.-e. Ren, 1985; Froidefond et al., 1988).

2.2.2. Sediment dynamics on bare mudflats

There are four primary morphodynamic processes influencing the development and stability of intertidal
flats, namely hydrodynamic forcing, sediment dynamics, morphological changes, and bed properties
(Zhu, 2017; Le Hir et al., 2000; Doeke, 2019; Wright et al., 1988; Maa et al., 1998). Hydrodynamic
forcing involves wave-induced currents and tidal currents, while sediment dynamics encompass ero-
sion, deposition, and advection (Le Hir et al., 2000 and Holthuijsen, 2010). Figure 2.14 schematizes
these processes.
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Figure 2.14: The sediment dynamics on tidal flats (Zhu, 2017)

In order for the intertidal flat to be stable, a balance needs to exist between tidal currents and wave-
induced currents. Tidal currents generally cause a net-landward transport, while wave-induced currents
mostly cause a net-seaward sediment transport (Green & Coco, 2014).
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When considering wave-induced currents, it is essential to differentiate between larger waves, such
as shallow water waves, and shorter waves, such as capillary waves. Larger waves, characterized by
their substantial energy, possess the capability to efficiently stir and re-suspend fine sediments settled
on the seabed. These re-suspended sediments can subsequently be carried by tidal currents into the
mudflats. In contrast, smaller waves lack the energy required to effectively re-suspend fine sediments.
However, both smaller and larger waves have the potential to induce substantial rates of erosion on
the mudflats due to the ease with which they can erode the fine sediments (Winterwerp et al., 2005).
This erosion is primarily driven by a bed shear stress resulting from the wave orbital velocity (Wiberg
& Sherwood, 2008). The magnitude of the wave orbital velocity depends on three variables, namely
the wave height, wave period and water depth. The magnitude of the orbital velocity increases with
decreasing water depth, increasing wave period and increasing wave height. (Winterwerp et al., 2005
and Zhu, 2017).

The transport of fine sediments is linked to certain lag effects in relation with the tidal currents present.
These effects depend on the interplay between sediment properties and hydrodynamic asymmetries
(van Maren and Winterwerp, 2013; Hsu et al., 2013, Uncles, 1981). Two types of asymmetries can
be discerned. These asymmetries often occur simultaneously in tidal environments. The first type is
an asymmetry in the hydrodynamic forcing. These asymmetries are related to variations in the move-
ment of water during tidal cycles. Hydrodynamic asymmetries encompass changes in current velocity,
direction, and duration between flood (rising tide) and ebb (falling tide) phases. The second type of
asymmetry is associated with the properties and behaviour of sediments. These asymmetries involve
how sediment particles settle, re-suspend, and transport under the influence of tidal forces (van Maren
& Winterwerp, 2013).

Asymmetry in sediment properties

The asymmetry in sediment properties and behaviour is described using the principle of "settling-and
scour lag”. This concept revolves around the idea that a significant amount of energy is required to
displace fine cohesive sediment particles from the bed. This process demands more energy than sim-
ply keeping these particles suspended in the water column. Moreover, the timescale for suspending
particles is much shorter than the time it takes for them to settle (van Maren & Winterwerp, 2013).
To delve more into the specifics, "settling lag” pertains to the additional time and distance needed for
fine sediment particles to settle after the flow velocity has decreased below the critical shear stress
necessary for erosion (Postma, 1954 and Van Straaten and Kuenen, 1957). This effect results in a
tidally-averaged residual transport directed towards an area with lower energy, as the suspended sed-
iment requires time to fully settle out. As a consequence, the settling-lag effect causes a net transport
in the direction of lower maximum bottom stress or tidal velocity. This effect generally causes a net-
landward transport (Hsu et al., 2013 and Friedrichs and Aubrey, 1996). Conversely, "scour lag” is
based on the principle that a higher critical shear stress is essential for erosion compared to maintain-
ing fine sediment particles in suspension (Van Straaten & Kuenen, 1957). When scour lag is coupled
with variations in hydrodynamic forcing, it can induce both landward or seaward sediment transport
(van Maren & Winterwerp, 2013).

Asymmetry in hydrodynamic properties
Asymmetries in hydrodynamic properties can manifest in three distinct ways: temporal asymmetry,
vertical asymmetry, and horizontal asymmetry (van Maren & Winterwerp, 2013).

Temporal asymmetry is associated with imbalances in the tidal cycle, particularly during the slack tidal
period, a term describing the moment when the direction of tidal flow reverses. In the context of fine
sediment particles, the process of landward transport occurs when the duration of high-water slack, the
period from flood to ebb, surpasses that of low-water slack, the transition from ebb to flood (Friedrichs
and Aubrey, 1988 and Van de Kreeke and Robaczewska, 1993). The tidal regime that occurs most
frequently globally is a semi-diurnal tidal regime. This means that two high-waters and two low-waters
occur per day (Bosboom & Stive, 2021). Tidal asymmetry arises due to the presence of the M, overtide.
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The generated asymmetry is often defined by the phase difference between the M, overtide and the M,
tidal component. It is important to note that the specifics of this phenomenon can vary in different tidal
regimes around the world, as other tidal components may also influence the asymmetry (Hoitink et al.,
2003; Nidzieko, 2010; Song et al., 2011, Van Maren and Gerritsen, 2012). When this phase difference
falls within the 90 to 270 degrees range, it induces the landward transport of fine sediment particles, as
depicted in Figure 2.15. In this figure, a situation is illustrated where the high water slack is larger than
the low water slack, resulting in a net-landward transport of fine sediments (van Maren & Winterwerp,
2013).
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Figure 2.15: The tidal asymmetry for a phase difference of 270 degrees (Bosboom & Stive, 2021)

Vertical asymmetry involves variations in vertical mixing. When the peak velocity is higher during the
flood phase than during ebb, the intensity of vertical mixing differs between the two phases. Sediment
particles will be able to travel for longer distances during flood due to the higher velocities. Vertical
mixing intensity exhibits a non-linear relationship with flow velocity, where slight changes in velocity
can yield significant alterations in mixing intensity. If vertical mixing is more significant during the flood
phase, sediment particles are actively mixed and transported upward during this period due to higher
flow velocities in the upper part of the water column. Flow velocity profile asymmetry can result in net
sediment transport in a process referred to as “differential advection”, leading to sediment transport
in one direction more than the other. When peak velocity is higher during flood than ebb, it results in
net landward transport (Jay and Musiak, 1994 and van Maren and Winterwerp, 2013). However, fine
sediments can sometimes inhibit turbulent mixing due to strong concentration gradients, counteracting
the effect described above (Van der Ham & Winterwerp, 2001).

Finally, the asymmetry in longitudinal direction is important. On tidal flats, velocities decrease towards
the top part of the tidal flat. This can lead to an asymmetry on the timing of slack water at a certain
location. This also affects the duration of the slack water (Postma, 1961). Consider two locations, one
more at a seaward location (location 1) on the tidal flat and one more landward (location 2). A water
particle that starts its journey at the commencement of the flood will first pass location 1 and will arrive
at location 2 towards the end of the flood. At location 2, where the flow velocity is less than that at loca-
tion 1, this water particle encounters a longer period of slack tide. This "slack tide” signifies the duration
during which the water particle experiences flow velocities below a critical threshold. Sediment can thus
more easily settle near location 2 than near location 1 (van Maren & Winterwerp, 2013). Furthermore,
as the tidal flat often has a convex-up shape, the average water depth is less during high water slack
(when the flats are inundated) than during low water slack (when water is confined to the tidal creeks).
This means that, during high water slack, the water is shallower over the flats, allowing more sediment
to be deposited on the bed. Both asymmetries can explain the flood-dominant behaviour of tidal flats
(Van Straaten & Kuenen, 1957).

The previously mentioned asymmetries can all result in a net landward transport, but their relative im-
portance varies depending on the specific tidal flat. In some cases, a particular asymmetry might even
lead to a net-seaward transport. Unfortunately, it remains uncertain which type of lag effect is more
dominant and under what specific conditions the effect is dominant (van Maren & Winterwerp, 2013).
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The morphodynamic behaviour of an intertidal mudflat at different timescales

The fluctuation in bed level on mudflats is a highly dynamic process that undergoes significant changes
over time. On a very small scale (minutes to days), the wave-induced currents and tidal currents dom-
inate the fluctuation in bed level (Christie et al., 1999 and Le Hir et al., 2000). As the tide cycle pro-
gresses, the strength of tidal currents and their influence on the seabed decrease when moving from
the lower intertidal flats toward land. At high tide, these tidal currents nearly come to a standstill. On
the other hand, wave processes, including the stresses waves exert on the seabed, become more
significant during the rising tide. This happens because, as the tide rises, the water depth increases
and consequently influences the wave height (Green et al., 1997; Le Hir et al., 2000; R. A. Davis and
Dalrymple, 2012).

On an intermediate time scale (days to weeks), the neap-spring tidal cycle becomes important. During
spring tide, the largest amount of sediment is transported into the mudflats. In conditions of low wave
energy, this often leads to substantial sediment deposition. However, when higher waves are present,
these newly deposited sediments can be easily eroded, especially during the later stages of the re-
ceding tide or the initial phases of the subsequent tide. Conversely, during neap tides, when sediment
supply is reduced, the impact of wave-induced erosion can be more pronounced. Typically, erosion
tends to be more severe during spring tides, primarily because larger waves can penetrate deeper into
the mudflat due to the increased water depth (Fan et al., 2006; Kim, 2003; R. A. Davis and Dalrymple,
2012).

Finally, on a longer time scale (monthly to yearly), it becomes evident that seasonal effects exert a sig-
nificant influence on bed level changes. Seasonal shifts between accretion and erosion are a common
feature of tidal flats (B. Yang et al., 2005). These seasonal variations are primarily linked to changes
in wind patterns. In many regions, winter storms, which are often more frequent and intense than their
summer counterparts, can trigger more pronounced erosion during the winter months. However, this
pattern is not uniform across all mudflat ecosystems (R. A. Davis and Dalrymple, 2012 and Whitehouse
and Mitchener, 1998).

Other important processes affecting mudflat dynamics

Beyond the influence of tides or waves, other crucial processes affecting mudflat dynamics include
consolidation, fluidization, drying and subsidence (van Maren and Winterwerp, 2013; Swales et al.,
2021; Mclvor et al., 2013).

Consolidation occurs when water is expelled from the soil due to changing pressure conditions. This
process strengthens the soil, making it more resistant to sediment erosion. However, it also leads to a
lowering of the bed level (Testbook, 2023).

Fluidization occurs when sediments become temporarily suspended or when sediments behave like
a fluid, often due to the upward flow of water. This phenomenon can be triggered by factors such as
currents or wave action. While fluidization might briefly elevate the bed level, it renders the bed more
susceptible to erosion (Soltanpour & Haghshenas, 2009).

The drying of intertidal areas can also lower the bed. As intertidal areas dry out, the pore water content
decreases, resulting in reduced particle mobility and fluidity. However, this process also enhances
internal cohesion and, consequently, the overall strength of the bed, making the bed less susceptible
to erosion (Rinaldi and Casagli, 1999 and van Maren and Winterwerp, 2013).

Subsidence, which can result from various factors like human activities (e.g., gas or groundwater ex-
traction), plate tectonics, or overburden, involves a significant lowering of the bed level (de la Barra
et al., 2023). Overburden pressure refers to the force exerted on a soil formation by the material above
it, which encompasses the weight of the soil and surrounding earth. When this pressure surpasses the
pressure of any fluids within the pore spaces of the soil, the formation will compact, resulting in land
subsidence (Baker et al., 2015).
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Morphodynamic processes in tidal creeks

The final significant aspect to address in the context of tidal flats is the morphodynamic processes
important in tidal creeks. Tidal creeks play a vital role in shaping mudflat morphology. Typically, larger
drainage basins are associated with more intricate tidal creek networks (Renshun, 1992). These creeks
exhibit varying flow patterns during tidal cycles. During the flood tide, the creek experiences numerous
velocity peaks, primarily due to the rapid expansion of the inundated area adjacent to it. In contrast,
during the ebb tide, extra water enters the creek, creating an asymmetric water balance with greater
discharge during ebb than flood tides (Bayliss-Smith et al., 1979; Pethick, 1980; Wang et al., 1999).
Sediment transport within these creeks predominantly moves seaward, particularly during spring tides.
This behaviour reduces overall accretion rates on the mudflats (Y. Yang et al., 2003). Both tidal creeks
and the mudflats exhibit an upward fining pattern (Gao, 2019 and R. A. Davis and Dalrymple, 2012).

2.2.3. Sediment dynamics on mangrove-covered mudflats

Mangrove trees contribute to soil development and sediment accumulation through two primary mech-
anisms: (1) direct involvement in biological processes that incorporate organic matter into the soil by
depositing litter and growing roots beneath the surface, and (2) indirect contributions through physi-
cal processes that reduce water velocities, encourage sediment deposition, and capture and secure
sediment (Massel et al., 1999; Henderson et al., 2017; Cahoon, 2006; McKee, 2011). However, on
the flip side, mangroves can also facilitate soil degradation and sediment erosion through two primary
mechanisms: (1) directly through biological processes like root decomposition and the breakdown of
organic matter, and (2) indirectly through physical mechanisms that increase turbulence around the
roots and alter groundwater pressure (Mullarney et al., 2017; Fagherazzi et al., 2017; Cahoon et al.,
2003).

It is crucial to thoroughly examine the factors influencing both the immediate processes of erosion and
accumulation and the long-term processes of soil degradation and development when studying the
influence of mangroves on coastline stability. Erosion and accumulation processes are important as
they directly impact sediment dynamics, which play a visible role in shaping the coastal landscape.
However, the stability of a coastline depends both on short-term and long-term factors. Healthy soil
development not only enhances sediment retention and supports mangrove growth but also contributes
to the long-term resilience of coastal ecosystems. Conversely, soil degradation can exacerbate vul-
nerabilities to erosion and compromise the overall health of the coastal area (Mclvor et al., 2013 and
Fagherazzi et al., 2017).

In the upcoming sections, the factors that have the potential to influence soil development and, sub-
sequently, those influencing soil degradation will be discussed. Aside from the physical and biological
factors that will be discussed, faunal processes can also play a role in soil degradation and develop-
ment, but these will not be covered in this discussion as the importance of these processes varies
strongly across regions (Kristensen & Alongi, 2006).

Factors influencing soil development
The processes can be categorized into two divisions: surface processes, which occur at or above the
soil surface, and subsurface processes, which take place beneath the soil surface (Mclvor et al., 2013).

Surface processes that significantly influence soil development include sedimentation and accretion.
Sedimentation involves the deposition of both organic and inorganic materials onto the soil, while ac-
cretion pertains to the anchoring of these deposited materials, making them less susceptible to being
washed away by waves or tides (Mclvor et al., 2013). The incoming material that gets deposited can
be categorized as either allochthonous, originating from outside the mangrove area, or autochthonous,
produced within the mangrove area. Allochthonous material includes sediment carried in by rivers and
tides, while autochthonous material consists of materials generated by the mangroves themselves,
such as leaves or branches (C. D. Woodroffe and Davies, 2009; Allison and Lee, 2004; Cahoon, 2006).
Two important factors influence sedimentation rates. Firstly, the amount of incoming material is sig-
nificant. The amount depends on sediment availability, but also on hydrodynamics, such as water
currents or flow pathways that are able to transport the sediment into the mangroves (Saad et al., 1999
and Cahoon, 2006).
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Secondly, even though there is enough sediment available, favourable conditions are required for sed-
iment to settle. Mangroves have the capacity to reduce tidal and current velocities by increasing drag
force. This reduction in particle velocities can facilitate sediment settlement (Massel et al., 1999 and
Henderson et al., 2017). This process is closely related to flocculation, where sediment particles with
larger diameters tend to settle more easily even in flowing water, while very small sediment particles
may struggle to settle even with reduced current velocities (Wolanski et al., 1980).

Accretion is influenced by factors such as the growth of new roots, the development of benthic mats,
and sediment consolidation (Mclvor et al., 2013). When new mangrove roots grow, they can bind sed-
iments, preventing them from being washed away (Cahoon & Lynch, 1997). Benthic mats consist of
a mixture of algae, organic litter, single-celled organisms, and bacteria. These mats, formed on top
of newly developed soil, can protect the soil from erosion (McKee, 2011). Finally, the sediment can
consolidate which increases the shear strength of the soil, which makes it harder for soil particles to be
washed away (Wells & Roberts, 1980). In Figure 2.16 the processes influencing soil development are
depicted.

Subsurface processes that significantly impact soil development are the growth of mangrove roots, soil
swelling, and soil rebound. The growth of mangrove roots contributes to an increase in the thickness
of the soil layer (McKee et al., 2007 and Cahoon, 2006). Soils have the potential to swell as a re-
sult of water presence and rising groundwater pressure (Cahoon et al., 2011; Whelan, 2005; Rogers
and Saintilan, 2008). Additionally, soils can rebound during consolidation when pressure is alleviated
(Cahoon, 2006). While the last two processes typically occur on a shorter timescale, they can also
influence long-term processes. For instance, during a drought, soil can undergo significant shrinkage,
potentially leading to more frequent and prolonged inundation events. This, in turn, could increase
sedimentation by introducing sediment or even erosion if more hydrodynamic forces are able to reach
the intertidal flat (Mclvor et al., 2013 and Rogers et al., 2005).
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Figure 2.16: Soil development processes (BioManCo, n.d.)

Factors influencing soil degradation

Once again, the processes can be categorized into surface and subsurface processes. The most sig-
nificant surface process affecting soil degradation is erosion. Surface erosion is mostly caused by wave
attack and flow currents (Massel et al., 1999 and Henderson et al., 2017). Furthermore, erosion can
also be induced by mangrove trees as turbulent eddies develop around their roots (Mullarney et al.,
2017 and Nardin et al., 2016). Finally, the availability of sediment is another crucial factor as insufficient
sediment supply can exacerbate natural erosion processes (Mclvor et al., 2013).

The most important subsurface processes contributing to soil degradation are essentially the opposite
of those involved in soil development, namely the decomposition of mangrove roots, soil shrinkage
and consolidation (Mclvor et al., 2013). Mangrove root decomposition primarily occurs as a result of
tree mortality, but also due to the (excessive) presence of some nutrients such as nitrogen (McKee
et al.,, 2007). Additionally, soil shrinkage can be induced by water scarcity, and soils may undergo
compression or consolidation in response to heightened pressure (Cahoon et al., 2011; Cahoon et al.,
2006; Whelan, 2005).
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The effect of mangroves on the lower tidal flat

Mangroves not only influence the mudflat they grow on, but they also influence the entire tidal flat. As
became evident in the previous chapter, the presence of mangrove forests can reduce tidal- and wave-
induced currents, which promote sedimentation. The presence of mangroves, if enough sediment is
available, will increase the bed level just in front of the forest and within the forest. Over an extended
period, this accumulation would result in an elevation increase toward the sea from the mangroves,
and a reduction in the slope within the mangrove area (Bryan et al., 2017).

When mangroves first start growing, they have a two-fold effect. They increase water currents, and
the outer edges of the mangrove area are flood-dominant. This enhances sediment transport into the
forest. However, as mangroves become denser, they effectively reduce these currents, leading to a
gradual accumulation of sediment just inside the fringe (near the edge of the mangrove area) (W.-C.
Liu et al., 2003; Mazda et al., 1997; Wu et al., 2001). Over time, this sediment accumulation alters the
landscape. It increases the slope of the land outside the mangrove forests while flattening the slope
inside the mangroves. This change in slope within the mangrove forest decreases the space available
within the forest for sediment deposition. In other words, the tidal flat has a stronger convex-up profile
(Friedrichs, 2011 and Lovelock et al., 2010). This means the water depth decreases faster than before
and, in turn, decreases velocities towards the end of the flat, as waves now break earlier (Mullarney
etal., 2017 and Bryan et al., 2017). Moreover, the convex-up shape of the tidal flat results in a reduced
average water depth during high water slack. This condition facilitates more sediment deposition on the
bed. Mangrove forests contribute to reinforcing the flood-dominant behaviour of tidal flats, potentially
mitigating erosion rates across the entire tidal flat (Bryan et al., 2017 and van Maanen et al., 2013).

The effect of mangroves on tidal creeks

When mangroves inhabit mudflats, they change the geometry of the tidal creeks. On bare mudflats the
tidal creeks are meandering, however when mangroves inhabit the mudflats, the tidal creeks become
more straight. Furthermore, the tidal creeks become more narrow. This increases the velocity in the
tidal creeks, and consequently, tidal creeks are able to transport more sediment. As tidal creeks are
ebb-dominant, this means more sediment is able to leave the vegetated mudflat, which is necessary
in order to maintain the morphological balance on the mudflat (K.-Y. Lee et al., 2022; Doeke, 2019;
van Maanen et al., 2013).

Eroding tidal flats and degrading mangrove forests

In the context of coastline erosion, two theories offer insights into the dynamics at play, mirroring the
dual theories previously discussed for accretion scenarios ("land-builders” vs. "land-consolidators” dis-
cussion).

The first theory regarding coastal erosion states that the initial trigger is the disappearance of mangrove
forests. Mangrove ecosystems, being highly specialized, can exhibit mortality on a large scale in re-
sponse to even minor variations in their hydrological regimes (Blasco et al., 1996). A small change in,
for example, salinity due to a reduced freshwater availability and inundation frequency due to sea level
rise can cause mangrove mortality on a large scale (Snedaker, 1993; Pernetta, 1993; Field, 1994).
As the mangrove cover diminishes, the fine sediment they once held in place is no longer effectively
retained. Subsequently, the tidal flat succumbs to erosion, leading to the degradation of the coastline
(Blasco et al., 1996; Bryan et al., 2017).

Contrasting, the second erosion theory suggests a different sequence of events. Here, the process
initiates with the transformation of a convex-up tidal flat into a concave-up profile. The development
of concave mudflats in mangrove environments can be attributed to an increase in wave-attack and a
decrease in sediment availability (Kirby, 2000). As the concave-up profile develops, the water depth
on the tidal flat rises. This elevation increases the wave height, allowing waves to penetrate deeper
into mangrove forests without breaking. The intensified wave impact sets off an erosional feedback
loop, progressively eroding more sediment. This erosion again results in an increased water depth,
higher wave height, and a continuous cycle of sediment erosion (van Bijsterveldt et al., 2020 and Kirby,
2000). Mangroves will not be able to survive in these conditions as they will be inundated for too long
or will simply be uprooted. Consequently, widespread mangrove mortality leads to the loss of sediment
retention capacity, exacerbating coastal erosion even more (Blasco et al., 1996; Bryan et al., 2017).
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Environmental factors influencing accretion and erosion rates

As the previous chapter shows, a delicate relationship exists between erosion and sedimentation within
mangrove ecosystems. For instance, mangroves can reduce particle velocities, which encourages
sedimentation, but they can also introduce highly turbulent zones locally, promoting erosion. Whether
mangrove ecosystems primarily facilitate erosion or sedimentation depends on several factors such as
the type of species, the type of root, the type of mangrove forest et cetera (Mclvor et al., 2013). All
factors will be introduced, and afterwards, their role will be explained.

Mangrove species

Different mangrove species can induce different rates of sedimentation. There are approximately 70
distinct species of mangrove trees, classified into roughly 27 different genera and spanning two sep-
arate plant divisions (M. D. Spalding et al., 1997). Within these genera, nine are considered true
mangroves according to the most strict criteria (Tomlinson, 2016). The identification of true mangrove
species relies on physical and ecological characteristics rather than a strict characteristic such as fam-
ily lineage. Due to this, there is often variability among scientists in identifying which species qualify
as true mangroves, leading to an undefined exact count of true mangroves (N. Duke, 1992). Appendix
A provides an overview of the 27 genera of mangroves. Species belonging to the genus Avicennia
and Rhizophora are the most prevalent and most widespread species along mangroves (N. C. Duke
et al., 2002). Together with the genus Acrostichum, these three genera are the only genera present
in both the Western and Eastern group. Only one species is present in both the Western and East-
ern group, namely the Acrostichum aureum (N. C. Duke & Allen, 2006). Among the most commonly
encountered mangrove species are the red mangrove (Rhizophora mangle), black mangrove (Avicen-
nia germinans), and white mangrove (Laguncularia racemosa) (N. Duke, 1992). Images of the red
mangrove, black mangrove, and white mangrove can be observed in Figure 2.17a, 2.17b, and 2.17c,
respectively.
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(a) Red mangrove (b) Black mangrove (c) White mangrove
(Owen, 2014) (Ndurya, 2017) (Scobel, 2008)

Figure 2.17: The three most common mangrove species

To be able to survive in the intertidal zone, mangrove trees have developed specially adapted roots.
Firstly, in order to maintain stability in an unstable substrate, mangrove trees have evolved by devel-
oping roots that do not penetrate deeply into the soil but instead spread horizontally. This structural
adaptation enhances their overall stability (Polidoro et al., 2014). Secondly, to endure low oxygen
levels within the soil, mangroves have also developed aerial roots, which grow above ground. These
aerial roots absorb oxygen from the atmosphere and facilitate its transfer through the plant to the sub-
merged roots (Miththapala, 2008). Various types of aerial roots exist, including prop roots, stilt roots,
pneumatophores, knee roots and plank roots (Selvam & Karunagaran, 2019). The following section
will discuss each of these root types.

Prop roots are roots that emerge from the trunk and lower branches of a mangrove tree. They can
develop at a considerable height, sometimes up to 2 meters above ground. These roots extend far away
from the trunk, and upon reaching the sail, they give rise to absorptive roots that penetrate vertically
into the ground. Occasionally, secondary aerial roots may branch off from the initial prop roots, further
extending away from the mangrove’s trunk (Tomlinson, 2016).
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In certain cases, when a mangrove tree ages, it undergoes changes in its trunk shape, becoming wider
at the top and narrower at the bottom (an inverted cone shape). Furthermore, the trunk may even
lose contact with the soil. When either or both events happen, the prop roots transition into a differ-
ent category of roots known as stilt roots (Selvam & Karunagaran, 2019). These roots are now the
primary support system of the tree. Prop roots and stilt roots serve the dual purpose of anchoring the
mangrove plant securely in its habitat and accumulating water-borne silt and debris, which contributes
to the gradual formation of soil beneath the plant. Moreover, they function effectively as a protective
barrier against storm surges, surpassing the capabilities of other mangrove species (Srikanth et al.,
2016; Laso Bayas et al., 2011; Ohira et al., 2013). Prop roots are characteristic of mangrove species
within the Rhizophora genus (Zhang et al., 2015). For a visual representation and schematic depiction
of prop roots, see Figure 2.18.

(a) Diagram prop roots (Selvam & Karuna-
garan, 2019) (b) Picture prop roots (Alison, 2010)

Figure 2.18: Prop roots

Pneumatophores are vertical roots that emerge as upward extensions of the underground root system.
These specialized roots are found in at least five different genera but are most prominently developed in
the Avicennia and Sonneratia genera (Tomlinson, 2016). In the Avicennia genus, pneumatophores typ-
ically reach a length of around 30 centimeters, whereas in the Sonneratia genus, the pneumatophores
can grow much taller, reaching up to 3 meters, although the majority are smaller, typically under 50
centimeters in length. The Avicennia species tend to have a higher number of pneumatophores com-
pared to those of the Sonneratia genus (Selvam & Karunagaran, 2019). Pneumatophores are thought
to enhance the flow of oxygen from the aerated portions of the plant to the submerged roots during
flooding (Rehem et al., 2012 and Agoramoorthy et al., 2008). Therefore, it is believed that the main
function of pneumatophores is to give mangroves the ability to withstand flooding when the trees are
deprived of oxygen, however the precise physiological role remains uncertain (Parelle et al., 2006 and
Z.Lliuetal., 2014). For a visual representation and schematic depiction of pneumatophores, see Figure
2.19.
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Figure 2.19: Pneumatophores
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Knee roots occur within species of the Bruguiera and Ceriops genus (Bingham & Kathiresan, 2001).
These roots grow underground and periodically grow vertically out of the soil after which they immedi-
ately loop back into the soil where they keep growing horizontally (Nguyen et al., 2023). This resembles
a bent knee, resulting in the name. This process is repeated and several knee-like structures develop
(Selvam & Karunagaran, 2019). Like pneumatophores, it is believed that the primary function of knee
roots is to provide oxygen to the mangrove trees when the trees are inundated (Ong & Gong, 2013).
For a visual representation of knee roots, see Figure 2.20.

Figure 2.20: Knee roots (Xin, 2010)

Plank roots or buttress roots develop within species of the Xylocarpus genus. These underground
roots extend vertically upwards along their entire length from the soil. These roots curve in a serpentine
manner (Tomlinson, 2016). Buttress roots form in mangroves exposed to significant forces, primarily the
impact of wind. These specialized roots play a crucial role in providing the essential stability required for
the survival of trees in such environments (T. P. Young & Perkocha, 1994). For a visual representation,
see Figure 2.21.

Figure 2.21: Plank roots (Sevvel, 2017)

The variety of aerial roots and the density of these roots are pivotal factors influencing sedimentation
rates. High root densities are generally positive for sedimentation, but if root densities become exces-
sively high, erosion can become the dominant process (B. M. Young & Harvey, 1996). Furthermore,
research has shown that vertical sedimentation rates are the highest for plank roots followed by prop
roots, pneumatophores and knee roots. However, prop roots, due to their structure, can also have
the highest erosional rates, primarily because large turbulent eddies develop behind them (K. Krauss
etal., 2003 and Du et al., 2021). Pneumatophores and knee roots are more effectively able to prevent
surface erosion (Chen et al., 2023).

Habitat zonation

Within mangrove ecosystems, a clear zonation pattern emerges as one moves from the open sea to-
wards the land. A characteristic of mangroves is that mangroves thrive primarily as a single species
in dense concentrations (Selvam & Karunagaran, 2019). Depending on environmental factors such as
tidal influence, salinity levels, and soil conditions, different species of mangrove trees emerge. Fre-
quently, the various zones present within mangrove ecosystems are classified according to the inun-
dation frequency or duration. Two classifications are often used in literature, one based on inundation
frequency developed by Watson, 1928 and one based on the duration of an inundation developed by
van Loon et al., 2007.
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The framework based on inundation frequency was designed for mangrove ecosystems found in re-
gions characterized by consistent semi-diurnal tidal patterns and a gently sloping terrain. To this day it
is the most commonly used framework for mangrove rehabilitation. One should, however, be cautious
in using this framework as only a subset of mangrove ecosystems around the world conforms to these
specific criteria (van Loon et al., 2007; van Loon et al., 2016; Te Brake and Van Huijgevoort, 2008).

In areas where these specific criteria don’t hold, an alternative approach has been proposed. This
approach is not based on the frequency of the inundation but on the duration of the inundation. To get
a reliable estimation of the species that are able to grow in a specific area, the duration of inundation is
preferred over the frequency of inundation. Only when not enough data is available should one resort to
the frequency of inundation (van Loon et al., 2007). In Table 2.1, the zonation based on the frequency
of inundation is given, while in Table 2.2, the zonation based on the duration of inundation is given.

In both of these frameworks, the species that may inhabit a specific zone remain consistent. In in-
undation class 1, few mangroves can survive. In inundation class 2 species belonging to the genus
Avicennia or Sonneratia are often present. Furthermore, in inundation class 3 species belonging to
the genus Rhizophora or Ceriops can thrive. In inundation class 4 species belonging to the genus
Lumnitzera, Bruguiera or Acrostichum can be found. Finally, in inundation class 5, few species can
thrive. Occasionally, species belonging to the genus Ceriops or Phoenix are present in this zone (Wat-
son, 1928). As the tidal elevation increases, so does the extent of the mangrove area, leading to the
presence of a greater number of zones (Selvam & Karunagaran, 2019).

Table 2.1: Zonation based on the frequency of inundation (Watson, 1928)

Inundation Tidal regime Elevation above MSL [m] | Flooding frequency [per
class month]

1 All high tides <0 56 - 62

2 Medium high tides 0-0.09 45-59

3 Normal high tides 0.9-15 20-45

4 Spring high tides 1.5-2.1 2-20

5 Equinoctial tides >21 <2

Table 2.2: Zonation based on the duration of inundation (van Loon et al., 2007)

Inundation Tidal regime Duration of inundation | Duration of inundation
class [min/day] [min/inundation]

1 All high tides > 800 > 400

2 Medium high tides 400 - 800 200 - 400

3 Normal high tides 100 - 400 100 - 200

4 Spring high tides 10-100 50 -100

5 Equinoctial tides <10 <502

It is important to acknowledge that these two frameworks only provide an estimate of the species that
might thrive in a certain zone. The zonation of species is a complex interplay influenced by factors
including salinity, tidal range, bed morphology, soil composition, and climate conditions, which makes
it complicated to predict which species may survive at a certain location (Selvam and Karunagaran,
2019 and van Loon et al., 2016).

Sedimentation rates are heavily influenced by the frequency and duration of flooding events. In condi-
tions where enough sediment is available, and mangroves are regularly flooded, substantial sedimen-
tation rates can occur.
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However, if zones experience more frequent and prolonged flooding, higher wave attack and flow cur-
rents can contribute to increased erosion (J. C. Ellison and Stoddart, 1991; C. D. Woodroffe, 1995;
Cahoon et al., 2003; Lovelock et al., 2011).

Furthermore, a higher species diversity can lead to higher sedimentation rates (MacKenzie et al., 2016;
Farnsworth, 1998; Field et al., 1998). This is associated with the width of the intertidal flat and the tidal
elevation. As the tidal range expands, the width of the tidal flat also increases, consequently creating
more zones on the intertidal flat where various types of mangroves can thrive van Loon et al., 2016;
Selvam and Karunagaran, 2019; Cahoon et al., 2006).

Local scale

Mangrove wetlands can not only be categorized on a regional scale into various ecotypes but also
on a local scale based on topography and hydrology. Six distinct types were identified by Lugo and
Snedaker, 1974, namely, overwash, fringe, riverine, basin, scrub and hammock mangroves.

Overwash mangroves predominantly occupy areas within and adjacent to bays, including small islands,
newly formed shoals, and finger-like extensions of larger land masses. These locations are strategi-
cally positioned to obstruct the natural flow of tides, resulting in frequent inundation of the mangrove
system during high tides. The incoming tidal currents possess enough force to transport loose (organic)
debris, which is then deposited in the inner bays as the tidal velocity diminishes. However, the debris
that is carried away by the outgoing tides is not brought back, leading to a clear lack of organic matter
within these forested regions (Lugo & Snedaker, 1974).

Fringe mangroves are commonly found along the edges of sheltered shorelines and islands. These
mangroves are heavily influenced by tides, which play a pivotal role in their dynamics. Unlike other
types of mangroves, these forests are not subjected to tidal overwash. Instead, tides export buoyant
materials such as leaves, twigs and propagules from the mangrove areas into adjacent shallow water
regions. This exportation of organic matter acts as a vital source of nutrition for a diverse range of
organisms and contributes to the sustained growth of these mangroves (Lugo & Snedaker, 1974).

Riverine mangroves occur along major river basins that flow into broad mangrove wetlands. Salinity
levels fluctuate with the seasons, decreasing during the wet season due to substantial freshwater runoff
from precipitation. In the dry season, salinity is increased in the system due to a decrease in fresh-
water runoff. This seasonal salinity variation can enhance primary production by limiting competition
from terrestrial plants. Furthermore, nutrient availability in these ecosystems is highest when salinity is
lowest, creating optimal conditions for mangrove growth (Lugo & Snedaker, 1974).

Basin mangrove forests, also known as interior mangroves, are situated on the landward side of a
mangrove wetland. These forests are shielded from the impact of waves and experience infrequent
inundation by tides. Salinity levels can vary significantly, depending on various factors. In regions with
high precipitation or substantial groundwater flow, salinity tends to be relatively low. Conversely, a
combination of evaporation and the withdrawal of water by the mangrove trees can lead to elevated
salinity levels, with some areas exhibiting distinctly hypersaline soil. Given the low currents, both river-
ine and tidal, it is likely that the basin type of mangroves serves as a sink for nutrients and sediments
(Lugo & Snedaker, 1974).

Scrub mangroves are mangroves that occur in environments that lack nutrients or freshwater. Conse-
quently, these mangroves are very small as they can reach maximum heights of 1.5 meters (Lugo &
Snedaker, 1974).

Hammock mangroves only exist in Florida (USA). They resemble basin mangrove forests but exist on
soil that is only slightly elevated. The mangrove forest flourishes above a bed of peat that has filled a
void within the underlying limestone substrate (Lugo & Snedaker, 1974).
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The type of forest is another important factor influencing sedimentation rates. Research has shown
that accretion rates tend to be higher for fringe forests compared to overwash forests. This is because
fringe forests tend to trap a lot of organic material transported into the forests, which is not carried out
again (Cahoon and Lynch, 1997; K. W. Krauss et al., 2010; McKee, 2011).

Furthermore, forest density can be an important factor influencing sedimentation rates. If the mangrove
density is too low, the presence of trees can significantly increase turbulence in the water column,
leading to high erosional rates and potential damage to the trees. Low-density forests may also fail
to dissipate wave and flow currents, exacerbating erosion effectively. It is also observed that higher
forest densities correspond to higher sedimentation rates (Fagherazzi et al., 2017; Mullarney et al.,
2017; Kumara et al., 2010).

Changing amount of resistance against erosion throughout the lifetime of mangroves

When mangroves are in their initial stages of growth as seedlings and saplings, they do not largely
influence the sediment dynamics on the mudflat. The young plants have shallow root systems that do
not offer substantial protection against wave and tidal forces. As mangrove trees grow and establish
themselves, their root systems become more developed and extensive. This increased root density
helps to bind and stabilize the soil and sediments, making the shoreline more resistant to erosion. Dur-
ing this phase of mangrove growth, the spatial distribution of the plants is critical. To stabilize the area,
a wide coverage of mangroves needs to be established. As the mangroves continue to grow and ma-
ture, the emphasis shifts. In these later stages, the health and density of the vegetation become more
important. The root systems of mature mangroves are well-developed and provide strong protection
against erosion. As mangrove trees age more, there is an apparent decrease in fine root production
in shallow soil layers. The decrease in fine root production is associated with declining tree density
as mangroves mature. Both the decrease in fine root production and tree density reduce the ability of
mangrove trees to stabilise the mudflat (Beselly et al., 2023; Xiao et al., 2020; Arnaud et al., 2021).
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2.3. Conclusion

Ongoing research and debate surround the role of mangroves in coastal ecosystems, with several un-
certainties still in place. The debate primarily concerns whether mangroves act as "land-builders” or
"land-consolidators” (J. H. Davis, 1946; Steers et al., 1940; Watson, 1928; Egler, 1952; Swales et al.,
2015). Some studies support that mangroves actively accumulate sediment and foster land expansion
("land-builders”), while others argue that they play a more passive role in sediment consolidation and
soil formation ("land-consolidators”). Additionally, there is no consensus on whether mangroves exhibit
one specific behaviour or can function as both, depending on various biogeomorphic settings such as
sediment availability or the type of mangrove tree (Viles, 1988; S. Y. Lee et al., 2014; C. D. Woodroffe
et al., 1985; Lovelock et al., 2010; Chapman, 1944; Bird, 1986; K. Krauss et al., 2003; Moldenke et al.,
1960).

In the context of coastline erosion, there are two contrasting theories as well. There is no agreement
on whether a particular behaviour is true or both are possible. One theory suggests that the disappear-
ance of mangrove forests triggers erosion. This theory proposes that the loss of sediment retention
capacity happens due to the decline of mangrove forests, ultimately leading to coastal degradation
(Blasco et al., 1996; Bryan et al., 2017). On the other hand, the second theory proposes a different
sequence of events. This theory suggests that the transformation of tidal flats from a convex-up profile
to a concave-up profile results in the intensification of wave impact and more erosion. The intensified
wave impact sets off an erosional feedback loop, progressively eroding more sediment. This erosion
results in an increased water depth, higher wave height, and a continuous cycle of sediment erosion. In
these conditions, mangroves will not be able to survive as they will be inundated for too long or simply
uprooted, causing even more erosion (Kirby, 2000; van Bijsterveldt et al., 2020; Blasco et al., 1996;
Bryan et al., 2017).

Despite uncertainties, certain aspects of mangrove ecology are better understood. Mangroves play
a vital role in the development of soil and sediment accumulation through both biological and physi-
cal mechanisms. Their participation ranges from direct contributions through organic deposition and
root growth, to indirect effects such as reducing water velocities and encouraging sediment deposition
(Mclvor et al., 2013). Over time, the presence of mangroves significantly impacts the coastal landscape
through sediment accumulation. Sediments gather due to the presence of mangroves and produce dis-
tinct changes in the topography. The seaward side of mangroves beyond the forested area gradually
increases in slope, while within the forest, the slope flattens. This shift produces a more convex-up
profile, which affects water dynamics along the coast (Bryan et al., 2017). With a convex-up shape,
there is a quicker reduction in water depth, resulting in reduced velocities towards the end of the flat
as waves break earlier. This altered shape affects water depth during high water slack, facilitating in-
creased sediment deposition on the bed (W.-C. Liu et al., 2003; Mazda et al., 1997; Wu et al., 2001).
Overall, mangrove forests play a pivotal role in enhancing the flood-dominant behaviour of tidal flats,
which can potentially reduce erosion rates across the entire tidal flat area (Bryan et al., 2017 and van
Maanen et al., 2013). Moreover, the presence of mangroves reshapes the geometry of tidal creeks,
especially in mudflat areas. As mangroves colonize mudflats, tidal creeks tend to become straighter
and narrower. This transformation increases the velocity within tidal creeks, allowing them to transport
more sediment, which is necessary to maintain the morphological balance crucial for the health of these
ecosystems (K.-Y. Lee et al., 2022; Doeke, 2019; van Maanen et al., 2013).

Although mangroves play a constructive role in the ecosystem, they can also unknowingly contribute to
soil degradation and sediment erosion. Some of the processes that lead to this include root decompo-
sition and changes in groundwater pressure, which can increase turbulence and compromise sediment
stability. These negative effects may oppose the positive impacts observed in flood-dominant tidal flat
behaviour (Mclvor et al., 2013).

It becomes clear that a delicate relationship exists between erosion and sedimentation within mangrove
ecosystems. Whether mangrove ecosystems primarily facilitate erosion or sedimentation depends on
several factors. Below is a summary of the presumed effects of these factors.
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Wave climate

Larger waves can positively impact coastline stability by stirring up sediments offshore and transporting
them inland. However, beyond a certain threshold, larger waves may lead to erosion on the tidal flat
(Winterwerp et al., 2005).

Tidal range, width tidal flat and inundation frequency

The stability of the coastline, the distribution of species and the movement of water and sediment are
interconnected and mutually influence each other. A larger tidal range is expected to be beneficial for
the stability of the coastline. It contributes to a wider tidal flat, which allows for a more expansive habitat
for species to thrive. This expansion positively affects the distribution of species, ultimately increasing
stability. Moreover, a heightened tidal range increases the movement of water and sediment, which
helps to transport more sediment into the tidal flat during high tide. This extended tidal range also pro-
vides a more prolonged period for sediments to settle out of the water column, thereby contributing to
the overall stability of the coastal environment. However, it is important to note that a threshold exists.
If the tidal flat experiences excessive and prolonged inundation, the heightened wave attack and flow
currents associated with frequent inundation may increase erosion rates (van Loon et al., 2016; Selvam
and Karunagaran, 2019; Cahoon et al., 2006).

Sediment availability

Adequate sediment deposition is crucial for mangroves to counter erosive forces and stabilize mudflats;
hence, the availability of a large amount of sediment positively influences the ability of mangroves to
stabilize the coastline (S. Y. Lee et al., 2014; C. D. Woodroffe et al., 1985; Lovelock et al., 2010).

Freshwater input
Freshwater input is essential for mangrove survival. However, excessive freshwater can lead to widespread
mortality, highlighting the delicate balance required (S. C. Das et al., 2022).

Subsidence

Higher rates of subsidence resulting from tectonic or human activities can negatively impact coastline
stability as it leads to a relative sea-level rise. This renders shorelines more susceptible to erosion
caused by tidal and wave-induced currents (Ashton, 2022).

Density of mangrove forests, width of mangrove forest and mangrove species

The density of mangrove forests, the width of mangrove forests and mangrove species are intercon-
nected and mutually influence each other. An expansion in the width of a mangrove forest along the
shoreline is linked to increased coastal stability. A wider belt of mangroves is a more effective barrier
against wave energy and tidal forces, thereby reducing their erosive impact on the coastline. A greater
cross-shore mangrove width typically indicates a more diverse range of mangrove species, which is
highly beneficial for shoreline stability due to their unique characteristics. These attributes collectively
enhance the overall effectiveness of mangroves in stabilizing the mudflat and protecting the coastline.
Thus, it is expected that an increase in the density of mangrove forests will have a positive correlation
with the stability of the coastline. Denser vegetation can effectively increase the drag force, dissipating
wave energy and reducing sediment transport, thereby contributing to shoreline protection (Fagherazzi
et al., 2017; Mullarney et al., 2017; Kumara et al., 2010; Selvam and Karunagaran, 2019; van Loon
et al., 2007; Cahoon et al., 2006).

Human influence

Increased human activity may disturb habitats through deforestation, urbanization, increased waste,
and pollution. In addition, it can reduce mangrove resilience by, for example, reducing sediment avail-
ability due to the construction of artificial structures (E. L. Gilman et al., 2008b; Tait and Griggs, 1991;
Fletcher et al., 1997; Ashton, 2022; Harris et al., 2021).



Global assessment

This chapter compares the trends in coastline change between mangrove-covered and non-mangrove-
covered areas in tropical and sub-tropical regions globally. Additionally, it aims to determine whether
there is a correlation between the width of a mangrove ecosystem and coastline stability worldwide. Fi-
nally, this chapter seeks to determine whether there is a relationship between the state of the mangrove
forest (contracting, expanding and stable) and the state of the coastline (erosion or accretion).

3.1. Method

3.1.1. Data collection

The global assessment of coastlines is primarily based on data from two sources: the Muddy Shoreline
Monitor, which provides historical coastline position data for muddy coastlines (Hulskamp et al., 2023),
and the Global Mangrove Watch, which provides data on the global extent of mangrove ecosystems
(Bunting et al., 2022).

The Muddy Shoreline Monitor dataset provides detailed information on the positions and change rates
of muddy coastlines from 1984 to 2016. The dataset contains 1.8 million cross-shore transects dis-
tributed worldwide, each 1500 meters long. These transects run perpendicular to the 2016 global
OpenStreetMap coastline (OpenStreetMap, 2021). The spacing of the transects decreases from 500
meters near the equator to 200 meters near the poles. Some transects are visualized in Figure 3.1a.
This dataset focuses primarily on muddy coastlines. However, sandy coastlines are included as well.
To categorise each transect, a pixel-based multispectral classification and a global coastal geospa-
tial data analysis was used by Hulskamp et al. (2023). In this classifier, each transect is categorized
into one of the coastal types, such as sandy, muddy, rocky, vegetated coasts, and others. To clas-
sify the coastline into seven categories worldwide (sandy beaches, mudflats, clear water, turbid water,
green vegetation, dry vegetation, and other), Hulskamp et al. (2023) utilized a dataset compiled from
freely available Sentinel-2 multispectral global Top of Atmosphere (TOA) images. At the same time, an
analysis of global coastal geospatial data provides insights into the physical characteristics of coastal
environments, including coastal elevation, climatic conditions, mangrove presence, tidal flats, and tran-
sition zones, utilizing six freely available coastal geophysical datasets such as the Multi-Error-Removed
Improved-Terrain Digital Elevation Model (MERIT DEM) and the Global Mangrove Forests Distribution.
Hulskamp et al. (2023) implemented a shoreline detection algorithm using over 1.9 million Landsat im-
ages to calculate shoreline change rates for every transect. Dynamic thresholding methods are used
to create accurate surface water masks, enhancing the precision of shoreline detection. The Normal-
ized Difference Water Index (NDWI) estimation and edge detection techniques are applied to refine the
identification of water-land transitions (Luijendijk et al., 2018 and Hulskamp et al., 2023). The change
rate is then calculated using a least-squares linear regression, which will be elaborated on in section
3.1.3.
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Figure 3.1: The data available in the Muddy Shoreline Monitor dataset

The Global Mangrove Watch (GMW) dataset provides maps of the estimated global extent and changes
of mangrove forests. This dataset covers a time period of eleven years, from 1996 to 2020, and includes
data from 1996, 2007, 2008, 2009, 2010, 2015, 2016, 2017, 2018, 2019, and 2020. The dataset is
useful for determining the geographical extent of mangroves and has a pixel spacing of 25 meters. The
dataset distinguishes between mangrove and non-mangrove areas. It is derived from a combination
of L-band SAR (JERS-1 SAR, ALOS PALSAR, and ALOS-2 PALSAR-2) and optical (Landsat) satellite
data (Bunting et al., 2022 and ALOS, 2021). In this study, the Global Mangrove Watch dataset is not
directly utilized. Instead, the dataset provided by Worthington et al. (2020) is employed in the analysis,
which utilizes data from the Global Mangrove Watch dataset. The Worthington et al. (2020) dataset is
classified into four different mangrove ecosystems, including lagoonal, estuarine, deltaic, or open coast
mangrove ecosystems. This classification was overlaid onto the GMW datasets for 1997, 2005, 2010,
and 2016. The dataset provided by Worthington et al. (2020) contains polygons and multi-polygons
that represent the different mangrove typologies. An example of the (multi-)polygons can be seen in
Figure 3.2.
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Figure 3.2: Example area with multiple mangrove ecosystems in Africa

The global assessment incorporates two additional datasets. The first one is the OpenStreetMap (OSM)
coastline dataset from 2021, which was obtained from the OpenStreetMap project. This dataset has
geographical information about coastlines contributed by users and is freely available. The coastlines
are split into different line strings (OpenStreetMap, 2021). The second dataset is a global river dataset
that contains approximately 2.94 million vector flowlines. These flowlines are precisely defined from
a high-accuracy global digital elevation model at 3-arcsec resolution (90 m). This dataset provides
accurate information about the geometry and location of the rivers worldwide (Lin et al., 2019).
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3.1.2. Data refinement

Spatial refinement through boundary criteria

After analyzing data from the Global Mangrove Watch dataset from 1996, it has been determined that
the most northern mangrove forests are located around 32.37 degrees north, while the most southern
mangrove forests are found at approximately 38.86 degrees south. To cover all significant geographical
zones, it has been decided to include all transects within the latitude range of 33 degrees north to 39
degrees south. The map in Figure 3.3 shows the areas considered in this research.

Figure 3.3: Geographical coverage map

The Muddy Shoreline Montor dataset has been categorized based on location into eight distinct clus-
ters: Africa, Asia, Europe, North America, Oceania, Open Sea, South America, and unknowns. Since
mangroves are not present in Europe, the Europe cluster includes territories such as Martinique and
Mayotte. Similarly, the Open Sea cluster consists of small island nations like the Cook Islands and
Papua New Guinea. Data points from the Europe and Open Sea clusters were manually redistributed
to the remaining five continents where mangroves are typically found: Africa, Asia, North America,
Oceania, and South America. Any unknown data points were also manually assigned to these conti-
nents. Figure 3.4 illustrates the various continents and associated islands.
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Figure 3.4: Distribution of continents containing mangroves

This study focuses only on the muddy transects found in the Muddy Shoreline Monitor dataset. Among
the 791,483 transects within the considered boundaries, those identified as sandy are marked in the
dataset and excluded from the analysis. After this exclusion, 500,103 transects remain, which accounts
for 64% of all transects within the defined boundaries. Furthermore, transects containing mangrove
forests classified as deltaic, estuarine, or lagoonal mangrove ecosystems are also excluded, resulting
in a total of 382,704 transects. To help understand the distribution of these transects, a breakdown of
the number of transects per continent is provided in Figure 3.5. The analysis shows that most of the
transects are located in Asia.
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Figure 3.5: Number of transects to be analysed per continent

Temporal extend

The Muddy Coastline Monitor dataset provides annual data on coastline positions spanning over 33
years. However, the dataset by Wortington et al. (2020) only covers 4 years within a 24-year timeframe.
To obtain more evenly distributed data on open coast mangrove ecosystems, it has been decided to
narrow down the dataset to 12 years, specifically from 2005 to 2016. By adopting this approach, 12
years of coastline position data and 3 years of mangrove data (2005, 2010, and 2016) can be used in
the analysis. This allows the optimization of the available data resources and more robust conclusions
regarding the dynamics of mangroves and changes in the coastal areas over the selected duration can
be derived.

Complex transects

There are situations where a transect from the Muddy Shoreline Monitor dataset intersects with the
coastline twice, leading to two potential issues. The first problem is illustrated in Figure 3.11a. In this
case, a transect intersects with two mangrove forests on opposite sides of a small island. To address
this issue, a gap criterion is implemented to define the cross-shore width along a transect, ensuring
that only one mangrove forest is considered. The gap criterion and how the width along a transect
is determined, is further discussed in Section 3.1.3. However, if a mangrove forest covers almost the
entire length of a transect that intersects twice with the coastline, the entire width may be taken into
account, even though the entire width of the mangrove forest only contributes to coastline stability
partly. The second problem is demonstrated in Figure 3.6a. In this case, a transect intersects the
coastline twice. The mangrove forest is located at the end of the transect on the opposite side of the
island. Although the mangrove forest is not situated along the considered coastline, this transect will
still be classified as a mangrove transect.
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Figure 3.6: Visual representation of transect BOX_116_323 27 and its intersections with an open coast
mangrove ecosystem
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It is difficult to accurately determine the number of transects that could pose challenges when defining
the width of mangroves along a transect. Therefore, transects intersecting the coastline more than
once will be identified as complex transects. This determination is based on the OSM dataset from
2021 (OpenStreetMap, 2021). If the extended transects intersect with the OSM dataset more than
once, they will be classified as complex transects.

Open coast transects

Specific transects are labelled as open coast transects to facilitate global comparisons between similar
scenarios among mangrove transects and non-mangrove transects. These transects are located along
coastlines that are not sheltered by islands, embayments, or other land masses. However, there is no
universally accepted rule to determine how far a landmass should be removed for a coastline to be
considered unsheltered. To establish a distance criterion, all open coast mangrove-covered transects
were extended seaward by 100 kilometers. For each transect, the distance between the coastline
where the transect is defined and the nearest coastline defined by the OSM dataset is calculated.
Figure 3.7 shows a histogram displaying the different distances to the nearest coastline. Transects
that do not intersect with another coastline within the extended length of the transects are assigned
a distance of 100 kilometres. These transects are not included in the histogram. As depicted in this
figure, the median value is 6315 km, and the mean is 17897 km. Given the high variability between
the median and mean values, two different definitions will be employed in the analysis, depending on
the distance. The first definition states that a transect is considered to be an open coast transect if no
other coastline is found within 5 kilometres. In comparison, the second definition considers a transect
as an open coast transect if no other coastline is found within 15 kilometres. Moreover, the river dataset
determines whether the transects intersect with a river within 5 and 15 kilometres, respectively. If so,
the transects are not considered open coast transects.
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Figure 3.7: Distance to nearest coastline

The four analytical frameworks
The collected data will be analyzed through four different frameworks. Each framework distinguishes
between mangrove transects and non-mangrove transects. Mangrove transects intersect with an open
coast mangrove ecosystem. In contrast, non-mangrove transects include all transects that do not in-
tersect with any type of mangrove forest (open coast, deltaic, estuarine, or lagoonal). The specifics of
each framework are as follows:

Framework 1
Framework 1 serves as the base framework. In this framework, all muddy transects, with or without
open coast mangroves, are included in the analysis without additional filters.

Framework 2
Framework 2 applies the same filters as framework 1, adding that only non-complex transects are in-
cluded.
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Framework 3

Framework 3, similar to framework 2, includes only non-complex transects. However, only open coast
transects are included. Open coast transects are defined as those that don’t intersect with land within
5 kilometres when extended seawards. Additionally, if a transect intersects with a river within 5 kilo-
metres, it is excluded from this framework.

Framework 4

Framework 4 resembles framework 3, including only non-complex and open coast transects. How-
ever, in this framework, open coast transects are defined as those that don’t intersect with land within
15 kilometres when extended seawards. Additionally, transects that intersect with a river are excluded
from this framework.

Figure 3.8 displays the number of transects considered within each framework.
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Figure 3.8: Total counts of transects per framework for both mangrove as non-mangrove transects.

This research will discuss and use the main results of framework 4. Framework 4 is selected based
on the assumption that applying the filters will eliminate as many uncertainties as possible, yielding the
most reliable results.

3.1.3. Data analysis

Determining the coastline position change rate

The Muddy Coastline Monitor dataset provides the change rate from 1984 to 2016. However, for the
period between 2005 and 2016, the change rate has been recalculated using the same method as de-
scribed in Luijendijk et al. (2018), which employs a least squares linear regression approach. During
this re-calibration process, certain data points are removed to ensure consistency. In the first method,
outliers are identified and eliminated based on their gradients, representing the rate of change in coast-
line distance per unit of time. Gradients falling outside the predefined range, set to be between -3 times
30 meters (representing a significant decrease in distance) and 3 times 30 meters (representing a signif-
icant increase in distance), are deemed outliers and subsequently excluded from further analysis. The
second method involves fitting a linear regression line to the dataset using the least squares method,
which allows for the identification of outliers based on the deviation of individual data points from the
fitted line. After fitting the regression line, an outlier test is conducted using the Bonferroni p-value
criterion. Data points with a Bonferroni p-value less than 0.2, indicating a significant deviation from the
fitted line, are identified as outliers. If less than 2 data points remain in a transect, that transect is not
included in the analysis.
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Transects are classified as accreding, eroding, or stable based on their change rate. A transect is
considered accreding if the change rate exceeds 0.5 meters per year, eroding if it falls below -0.5 meters
per year, and stable if it ranges between -0.5 and 0.5 meters per year. These classifications align with
those used in Luijendijk et al. (2018). Figure 3.9 provides an overview of the number of transects per
coastal state (accreding, eroding, or stable) for all muddy transects in the Muddy Shoreline Monitor
dataset. Globally, the majority of transects are classified as eroding.
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Figure 3.9: Number of transects per coastal state per continent

Framework 4 includes a total of 145,141 transects. However, after filtering out all transects that lack
coastline position data, 109,065 transects remain. Of these, 20,032 are mangrove transects, and
89,033 are non-mangrove transects. Figure 3.10 provides a distribution per coastal state for man-
grove and non-mangrove transects. Slightly more mangrove transects are eroding compared to non-
mangrove transects, while slightly more non-mangrove transects are stable than mangrove transects.
However, the differences are relatively small. The percentage of accreding transects is similar for both
mangrove and non-mangrove transects.
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Figure 3.10: The coastal state distribution of mangrove and non-mangrove transect

Determining the cross-shore width of mangrove forests

Along each transect, the cross-shore width of an open coast mangrove forest is computed. Initially,
the transects are approximately 1.5 kilometres in length. However, upon visual inspection using QGIS,
it was observed that many mangrove forests extend beyond this length, with some spanning up to 20
kilometres. Therefore, it was necessary to expand the original transects. However, overextending the
transects leads to a significant increase in computational time. To balance the need for comprehen-
sive coverage of larger mangrove forests with computational efficiency, it was decided to expand the
transects to a minimum length of 8 kilometres. Expanding transects to a minimum length of 8 kilome-
tres involves extending them 4 kilometres seaward and 4 kilometres landward. This decision was later
validated. It is important to note that due to the utilization of global coordinates, the minimum length of
the transects is set to 8 kilometres, with the length increasing proportionally away from the poles, up to
a maximum of around 12 kilometres.
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The dataset from Worthington et al. (2020) includes polygons and multi-polygons that are made up of
cells with a size of 25 [m]. Whenever a cell intersects with the transect, the width of the cell is added to
the total mangrove width. Therefore, the cross-shore mangrove width along a transect is calculated by
summing up the widths of all the cells intersecting with the transect. However, this approach could po-
tentially overestimate the total width, especially when a transect intersects twice with the coastline. An
example of this scenario is depicted in Figure 3.11a. In Figure 3.11b, the mangrove forest’s width along
the transect is illustrated, with a maximum width of 25 meters corresponding to the pixel size. It can be
seen in this figure that the width of the mangrove forest on the opposite side of the island is also included
in the calculation. However, this width does not affect the coastline stability on the side of the island
where the transect is defined. A gap criterion was established to mitigate this overestimation: if the
distance between two mangrove forests exceeds 500 meters, the width measured after that gap will not
be added to the total. This criterion ensures a more accurate representation of mangrove coverage by
excluding mangrove forests that might not contribute significantly to the overall extent of the ecosystem.
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Figure 3.11: Determining the cross-shore width along a transect

After calculating the widths of mangrove forests along all transects, the decision to extend the transects
to 8 kilometres is reassessed. Figure 3.12 displays a bar chart of all transects intersecting with open
coast mangrove forests. The chart shows that the majority of these mangrove forests are less than
500 meters wide, with very few exceeding 4000 meters in width. The median cross-shore width of all
mangrove forests is 300 meters. Extending the transects to 8 kilometres will not significantly affect
many mangrove forests, as only a limited number of mangrove forests are expected to exceed this
width.
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Figure 3.12: Bar plot including all the mangrove-covered transects
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The cross-shore widths of open coast mangrove forests along the transects that intersect with these
mangrove forests are determined for the three specific time periods considered in this research, namely
2007, 2010, and 2016. Additionally, the cross-shore width of lagoonal, deltaic, and estuarine mangrove
forests along transects intersecting with these typologies is calculated using the dataset from 2010.
The purpose of this calculation is to allow a fair comparison between open coast mangrove transects
and non-mangrove transects. Using the width of these three typologies along a transect, transects
containing mangroves can be excluded from the analysis, ensuring that only non-mangrove transects
are included in the non-mangrove category.

Determining the cross-shore mangrove width change rate

Similar to the coastline positions, the change rate for the cross-shore width of mangrove forests is
calculated using the same method as described previously. Transects with fewer than two values of
mangrove widths are excluded from the analysis. Figure 3.13 shows the distribution of change rate
values. Only change rates between -10 and 10 [m/year] are displayed, as the majority (96%) of values
fall within this range. It can be observed that between 2005 and 2016, most mangrove forests remained
stable without significant changes. However, it should be noted that changes of less than 25 meters
will not be detected due to the pixel size limitation of 25 meters.
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Figure 3.13: Histogram showing the distribution of mangrove width change rates between -10 and 10
[m/year]

In Figure 3.14, the change rates have been classified into three groups: stable, expanding, and con-
tracting. When the change rate is zero, the mangrove forest is considered stable, while it is considered
contracting if the change rate is negative and expanding if the change rate is positive. In Figure 3.14,
the distribution of contracting, expanding and stable mangrove transects for framework 4 is given. The
majority of mangrove transects, namely 72.6%, are stable. Furthermore, 16.6% of mangrove transects
are contracting, while only 9.9% of mangrove transects are expanding.

Expanding # of transects:
20032
10.5%
Contracting
16.4%
73.1%
Stable

Figure 3.14: Distribution of Mangrove forests into the defined three categories
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3.2. Results

As mentioned previously, only the main results of framework 4 will be discussed. Appendix B presents
the results for frameworks 1,2 and 3. Furthermore, the results of framework 4 are more thoroughly
expanded on in Appendix B. Finally, a comparison of all the frameworks can also be found in the ap-
pendix. While only the results from framework 4 are discussed, it should be noted that similar results
were found across all frameworks.

The results are categorized into three groups. Firstly, the effect of the presence of mangroves on
coastline stability will be investigated. These results compare the coastline position change rates for
mangrove and non-mangrove transects. Secondly, the effect of the width of a mangrove forest on
coastline stability will be researched. In these results, the coastline position change rates for man-
groves with a smaller width will be compared with mangroves with a larger width. Finally, the effect of
the state of a mangrove forest (expanding, stable or contracting) on coastline stability will be analysed.
These results will compare the coastline position change rates for contracting, expanding and stable
mangrove forests.

3.2.1. The influence of the presence of mangroves on coastline stability

In Figure 3.15 boxplots can be seen that represent the distribution of coastline position change rates for
both mangrove and non-mangrove transects. The change rates are classified into two groups: tran-
sects that are eroding (with a change rate below -0.5 [m/yr]) and transects that are accreding (with
a change rate above 0.5 [m/yr]). Each boxplot in this figure shows the interquartile range, median,
and standard deviation for each category. After comparing the medians of both mangrove and non-
mangrove transects, it was observed that the median value for eroding mangrove transects is slightly
lower than that for eroding non-mangrove transects. Additionally, the median value for accreding man-
grove transects is higher than accreding non-mangrove transects. Both the standard deviations and
interquartile ranges are similar for mangroves and non-mangroves. In Appendix B, it was verified that
the difference in sample size between mangroves and non-mangrove transects does not affect these
results.
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3.2.2. The influence of the width of a mangrove forest on coastline stability

The scatterplot in Figure 3.16 shows the relationship between the width of open coast mangrove
ecosystems along the transects in 2010 and the coastline position change rate. Looking at the fig-
ure, it seems that the change rates are centred more around the x-axis for larger mangrove widths,
indicating that the coastline is more stable for larger mangrove widths. To investigate this trend further,
the data has been divided into bins of 500 meters, and the 15th and 85th percentile for each bin is
calculated. These percentiles represent thresholds below which 15% and 85% of the data points fall,
offering insights into the range and variability of the dataset. A smaller difference between the 15th
and 85th percentile indicates a more consistent pattern in the data, while a larger difference indicates
more variability in the data. However, larger mangrove forests are substantially less abundant than
smaller mangrove forests. This implies that the first bins include substantially more data points than
the last bins. To account for the imbalance in data points per bin, 100 random data points are selected
for each bin, and the 15th and 85th percentile is calculated using these data points. Using a least-
squares linear regression line, the 15th and 85th percentiles per bin are connected with dotted lines
in the figure. The deviation between the 15th and 85th percentiles suggests that for larger mangrove
widths, there is an increased variability and a reduced correlation between the variables. To assess
the consistency of the observed trends, the slopes of the 85th and 15th percentile lines are calculated
1000 times. The resulting distribution of slopes for the 15th and 85th percentiles is shown in the top
right and bottom right figures of the plot, respectively. The analysis indicates that the slope of the 15th
percentile is consistently negative, while the 85th percentile is consistently positive. This suggests that
the lines across the 1000 runs always diverge. This indicates that there is an increased variability for
higher mangrove widths. Furthermore, this indicates that for higher mangrove widths more accretion
takes place, however also more erosion takes place. Additionally, when inspecting the 15th and 85th
percentiles, it can be seen that the absolute value of the median of the 15th percentile line is higher
than the absolute value of the median of the 85th percentile. This indicates that the accretion rate is
lower for higher mangrove widths than the erosion rate, which suggests that erosion rates are higher
than accretion rates for larger mangrove widths. However, as can be seen, when investigating the
dotted line, the relationship per bin is more complex. In Appendix B, there are other methods that are
used to support the identified trends.
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Figure 3.16: Relationship between the cross-shore mangrove width (x-axis) and the coastline position
change rate (y-axis)



42 3. Global assessment

3.2.3. The influence of the state of a mangrove forest on coastline stability

In Figure 3.17, a scatterplot can be seen that represents the relationship between the mangrove width
change rate and the coastline position change rate. The majority of the points on the graph are situated
around the y-axis. This suggests that for most transects, the mangrove forest is stable. This could
also be seen in Figure 3.14. The scatterplot is divided into four quadrants. Most transects, namely
1,973, are situated in the bottom left quadrant. This indicates that if the mangrove forest is contracting,
the coastline is most likely eroding. When the mangrove forest is expanding, marked by a positive
mangrove width change rate, most transects, namely 1,151, can be found in the top right quadrant. This
suggests that the coastline is most likely experiencing accretion if the mangrove forest is expanding.
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Figure 3.17: Relationship between the mangrove width change rate (x-axis) and the coastline position
change rate (y-axis)

In Figure 3.18, the scatterplot is analyzed in more detail by showing the distribution of coastline position
change rates for accreding transects with contracting, stable, and eroding mangrove forests. The figure
is divided into three parts where the left graph shows the distribution of coastline change rates in the top
left quadrant; the middle graph shows the distribution of coastline position change rates on the positive
y-axis, and the right graph shows the distribution of coastline position change rates in the top right
quadrant. In the graphs, the median value, the 85th percentile and the 15th percentile are presented. In
the figure, it can be seen that the distribution is quite similar for contracting and stable mangrove forests.
The median value is slightly higher when a mangrove forest is stable, but the difference is minimal.
When the mangrove forest is expanding, it can be seen that the median is significantly higher than
when it is contracting or stable. This indicates that when a mangrove forest is expanding, the coastline
experiences higher accretion rates than when it is contracting or stable. Furthermore, for transects
with accreding coastlines, the 85th percentile is considerably higher for expanding mangrove forests
than for stable mangrove forests. This suggests that extreme accretion events are more prevalent in
expanding mangrove forests than in stable mangrove forests.
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Additionally, the 85th percentile is also higher for contracting mangrove forests than for stable man-
grove forests, indicating that extreme accretion is also more prevalent in contracting mangrove forests
than stable mangrove forests. This shows that when the mangrove forest is stable, less variability
exists in coastline position change rates than when the mangrove forest is expanding or contracting.
However, it should be noted that there is a substantial difference between the 85th percentile of ex-
panding mangrove forests and contracting mangrove forests, indicating that extreme accretion events
are particularly prevalent in expanding mangrove forests.
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Figure 3.18: The coastline position change rate distribution for accreding transects with contracting,
stable and eroding mangrove forests

In Figure 3.19, the distribution of coastline position change rates is shown for eroding transects with
contracting, stable, and expanding mangrove forests, respectively. The left graph displays the distri-
bution of coastline change rates in the bottom-left quadrant; the middle graph shows the distribution
of coastline position change rates on the negative y-axis, and the right graph shows the distribution of
coastline position change rates in the bottom-right quadrant. Examining the median value shows that
when a mangrove forest is stable, the median erosion change rate is the least negative. When a man-
grove forest is contracting, the median erosion change rate is the most negative. Additionally, more
variation exists when a mangrove forest expands or contracts when considering the 15th percentile.
This suggests that a stable mangrove forest results in lower erosion rates than when a forest expands
or contracts. Moreover, less extreme erosion rates occur when a mangrove forest is stable than when
it is expanding or contracting.
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Figure 3.19: The coastline position change rate distribution for eroding transects with contracting, stable
and eroding mangrove forests






Local assessment

This chapter focuses on the impact of mangroves on the stability of coastlines at a local scale. 15-
kilometre stretches of coastline will be investigated to analyse the relationship between coastline posi-
tion changes and mangrove width changes from 2005 to 2016. Examining smaller stretches of coast-
lines allows for the closer exploration of the influence of mangroves on coastline stability when hydrody-
namic and climatic conditions are similar. The same datasets will be used as in the global assessment.
Additionally, the research uses data from the Global Mangrove Watch dataset to determine the extent
of open coast mangroves in 2008, 2009, and 2015. This implies that in the local assessment, the width
of the mangrove forests along the considered transects is available for six years (2007, 2008, 2009,
2010, 2015 and 2016) between 2005 and 2016 (Bunting et al., 2022). The two local studies investigated
in this chapter will be chosen based on Figure 3.17. This figure is repeated in Figure 4.1; however,
every quadrant is assigned colours. The blue transects belong to the lower left quadrant, indicating
that between 2005 and 2016, the mangrove forest is contracting and the coastline is eroding. The red
transects belong to the upper right quadrant, indicating that the mangrove forests is expanding and
the coastline is accreding. The yellow transects indicate the lower right quadrant, where the mangrove
forests are expanding while the coastline is eroding. The green transects indicate the upper left quad-
rant, representing transects where the mangrove forest is contracting while the coastline is accreding.
Finally, the grey transects are situated along the x-axis- or y-axis, indicating stable mangrove forests
or stable coastlines. These colours will continuously be used throughout this chapter.
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Figure 4.1: Distribution of coastline position change rates versus mangrove width change rates
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To select a case study, coastlines were identified where most transects fall within a single quadrant,
using Figure 4.1. Unfortunately, due to data availability, only a limited amount of coastlines were found.
As can be seen in Figure 3.14 most mangrove forests are stable, while only a small portion are con-
tracting, and even fewer mangrove forests are expanding. Additionally, in Figure 3.10, it can be seen
that most coastlines are eroding. Thus, the chances of finding a coastline mostly experiencing accre-
tion or with a mangrove forest that is mainly expanding were slim and such coastlines were not found.
Coastlines that were mostly stable were not taken into account as the dynamics of stable coastlines
were too minor to properly assess the effect of the state of a mangrove forest on the coastline position.
A few coastlines were found where the coastline is eroding and the mangrove forest is stable or con-
tracting. Unfortunately, many of these areas lacked coastline position data in the transects between
2005 and 2016. Areas where too much data was lacking were not considered, and the considered
case study areas were chosen as they had the most available data. The first case study will focus on a
15-kilometre coastal stretch that experiences erosion along most of its length and where the mangrove
forests are mostly stable. The second case study will focus on another 15-kilometre coastal stretch
where most transects experience erosion and the mangrove forest contracts.

The results in the case study areas follow the same structure as the results section in the global as-
sessment. However, only mangrove transects exist in the case study areas, meaning there can be
no comparison between mangrove and non-mangrove transects. In addition, significant differences in
mangrove widths are only present in case study 1, allowing only for a comparison between smaller and
larger mangrove widths in case study 1. Consequently, the most important result is the comparison
between the rate of coastline position change and the state of the mangrove forest. In both case studies
these results will be discussed first.

4.1. Case Study 1

4.1.1. Site characteristics

The first case study is located on the island of Pulau Siberut (in short, Siberut Island), which is part
of the Mentawai islands. Siberut Island is located on the western side of Sumatra at a distance of
about 150 kilometres from the mainland (see Figure 4.2). The island has a size of about 3800 square
kilometres, and it is located in the Indian Ocean. The island is approximately 100 kilometres long and
35-40 kilometres wide. With a population density of 10.5/km?, the island is sparsely populated (Kemp,
2000). The case study focuses on the eastern part of Siberut Island (see Figure 4.2). This area of
the island is characterized by a significant amount of swampy forests, and the east coast features an
irregular shoreline with multiple small bays, lined with mangroves. Moreover, a few coral islands are
located near the coast (Whitten & Whitten, 1982).
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Figure 4.2: The island of Pulau Siberut (Google Maps)

Along the entire coastline on the east side, there are Rhizophora and Bruguiera mangrove forests
(Whitten & Whitten, 1982). The whole coastline in the study area is muddy. In the study area, no major
rivers flow into the ocean, but just above and below this area, two larger rivers flow into the sea.
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Furthermore, several small villages are located within one kilometre of the coast. As a result, some
infrastructure, such as roads, extends to the coastline in some places (Kemp, 2000). Analysis of tem-
poral imagery from Google Earth’s Timelapse feature revealed that the mangrove forests in the study
area remained predominantly stable between 2005 and 2016, with occasional minor disturbances at-
tributed to nearby villages. The coastline is partly sheltered by coral islands, but no landmasses can
be found within 100 [km]. This is indicated in Figure 4.3.

Figure 4.3: The island of Pulau Siberut (Google Earth)

The case study area is made up of 43 transects. All transects intersect with mangrove ecosystems. Out
of these, 29 transects have stable mangrove forests with eroding coastlines. Eight transects belong to
the lower left quadrant, meaning the mangrove width along the transects is contracting and the coastline
is eroding. Four transects belong to the lower right quadrant, meaning the mangrove width along the
transects is expanding and the coastline is accreding. Finally, two transects have stable mangrove
forests with an accreding coastline. This information is shown in Figure 4.4. For more background
information on this case study, refer to Appendix C.
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Figure 4.4: The considered study area with colours indicating the different quadrants

The width of the mangrove forest in the case study area varies from about 500 [m] to approximately 2500
[m]. Figure 4.5 depicts the mangrove widths between 2005 and 2016 for all transects. The left graph
indicates the transects belonging, where the cross-shore width along the transect contracts while the
coastline erodes. The middle graph shows the transects where the cross-shore width along the transect
expands while the coastline erodes. Finally, the right graph indicates the transects belonging to no
quadrant. In this case, these indicate mostly stable mangrove forest transects with eroding coastlines.
As depicted in the figure, two distinct ranges of mangrove widths can be observed, particularly in the
left graph. There are transects with smaller mangrove forests (around 500 [m]) and those with larger
forests (above 1000 [m]).
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Figure 4.5: Distribution of mangrove widths between 2005 and 2016 for all transects (split according
to their respective quadrant)

4.1.2. Results

The influence of the state of a mangrove forest on coastline stability

In Figure 4.6, the distribution of coastline positions between 2005 and 2016 relative to the coastline po-
sition in 2005 for all transects is shown. The transects are split according to their respective quadrants.
A dotted line indicates the median coastline position per year, and a solid line indicates the total median
coastline position for all points. When calculating the median coastline position per year and the total
median coastline position, the two transects where the mangrove width is stable but the coastline is
accreding are excluded. When the mangrove forest is expanding, the total median coastline position
is -24.2 [m], when the mangrove forest is stable, the total median coastline position is -29.3 [m], and
finally, when the mangrove forest is contracting, the total median coastline position is -37.1 [m]. When
comparing the total median coastline positions, it can be seen that the coastline moves the most inland
when the mangrove forest is contracting and the least when the mangrove forest is expanding. This
suggests that erosion rates are the lowest when the mangrove forest is expanding and the highest
when the mangrove forest is contracting.
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Figure 4.6: Distribution of coastline position between 2005 and 2016 relative to 2005 for all transects
(split according to their respective quadrant)

The influence of the width of a mangrove forest on coastline stability

In the analysis presented in Figure 4.5, it is observed that the mangrove widths in the case study area
fall into two distinct ranges: smaller widths of around 500 [m] and larger widths above 1000 [m]. To
examine the influence of mangrove width on coastline position change rates, the data is divided into
two categories based on the width of the mangroves. The first category includes all transects with a
mangrove width below 1000 [m], while the second category includes all transects with a mangrove
width above 1000 [m]. The coastline position distributions for the two categories between 2005 and
2016 are presented in Figures 4.7 and 4.8. When comparing these figures, it can be observed that
when the mangrove forest is stable, the total median value for larger mangrove widths (-17.5 [m]) is
substantially lower than for smaller mangrove widths (-29.6 [m]). This indicates that a larger mangrove
width can help reduce erosion rates. Unfortunately, there were too few transects with contracting and
expanding mangrove forests (less than 2 per category) to properly compare the effect of smaller and
larger mangrove widths on coastline stability.
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Figure 4.8: Distribution of coastline positions between 2005 and 2016 for all transects with a width
above 1000 [m](split according to their respective quadrant)

4.2. Case Study 2

4.2.1. Site characteristics

Case study 2 focuses on a small island just off the coast of Cuba known as Isla de la Juventud. Figure
4.9 shows a map of the island. The island has an area of around 2200 square kilometres and is situated
south of Havana in the Caribbean Sea. The Bataband Gulf separates the island from the mainland of
Cuba, and it is approximately 50 kilometres wide (National Office of Statistic and Information, 2017 and
Aranda et al., 2020). Despite its relatively small size, the island is home to a large number of mangroves
and three major rivers. While these rivers are not located on the northwest side of the island, that area is
particularly characterized by inland waterway branches connected to the sea. The largest one is Estero
del Pino (Juventud, 2011). Most of the population on the island lives in the capital city, Nueva Gerona.
The northwest side of the island is uninhabited. However, there are roads extending all the way to the
coast, which disrupt the mangrove forests (National Office of Statistic and Information, 2017). Humans
pose a threat to mangrove conservation on the island. The marble industry has caused destruction in
Laguna del Capitan, which is located in the study area, and illegal hunting of rodents has also played a
significant role in disturbing the mangroves. Paths of destruction caused by hunters have been found in
the mangrove forests despite the swamps and difficult access (Borroto-Paez & Ramos Garcia, 2012).
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Figure 4.9: Isla de la Juventud (Google Maps)

A coastline of around 15 [km] will be considered in this analysis. The entire coastline is muddy. Analy-
sis of temporal imagery from Google Earth’s Timelapse feature revealed a slight reduction of mangrove
forests but no major disruptions or changes. Despite being more than 50 kilometres away from main-
land Cuba, the coastline near Isla de la Juventud is relatively protected due to the presence of several
small islands in the surrounding area. This can be seen in Figure 4.10.

Figure 4.10: Isla de la Juventud (Google Earth)

The study area comprises of 32 transects along the coastline, all of which intersect with open coast
mangrove ecosystems and are thus categorized as mangrove transects. Figure 4.11 illustrates the
transects that are considered in this study, categorized by quadrants. The majority of the transects
(19 in total) belong to the lower left quadrant, indicating a coastline that is eroding and a mangrove
forest that is contracting. There are three transects that belong to the upper left and three transects
that belong to the lower right quadrants. The upper left quadrant indicates an accreding coastline,
while the lower right quadrant indicates an eroding coastline and an expanding mangrove forest. Only
one transect belongs to the upper right quadrant, indicating an accreding coastline and an expanding
mangrove forest. Six transects belong to no quadrant, in this case they indicate a stable mangrove
forest. Out of these, three transects experience and accreding coastline, and three experience an
eroding coastline.

— Transect belonging to the lower left quadrant

Transect belonging to the lower right quadrant
— Transect belonging to the upper left quadrant
— Transect belonging to the upper right quadrant]
— Transect belonging to no quadrant

Figure 4.11: Transects ranged according to their quadrant
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The mangrove widths along the transects between 2005 and 2016 can be seen in Figure 4.12 for all
quadrants except for the transects with stable mangrove forests. The mangroves in this case study
are mostly around 500 [m] wide, but some transects have mangroves that reach a width of 2500 [m].
However, there are too few mangroves with a large width to analyse the effect of different widths on
coastline stability.
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Figure 4.12: Mangrove widths between 2005 and 2016 ranged according to their quadrant

4.2.2. Results

The influence of the state of a mangrove forest on coastline stability

In this case study, the lower left quadrant (blue) and the lower right (yellow) quadrant will be compared
as well as the upper left (green) and the transects where the mangrove forest is stable and the coastline
is accreding (gray). The transect belonging to the upper right quadrant and the three transects with
stable mangrove forests and accreding coastlines will be excluded from the analysis as too little data
is available for comparison.

In Figure 4.13, the coastline positions relative to the coastline position in 2005 for the lower left and
lower right quadrants can be seen. As can be seen in this figure, a clear difference can be seen
between both graphs. The total median coastline position for transects with a contracting mangrove
forest equals -5.9 [m]. In contrast, the total median coastline position for transects with an expanding
contracting mangrove forest equals -0.5 [m]. It seems that when the mangrove forest is expanding, the
erosion rates are lower than when the mangrove forest is contracting.

Transects with contracting mangrove forests Transects with expanding mangrove forests
and eroding coastlines and eroding coastlines
_. 40 40
g e Median value peryear e Median value per year
8 30 —— Total median value: -5.9 [m] 30 —— Total median value: -0.5 [m]
o
N
o 2 . 20
> .
2 10 - H s 5 . 10
kS H . i g
3 . NG e
2 0 e . e % . o e
5 ; i . ] }‘\ s Y ; S '
= X « . T\ [ B 3 o _qo R ey T e
RN AN ST o s S
a - v H 4 H
o -20 . . o . -20
£ . 9 . . i . d
B =30 Lo e : s -30
3 . .
© 40 v . " -40
2006 2008 2010 2012 2014 2016 2006 2008 2010 2012 2014 2016
Years Years

Figure 4.13: Distribution of coastline position between 2005 and 2016 relative to 2005 for transects in
the lower left and lower right quadrant
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In Figure 4.14, the coastline positions between 2005 and 2016 are plotted for all transects belonging to
the top right quadrant, indicating transects with contracting mangrove forests and accreding coastlines
and all transects with accreding coastlines and stable mangrove forests. By comparing the coastline
positions for the two situations, it can be observed that the median coastline position for a stable forest,
which equals 11.6 [m], is slightly higher than that of a contracting forest, which equals 11.2[m]. However,
the difference is minimal.
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Figure 4.14: Distribution of coastline position between 2005 and 2016 relative to 2005 for the transects
in the top right quadrant and transects with a stable mangrove forest and eroding coastline



Highlights

This research performed a global and local assessment using historical datasets to explore the impact
of mangroves on coastline stability. In this chapter, the research questions will be answered.

1. Can a trend be observed between coastline stability with or without the presence of man-
groves globally?

In order to answer this question, a study was conducted to compare the rate of coastline position
changes between transects with mangroves and those without (see Section 3.2.1). Only open coast
non-complex muddy transects were included in the analysis. Transects are called open coast transects
if the nearest landmass is more than 15 kilometres away from the considered coastline.

The research suggests that areas covered with mangroves experience slightly higher sedimentation
rates (median value: 1.92 [m/year]) than non-mangrove areas (median value: 1.84 [m/year]). However,
despite the benefits of sedimentation, mangrove transects globally also demonstrate slightly higher ero-
sion rates (median value: -1.85 [m/year]) than non-mangrove transects (median value: -1.75 [m/year]).
The standard deviations and interquartile ranges are similar for mangrove and non-mangrove tran-
sects. For a visual representation of these results, see Figure 3.15.

2. Globally, is there a relationship between coastline stability and mangrove forest width?

To answer the question, the coastline position change rates across several mangrove widths were com-
pared (see Section 3.2.2).

At larger mangrove widths, the accretion and erosion rates increase. Moreover, for larger mangrove
widths, the erosion rates are larger than the accretion rates. Finally, it has been found that for larger
mangrove widths, the variability in the dataset is larger than for smaller mangrove widths. For a visual
representation of these results, see Figure 3.16.
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3. On a global level, does a relationship exist between coastline stability and the state of a man-
grove forest (contracting, expanding or stable)?

In order to answer this question, the coastline position change rates and the mangrove width change
rates were compared (see Section 3.2.3).

It was found that the accretion rate is higher when a mangrove forest is expanding, as opposed to when
it is contracting or stable. The lowest accretion rates are observed when the forest is contracting. Fur-
thermore, it was observed that the 85th percentile is significantly higher for expanding and contracting
mangrove forests than for stable ones, indicating the occurrence of more extreme accretion events.
Furthermore, it has been found that erosion rates are highest when a mangrove forest is contracting
and lowest when it is stable. The 15th percentile suggests that erosion rates are less extreme when
a mangrove forest is stable than when it is expanding or contracting. For both accreding and eroding
coastlines, the lowest variability in coastline position change rates was observed when the mangrove
forest is stable, but the highest variability when the mangrove forest is expanding. For a visual repre-
sentation of these results, see Figures 3.18 and 3.19.

The research also found a negative correlation between the change rates of mangrove width and
coastline position. This means the mangrove width tends to reduce as the coastline shifts inward.
Furthermore, it was found that as the coastline shifts seaward, the mangrove forest tends to expand
correspondingly. For a visual representation of these results, see Figure 3.17.

4. Locally, how do erosion and accretion rates vary between coastlines hosting contracting,
stable or expanding mud-mangrove belts?

In order to answer this question, two case study areas were selected (see Section 4.1 and Section 4.2).
Both case studies considered a 15-kilometre coastline. It is assumed that hydrodynamic and climatic
conditions are similar among the transects in the case studies. In the first case study, the coastline is
mostly experiencing erosion and the mangrove forest is stable. In the second case study, the coastline
is mostly experiencing erosion and the mangrove forest is contracting. The first case study compared
the median coastline positions of the eroding transects with a contracting, stable and expanding man-
grove forest. The second case study compared the median coastline positions of the eroding transects
with a contracting and expanding mangrove forest. Additionally, the median coastline positions of ac-
creding transects with contracting and stable mangrove forests were compared.

Both case studies found that when the coastline is eroding, an expanding mangrove forest causes the
coastline to erode less than when a mangrove forest is contracting (see Figure 4.6 and Figure 4.13).
Additionally, case study 1 found that a stable forest causes less erosion than when a mangrove forest
is contracting (see Figure 4.6). In case study 2, it was discovered that an expanding mangrove forest
causes more accretion than a stable mangrove forest. However, the difference is not substantial (see
Figure 4.14).



Discussion

This chapter will discuss the data, the methods used to analyse the data, and the results. Firstly, the
results of the global and local assessment in relation to the literature study will be discussed. Secondly,
the limitations of the data used in the global and local assessment will be discussed. Finally, the
limitations of the methods used to analyse the data will be discussed.

6.1. The value of mangroves on coastline stability

In Chapter 2, the influence of mangroves on coastline stability was investigated using a literature study.
It was found that a delicate relationship exists between erosion and accretion processes within man-
grove ecosystems. Mangrove forests trap and stabilize sediments and can also alter the tidal flat to
become more flood-dominant, promoting sedimentation. However, mangrove forests can also promote
soil degradation and erosion by, for example, an increase in turbulence around the roots. The results
showed that mangrove transects caused slightly higher accretion and erosion rates than non-mangrove
transects. However, the differences between mangrove and non-mangrove transects are not substan-
tial. These findings suggest that relying solely on global data may not provide precise insights into the
effect of the presence of mangrove ecosystems on coastline stability. Aside from data limitations, which
will be discussed in Section 6.2, two factors might contribute to this lack of precision. Firstly, coastal
regions exhibit significant variability in geological, climatic, and hydrodynamic conditions. These varia-
tions were not taken into account in the global assessment. Secondly, human activities such as coastal
development, land-use changes, and pollution can significantly alter coastline dynamic. The degree
of human influences also was not taken into account in the global assessment. Additionally, from the
literature study, it was expected that mangroves would predominantly facilitate accretion and not ero-
sion. This mismatch between the results in the global assessment and the literature could be caused
by the fact that other factors, such as sediment availability or the type of mangrove species, heavily
influence the results.

In Chapter 2, it was discovered that a wider belt of mangroves leads to increased coastline stability.
This is because a larger width of mangroves is a more effective barrier against wave energy and tidal
forces, reducing their erosive impact on the coastline. The global assessment showed that a larger
mangrove width resulted in higher accretion- and erosion rates than smaller widths. Furthermore, at
larger mangrove widths, erosion rates were higher than accretion rates. In case study 1, a larger
mangrove width resulted in smaller erosion rates than a lower mangrove width. In the global and
local assessment, contrasting results were thus found. The results in the local assessment align with
the literature study, but the results in the global assessment do not. It is expected that the results
of the global assessment are heavily influenced by the significant difference in data points for larger
widths compared to smaller widths. With the methods used to find the trend previously described (see
Appendix B), extreme outliers will more likely be included in the higher mangrove widths than the lower
mangrove widths, which can result in a higher variability for larger mangrove widths.
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According to literature (see Chapter 2), the state of mangrove forests (expanding, contracting, and
stable) is related to coastline stability, but the exact nature of the relationship is not known. It remains
unclear whether mangrove ecosystems primarily stabilize the coastline, or if the stability of the coastline
predominantly supports the mangrove ecosystems. This ambiguity is central to the land-consolidators
vs. land-builders theory, which describes differing roles for mangroves in coastal dynamics. In the
results, it seems that a mangrove forest should at least be stable, but even better be expanding in
order to keep erosion rates low and accretion rates high. Additionally, it was found that the mangrove
width typically decreases as the coastline shifts inward. Moreover, in frameworks 3 and 4, it was found
that as the coastline expands, the mangrove forest tends to expand as well. While these results do
show a correlation between the state of the mangrove forest and coastline stability, the influence of
the state of the coastline on the stability of a mangrove forest and which correlation is the strongest
is not investigated. In Appendix D, it was investigated if a correlation exists between yearly mangrove
change rates and coastline position change rates and vice versa. However, no correlations were found
on this small time scale. A clear answer on whether the state of the coastline influences the mangrove
forest the most or vice versa can not be given.

6.2. Data limitations

Data limitations in this research can introduce significant uncertainties, affecting the precision and ac-
curacy of results. The factors influencing the robustness of the results will be summarized below.

One of the primary challenges arises from the spatial resolution of the datasets, with mangrove data
collected at 25-meter intervals and coastline position data at 30-meter intervals. This introduces lim-
itations in capturing fine-scale coastal features and mangrove dynamics. This coarse resolution may
overlook subtle changes and nuances in coastal processes, potentially leading to underestimation or
misinterpretation of the interactions between mangrove ecosystems and coastline stability. Secondly,
in the coastline position dataset, varying degrees of missing data is observed. This introduces uncer-
tainties, especially in areas with limited satellite coverage or sparse survey efforts. Missing data leads
to the loss of valuable information and can bias results. In order to address the previous challenges, a
systematic approach was used. This approach employed four distinct frameworks that were designed
to mitigate these issues. Each framework progressively reduced the complexity of the data used, pro-
viding insights into the robustness of the findings despite uncertainties. Despite the reduction in dataset
complexity across the four frameworks, the results remained remarkably consistent, underscoring the
reliability of the findings. However, it is essential to recognize that while these frameworks enhance the
reliability of the results, uncertainties may still persist. Factors such as incomplete coverage, spatial
resolution limitations, and potential misclassifications can continue to influence the outcomes to some
extent.

The third challenge lies in the temporal resolution of the datasets. The mangrove forest change rate
is derived from just three years within a nine-year timeframe (2007, 2010, 2016) in the global assess-
ment and six years within a nine-year timeframe (2007, 2008, 2009, 2010, 2015, 2016) in the local
assessment. Increasing the temporal coverage of the mangrove forest change rate data would provide
a more comprehensive understanding of long-term mangrove dynamics and their impact on coastline
stability. Given the significant fluctuations in coastline position throughout the year, relying on annual
data points may overlook important short-term variations and complexities in coastal dynamics. In-
creasing the temporal coverage of both mangrove forests data and coastline position data would offer
a more comprehensive understanding of long-term mangrove dynamics and their impact on coastline
stability while capturing the nuanced short-term fluctuations in coastline position. Efforts were made
to optimize the time span investigated to maximize the availability of mangrove data and enhance the
comprehensiveness of the analysis. This resulted in selecting the time span from 2005 to 2016. In the
global assessment, only the mangrove datasets from 2007, 2010 and 2016 were added due to compu-
tational limitations and time constraints. The other mangrove datasets between 2007 and 2016 were
added to the local assessment to understand long-term mangrove dynamics more comprehensively.
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Furthermore, muddy, sandy, and mixed transects can be misclassified, which can influence the results.
This is critical because muddy, sandy, and mixed coastlines behave differently in relation to the effects
of mangrove ecosystems. Misclassifications can lead to inaccurate assessments of the effect of man-
groves on coastline stability. However, it should be noted that in the Muddy Shoreline Monitor dataset,
the muddy transects are classified with an accuracy of 86.5% (Hulskamp et al., 2023). Therefore, only
a small number of transects are likely to be affected.

Finally, in the local assessment, two separate datasets were utilized to evaluate mangrove width
changes over a six-year period. The analysis involved using the Global Mangrove Watch dataset
for 2008, 2009 and 2015 and the Worthington et al. (2020) dataset, which is derived from the Global
Mangrove Watch (GMW), for 2007, 2010 and 2016. Notably, the Worthington et al. (2020) dataset ex-
hibited a higher level of detail compared to the GMW dataset, resulting in variations in mangrove width
measurements between the two datasets. Despite similarities in the observed trends in mangrove
width changes, the mangrove widths differed substantially between both datasets. While the trends
calculated from the GMW dataset were applied to the Worthington et al. (2020) dataset to maintain
consistency, this approach may still introduce uncertainties.

6.3. Limitations in the data analysis

Aside from data limitations, the methods used in the data analysis can also introduce uncertainties.
This section will outline the primary limitations encountered in the analysis.

The first limitations occur when calculating the mangrove width. Firstly, the width is measured along
transects, which may not fully capture the true extent of mangrove forests. This approach could resultin
inaccuracies of mangrove width, particularly in areas where mangrove forests exhibit irregular shapes
or great width variability. This is because transect-based measurements only provide data along spe-
cific lines and do not capture the full spatial complexity of the forest. As a result, variations in width
that occur between transects may be missed, leading to an incomplete or distorted representation of
the forest’s actual dimensions. Secondly, the criterion for defining gaps between mangrove patches,
set at 500 meters, is somewhat arbitrary. This criterion could cause inaccuracies in defining the real
extend of mangrove forests that influence the coastline stability.

Other limitations occur when calculating the mangrove width change rates. The methodology that is
now employed does not differentiate between larger and smaller mangrove forests, potentially over-
looking the varying degrees of impact associated with changes in width. For example, a decrease in
width of 25 meters may have a more significant effect on smaller forests than larger ones. Yet, this
distinction is not accounted for in the analysis. Furthermore, one important consideration that was not
accounted for is the location at which the width increases or decreases. While the analysis focused on
quantifying changes in mangrove width, the specific location of these changes, particularly in relation
to the coastline, was not included in the assessment. This exclusion can be significant because an
increase or decrease in mangrove width near the coastline will have more impact on coastline stability
than similar changes occurring at the end of the forest. The analysis may overlook important nuances
in mangrove dynamics and their influence on coastline stability by not considering the spatial distribu-
tion of width changes, particularly near the coastline.

Finally, when examining the case studies, it is assumed that consistent hydrodynamic conditions pre-
vail throughout the study areas. However, particularly in case study 1, this assumption may not entirely
hold true. Transects within the study area vary in their degree of exposure to the open sea. While
some are positioned directly along the open sea, others are more sheltered within embayments. This
variability in transect locations introduces potential differences in local hydrodynamic conditions, which
could impact mangrove dynamics and coastline stability differently across the study area. For instance,
areas near the open sea may experience stronger wave action and tidal currents than areas within em-
bayments, leading to variations in sediment transport and vegetation growth dynamics. Acknowledging
that these differences in hydrodynamic conditions may introduce uncertainties when interpreting results
is important.






Conclusion

This chapter combines the key results from the global and local assessment, which are divided into
three groups: the effect of the presence of mangroves on coastline stability, the effect of the width of
a mangrove forest on coastline stability, and the effect of the state of a mangrove forest (expanding,
stable, or contracting) on coastline stability.

First, the impact of mangrove presence on coastline stability was examined. Due to limited data avail-
ability, the coastline position change rates for mangrove and non-mangrove transects were only com-
pared in the global assessment. It was found that mangroves experience slightly higher sedimenta-
tion rates than non-mangrove areas. However, mangrove transects globally also demonstrate slightly
higher erosion rates than non-mangrove transects. The variability for both datasets is similar. The
results thus indicate a difference between mangrove and non-mangrove transects globally, although
this difference is not substantial.

Next, the influence of mangrove forest width on coastline stability was investigated. In the global as-
sessment, it was found that for larger mangrove widths, the accretion and erosion rates increase. Fur-
thermore, the erosion rates are higher than the accretion rates for larger mangrove widths. It was also
found that the variability in the dataset is greater for larger mangrove widths than for smaller mangrove
widths. Conversely, in the local assessment, it was found that larger mangrove widths (above 1000
meters) prevent erosion more effectively than smaller ones (below 1000 meters). Thus, contrasting
results emerged between the local and global assessments.

Lastly, the effect of the state of a mangrove forest on coastline stability was investigated. In the global
assessment, higher accretion rates were observed when a mangrove forest is expanding and stable
compared to when a mangrove forest is contracting. The highest accretion rates were observed when
a mangrove is expanding and the lowest when a mangrove forest is contracting. Conversely, erosion
rates are the highest when a mangrove forest is contracting and are lowest when the forest is stable.
The most extreme accretion and erosion events occur when a mangrove forest is expanding. Stable
mangrove forests exhibited the least extreme coastline position change rates, regardless of whether
they were accreding or eroding. Furthermore, when the coastline is accreding, mangrove forests tend
to expand, while when the coastline is eroding, mangrove forests tend to contract. Similar trends were
observed in the local assessment. The highest erosion rates were found when a forest is contracting,
while the lowest erosion rates were found when a forest is expanding. Additionally, slightly higher
accretion rates were found in stable mangrove forests compared to contracting ones, although this
difference was minimal. It can be concluded that stable and expanding mangrove forests are better at
promoting accretion and mitigating erosion than contracting mangrove forests.
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Recommendations

8.1. Implications for governmental policies

The findings of this study emphasize the influence of mangrove forest conditions (expanding, stable, or
contracting) on coastal dynamics and stability. Specifically, it was observed that expanding and stable
mangrove forests are associated with higher accretion rates and lower erosion rates compared to con-
tracting forests. This highlights the importance of maintaining or promoting the stability and expansion
of mangrove forests for coastal protection and resilience. However, this research did not explore the
potential reciprocal effect of coastline stability on the health and stability of mangrove forests. While
measures should include protecting existing mangrove forests from anthropogenic pressures such as
deforestation, pollution, and urban development, and initiatives to restore degraded mangrove areas,
further research is needed to determine the most effective strategies. Understanding and enhancing
coastline stability should also be a focus to support the mutual benefits between mangroves and coastal
environments. This can be achieved by allocating sufficient resources for comprehensive research on
the effect of mangroves on coastline stability but also by enhancing data accessibility by f.e. making
historical records and field research data openly available.

8.2. Implications for scientists

The findings of this study underscore the complex and nuanced relationship between mangrove forests
and coastline stability. While this research suggests a link between the state of mangrove forests (ex-
panding, stable, or contracting) and coastline stability, the reciprocal influence of coastline stability on
the stability of a mangrove forest remains unexplored. This gap, therefore, presents a significant oppor-
tunity for future research to better understand the interactions between coastline stability and mangrove
ecosystems. It is advised to first perform this analysis on a global level to identify if broad trends exist
across different climatic and hydrodynamic conditions before conducting local studies. By focusing on
localized studies, regional variations, and factors influencing mangrove-coastline interactions can be
explored in depth. When selecting local study areas, it is recommended to choose sites with minimal
anthropogenic influences to better isolate natural processes affecting mangrove-coastline interactions.

Additionally, the research highlights contrasting results concerning the impact of mangrove forest width
on coastline stability. These results may be biased due to differences in sample sizes between larger
and smaller forests. To mitigate this bias, researchers should utilize statistical techniques such as
weighted analysis and bootstrapping to ensure more balanced and robust results. The inconsistencies
in the findings also suggest that the factors influencing mangrove effectiveness in stabilizing coastlines
are more complex, potentially involving a combination of biophysical, ecological, and geomorphologi-
cal variables. Future studies should aim to unravel these complexities by examining a broader range
of environmental conditions and mangrove characteristics, such as sediment availability, forest den-
sity, and different types of root structures. As global data might be insufficiently precise, these studies
should preferably be conducted on a local level using detailed local data.
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Moreover, when comparing transects with and without mangroves on a global scale, only minor dif-
ferences were detected. These findings suggest that relying solely on global data may not provide
precise insights into the precise effect of the presence of mangroves on coastline stability. This can
be caused by not accounting for the significant heterogeneity in terms of geological, climatic, and hy-
drodynamic conditions in coastal environments. To address this limitation, one approach is to split the
dataset according to coastline regimes based on specific environmental characteristics. For instance,
coastal areas can be categorized into different regimes based on factors such as tidal range, wave
height, storm frequency, and sediment composition. By categorizing coastlines into distinct regimes,
researchers can better capture the diversity of coastal environments and assess how different condi-
tions affect mangrove-coastline interactions. The same approach can be used to categorize coastlines
according to anthropological influences.

When utilizing global data, it is advised to enhance the reliability of the results by decreasing the uncer-
tainty in the datasets and increasing the temporal coverage. Firstly, efforts should be directed towards
reducing incomplete coverage and missing data, especially in remote or poorly surveyed areas. One
approach to improve data accuracy is using Sentinel-2 data, which offers a spatial resolution of 10 me-
ters or other advanced remote sensing techniques. On a global scale, Sentinel-2 data is considered
one of the most reliable remote sensing sources. In addition to using global datasets, local studies
can improve data precision. Conducting site investigations can help refine the spatial resolution of
both mangrove and coastline stability datasets, allowing for capturing fine-scale coastal features and
mangrove dynamics with greater accuracy. Additionally, efforts should be directed to minimize mis-
classifications of muddy, sandy and mixed transects to reduce uncertainty in dataset interpretation.
By implementing more precise classification methodologies and validation techniques, the reliability of
dataset interpretations can be enhanced.

Furthermore, efforts should also be directed at increasing the temporal coverage of mangrove forest
data and coastline position data. Including more datasets within the time frame beyond the current
three-year interval (2007, 2010, 2016) regarding mangrove width datasets would offer valuable in-
sights into temporal trends and variability in mangrove ecosystems. Additionally, by acquiring multiple
readings of coastline position throughout the year, researchers can gain a more detailed insight into the
temporal variability of coastal features and rule out seasonal bias. This higher temporal resolution en-
ables the detection of short-term changes, such as erosion events, accretion processes, and seasonal
fluctuations, which may not be adequately captured by annual readings alone. This expanded temporal
resolution in both mangrove width and coastline position can enhance the accuracy and reliability of
analyses.

8.3. Suggestions for further research

Based on the findings of this study, there are several areas where further research could improve our
understanding of mangrove ecosystems and coastline stability. The following recommendations pro-
vide directions for refining methods and broadening the scope of analysis.

When using the Global Mangrove Watch dataset and the dataset by Worthington et al. (2020), efforts
should be directed at minimizing the disparities between both datasets. One key approach could in-
volve validating both datasets using Sentinel-2 data. By comparing mangrove width measurements
derived from Sentinel-2 imagery with those from the existing datasets, discrepancies and inaccuracies
can be identified and addressed.

Furthermore, further research should concentrate on enhancing the methods for measuring the man-
grove width. Enhancing the precision of the data is crucial. However, considering irregular shapes
present in mangrove forests, by avoiding a transect-based calculation or refining the criteria for identi-
fying gaps between mangrove patches can substantially improve the accuracy of the analysis.
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To address the limitations associated with calculating the mangrove width change rates, future studies
should refine the methodology to differentiate between larger and smaller mangrove forests. By mak-
ing this distinction, researchers can better understand how changes in mangrove width affect different
forest sizes. Additionally, there should be a focus on incorporating spatial information into the analysis.
Specifically, the research should consider the location of width changes in relation to the coastline, as
changes occurring near the coastline are likely to have a more pronounced impact on coastline stability.
Incorporating these improvements into future analyses will enhance the accuracy of the results.

Moreover, further research should also focus on expanding the scope of analysis to include other types
of mangrove forests, such as lagoonal, deltaic, and estuarine mangroves and include sandy- and mixed
coastlines. This can enrich the understanding of mangrove dynamics and their influence on coastline
stability. These diverse mangrove ecosystems exhibit unique characteristics and interactions with their
surrounding environments, which may have varying implications for coastline stability.

Finally, when conducting local studies, both eroding and accreding coastlines should be further re-
searched. Exploring fully eroding coastlines through further investigation can offer valuable insights into
the persistence of observed trends across diverse locations and environmental conditions. Similarly,
exploring accreding coastlines can unveil potential divergent patterns in contrast to eroding coastlines.






Glossary

accretion Accretion pertains to anchoring deposited materials onto the soil or substrate, reducing
their susceptibility to erosion by waves or tides. Accretion contributes to the gradual buildup of
landforms (Mclvor et al., 2013). 19

biogeomorphic Biogeomorphology focuses on understanding the intricate relationships between eco-
logical and geomorphological processes. It explores how living organisms, such as plants and
animals, interact with and influence the shaping of landscapes (Viles, 1988). 2

brackish water Brackish water is a mixture between freshwater and seawater. Water is defined to be
brackish water if the total dissolved solids (TDS) in the water is between 1-25 [g/L]. This range is
higher than that of freshwater (< 1 [g/L]) and lower than that of salt water (> 35 [g/L]) (Tian et al.,
2021). 5

carbonate sediments Carbonate sediments are derived from marine environments. They are formed
from calcium carbonate, which most often originates from shells or the remains of marine organ-
isms (Bosboom & Stive, 2021). 10

concave-up A concave-up profile is characterized by a shape that slopes downward. This means that
the upper tidal flat has a larger slope than the lower tidal flat (Hanssen et al., 2022). 14

convex-up A convex-up profile is characterized by a shape that bulges upward. This means that the
lower tidal flat has a larger slope than the upper tidal flat (Hanssen et al., 2022). 2

ebb-dominant An ebb-dominant system indicates that the ebb tide has a higher velocity and lower
duration than the flood tide. Therefore, an ebb-dominated system tends to export sediment (Bos-
boom & Stive, 2021). 22

flood-dominant A flood-dominant system indicates that the flood tide has a higher velocity and lower
duration than the ebb tide. Therefore, a flood-dominated system tends to import sediment (Bos-
boom & Stive, 2021). 2

geomorphological Geomorphology is the scientific study of the origin, evolution, and classification
of landforms on the Earth’s surface. The discipline encompasses the study of landforms such
as mountains, valleys, plains, rivers, and coastal features, providing insights into the dynamic
processes that shape the Earth’s surface (l. S. Evans, 2012). 6

intertidal area The intertidal area is situated between mean sea level (MSL) and high tide. At low tide,
this area is exposed to air and at high tide, this area is partially submerged (J. Ellison, 2009). 5

mangals The term "Mangals” is used to refer to the entire ecosystem of plant life found in a swamp
within a mangrove forest. It encompasses all the vegetation, including various species of plants
that thrive in the intertidal area (Macnae, 1968 and Hamilton, 2019). 5

mangrove forests The term "mangrove forest” specifically denotes those species classified as man-
grove trees within mangals (Macnae, 1968 and Hamilton, 2019). 5

morphodynamic Morphodynamics is the process by which the interaction between landforms (mor-
phology) and physical forces such as hydrodynamics (tides, currents, waves) influences the on-
going evolution of those landforms. This dynamic interplay involves sedimentation, erosion, and
sediment transport processes, which continuously reshape the landscape over time (Flanders
Marine Institute (VLIZ), 2021 and Friedrichs, 2011). 13
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morphological Coastal morphology is the study of the form and structure of coastal systems or their
components. Examples include the morphology of deltas, estuaries, beaches, and bedforms
((Flanders Marine Institute (VLIZ), 2024). 1

sedimentation Sedimentation is the process of depositing both organic and inorganic materials onto
the soil surface, often facilitated by natural forces such as water movement, wind, or gravity
(Mclvor et al., 2013). 20

terrigenous sediments Terrigenous sediments are sediments that result from the weathering of con-
tinental rocks (terrestrial rocks) (Balke & Friess, 2016). 10

tidal creeks A tidal creek is a dynamic stream that drains the tidal flat. It undergoes flushing during
each tidal cycle, allowing for the exchange of water and nutrients. These creeks exhibit signifi-
cant temporal variations in their physical conditions, influenced by tidal movements and seasonal
changes (Hackney et al., 1976). 11



Mangrove genera

There are approximately 27 genera of mangroves in total. According to the most strict criteria outlined
by Tomlinson, 2016, only 9 of these genera are considered to be true mangroves. However, it's im-
portant to note that the classification of true mangroves can be contentious among researchers due to
the inherent challenges in precisely defining what species qualify as a true mangrove. The list of these
27 mangrove genera is provided below, with those designated as true mangroves by Tomlinson, 2016
underlined.

Table A.1: List of the 27 different genera of mangroves (N. Duke, 1992)

Number | Genus Number | Genus

1 Acrostichum 15 Bruguiera

2 Aegialitis 16 Ceriops

3 Pelliciera 17 Kandelia

4 Heritiera 18 Rhizophora
5 Diospyros 19 Excoecaria
6 Aegiceras 20 Aglaia

7 Cynometra 21 Xylocarpus

8 Mora 22 Avicennia

9 Conocarpus 23 Acanthus

10 Lumnitzera 24 Dolichandrone
1 Pemphis 25 Scyphiphora
12 Osbornia 26 Nypa

13 Sonneratia 27 Laguncularia
14 Camptostemon
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Global assessment

This appendix discusses the results of the global assessment for each framework. The results are
divided into four categories. The first category includes results that only show the change rates in the
coastline position. The second category includes results that show the cross-shore width of the man-
groves. The third category includes the results that compare the cross-shore width of the mangroves to
the coastline position change rates. The final category includes the results that compare the mangrove
cross-shore width change rates to the coastline position change rates.

B.1. Framework 1

Coastline position change rates

The histogram shown in Figure B.1 compares the distribution of coastline position change rates for
two types of transects - those inside mangrove areas (represented in red) and those outside mangrove
areas (represented in blue). The histogram focuses on change rates between -15 and 15 [m/yr] to
visualise the most common values better. The distribution of mangrove transects and non-mangrove
transects is found to be highly similar. Both distributions exhibit a slightly negative median value, which
stays within the stable range (-0.5 and 0.5), indicating a tendency towards coastline stability. Further
examination reveals that the median rate for accreding transects (above 0.5) is slightly higher for man-
grove transects than non-mangrove transects. However, for eroding transects (below -0.5), the median
is slightly lower for mangrove transects than non-mangrove transects. These differences, however, are
minor.

: —— Median Change Rate Mangrove Transects: -0.095
100000 i —— Median Change Rate Non-Mangrove Transects: -0.086
i --~ Median Change Rate Accreding Mangrove Transects: 1.828

~-~ Median Change Rate Accreding Non-Mangrove Transects: 1.811
------ Median Change Rate Eroding Mangrove Transects: -1.823

Median Change Rate Eroding Non-Mangrove Transects: -1.807

Mangrove Transects

Non-Mangrove Transects
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Figure B.1: Coastline position change rates for mangrove and non-mangrove transects
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The study analyzed the rates of change in the position of coastlines for both mangrove and non-
mangrove transects. The rates were then grouped into four categories: transects that were eroding
(change rate below -0.5), transects that were accreding (change rates above 0.5), transects with a neg-
ative change rate, and transects with a positive change rate. Figure B.2 shows boxplots that present the
median, standard deviation, and interquartile range for each category. The results indicate that man-
grove transects tend to move closer to the stability range (around -0.5 and 0.5) than non-mangrove
transects when considering all negative and positive values. Additionally, mangrove transects exhibit
lower standard deviations, suggesting a lower overall variability than non-mangrove transects. How-
ever, the interquartile range is similar for both mangrove and non-mangrove transects.
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Figure B.2: Coastline position change rates for mangrove and non-mangrove transects

The sample sizes between mangrove and non-mangrove transects are imbalanced, as shown in Figure
B.2 and B.1. There are over four times as many non-mangrove transects as there are mangrove tran-
sects in this framework. A specific approach was used to evaluate whether this disparity influenced the
observed behaviour. Data points were randomly selected within eroding and accreding non-mangrove
transect categories, with the number of points chosen matching the count of mangrove transects within
their respective eroding and accreding categories. Specifically, 34406 non-mangrove transects within
the eroding category and 28283 non-mangrove transects within the accreding category were randomly
chosen. This process was repeated 1000 times, and the median and standard deviation of the ran-
domly selected data points were recorded each time. Histograms in Figures B.3 and B.4 depict each
run’s calculated medians and standard deviations. Figures B.3a and B.3b showcase the distribution
of medians and standard deviations across 1000 runs for eroding non-mangrove transects. These fig-
ures also highlight the median, 85th, and 15th percentiles, along with the median value and standard
deviation of mangrove transects, consistent with Figure B.2 and Figure B.3a shows a similar trend to
that in Figure B.2. Most non-mangrove transect medians exceed that of mangrove transects, with only
a small fraction (<15%) falling below the median. Furthermore, the standard deviations of mangrove
and non-mangrove transects are very similar. This reaffirms the earlier observation that mangrove
transects erode slightly more than non-mangrove transects.
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Figure B.3: Eroding non-mangrove transects

In Figure B.3b, the distribution of standard deviations for eroding non-mangrove transects is depicted.
Itis clear from the figure that the standard deviations among non-mangrove transects are mostly higher
(>85%) than those of mangrove transects. This suggests that the variability in change rates among non-
mangrove transects is slightly broader than among mangrove transects, consistent with the conclusion
drawn from Figure B.2. Moving to Figure B.4a, the distribution of medians for accreding non-mangrove
transects can be seen. It is apparent from this figure that most medians (>85%) are lower than the me-
dian value of mangrove transects. This reaffirms the observation in Figure B.2 that mangrove transects
accrede slightly more than non-mangrove transects. Additionally, Figure B.4b indicates that the ma-
jority of non-mangrove transects (>85%) exhibit a higher standard deviation than mangrove transects.
This suggests that the variability in change rates among non-mangrove transects is higher compared
to mangrove transects, consistent with the findings from Figure B.2.
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Figure B.4: Accreding non-mangrove transects

In the pie chart shown in Figure B.5, the distribution of coastal states (accreding, eroding, and stable
transects) for mangrove and non-mangrove transects is depicted. Overall, there are minimal differ-
ences between the two categories. Mangrove transects appear to be slightly more stable than non-
mangrove transects. However, they also exhibit a somewhat higher proportion of eroding transects
and a slightly lower proportion of accreding transects.
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Figure B.5: The coastal state distribution for mangrove and non-mangrove transects

Mangrove cross-shore width

In Figure B.6, an overview of contracting, expanding, and stable mangrove forests is shown for a
total of 91124 mangrove transects. The figure illustrates that nearly 73% of the transects are stable.
Furthermore, approximately 17% of the transects are contracting, while a very small proportion, around
10%, is expanding.
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Figure B.6: The distribution of contracting, expanding and stable mangrove forests

Mangrove cross-shore width compared to coastline position change rate

Figure B.7 displays the relationship between the cross-shore mangrove width along the transects and
the change rate of the coastline position. The scatterplot on the graph has a wide variety of points for
mangrove widths below 4000 meters. However, beyond this threshold, the change rate of the coast-
line position tends to cluster around the horizontal axis, indicating a more stable situation. The graph
also includes two histograms. The first shows the distribution of mangrove widths, which mostly range
between 0 and 1000 meters. The second histogram shows the distribution of coastline position change
rates, mostly around zero.

The clustered data points around the horizontal axis of the scatterplot for values above 4000 meters can
be attributed to the limited number of data points available in that range. Two methods are employed to
investigate the observed trend further. In the first method, two bin widths are selected, namely 100 [m]
and 500 [m]. Within these bin widths, the 15th and 85th percentile are calculated. These percentiles
indicate the thresholds below which 15% and 85% of the data points fall, providing insights into the
range and variability of the dataset. If the difference between the 15th and 85th percentile is smaller,
it may indicate a more consistent pattern or reduced variability for a certain mangrove width. A more
consistent pattern between mangrove width and coastline position suggests a stronger correlation or
relationship between these variables. To account for the imbalance in data points per bin, 100 points
per bin are chosen, and the 15th and 85th percentiles are calculated using these data points. The 15th
and 85th percentiles per bin are then connected using a least-squares linear regression line. For the
second method, a bin width of 500 [m] is chosen, and within each bin, 100 random points are selected
to create a boxplot. Only bins containing more than 100 data points are considered. A linear regression
line is then drawn using the median values from each boxplot.
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To summarize, the first method calculates percentiles to provide insights into the range and variability
of the dataset. In contrast, the second method employs boxplots and linear regression lines to visualize
the relationship between mangrove width and coastline position.
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Figure B.7: scatterplot depicting the cross-shore mangrove width versus the coastline position change
rate

In Figures B.8 and B.9, the cross-shore mangrove width is compared with the change rate of the coast-
line position for bin widths of 500 and 100 meters, respectively. When a bin width of 500 meters is used
to sample the data, each bin covers a broader range of mangrove widths. This broader range can help
smooth out small-scale fluctuations that influence the results. However, when using a smaller bin size
of 100 meters, the data within each bin can show more variability, leading to fluctuations in the 15th and
85th percentiles as mangrove width increases. This increased variability can obscure the overall trend
and make it harder to discern the relationship between mangrove width and coastline change rate. On
the other hand, narrower bins may highlight more localized variability within specific width ranges.

In Figure B.8, the 15th and 85th percentiles are depicted using a specific method. Initially, 100 data
points are sampled per bin, and the 15th and 85th percentiles are computed for each bin. Subse-
quently, a linear regression is performed. The dashed lines in the figure represent the "raw data,”
which incorporates all the data points per bin. The 15th and 85th percentiles are computed per bin
and then connected for these lines. Analysis of the linear regression lines reveals that the separation
between the 85th and 15th percentiles widens with increasing mangrove width. Notably, the raw data
closely aligns with the linear regression line. Beyond 4500 meters, the linear regression lines cease,
leaving only the raw data lines. This change showcases that the percentile lines converge, suggesting
reduced variability and increased correlation between the variables.
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However, this observed trend might also be influenced by limited values in bins after 4500 meters (fewer
than 100). To assess the consistency of the observed trends, the slopes of the 85th and 15th percentiles
are calculated 1000 times. The resulting distribution of slopes for the 15th and 85th percentiles is shown
in the top right and bottom correct figures of Figure B.8, respectively. Analysis indicates that the slope
of the 15th percentile is consistently (slightly) negative across the 1000 runs. Conversely, the slope of
the 85th percentile tends to centre around zero. This implies that the 85th percentile line can exhibit
slight positive, slight negative, or stable slopes, while the 15th percentile line consistently exhibits a
negative slope. Consequently, making definitive statements regarding changes in variability for higher
mangrove widths is challenging.
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Figure B.8: Bin width of 500 [m]

Figure B.9 shows lines similar to those in Figure B.8, but with a bin width of 100 meters. Upon examining
the lines derived from linear regression, it becomes clear that the gap between the 85th and 15th
percentiles widens as the mangrove width increases. This trend is reflected in the raw data, which
closely resembles the linear regression line. However, the linear regression lines terminate beyond
3750 meters, leaving only those derived from raw data. This suggests a convergence of percentile
lines, indicating reduced variability and heightened correlation between the variables. However, this
observed trend may be influenced by the limited values within bins after 3750 meters (less than 100).
The distribution of calculated slopes for the 15th and 85th percentiles across 1000 runs is illustrated
in the top right and bottom right figures of Figure B.8, respectively. In these 1000 runs, the slope of
the 15th percentile consistently manifests as negative. Conversely, the slope of the 85th percentile
consistently appears positive across these runs. This suggests that the gap between the 15th and 85th
percentiles widens for greater mangrove widths, indicative of increasing variability.
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Figure B.9: Bin width of 100 [m]

Figures B.10 and B.11 display the results of method 2 for accreding change rates and eroding change
rates, respectively. Upon close examination of the boxplots, several patterns emerge. Firstly, the
interquartile range appears relatively narrow for mangrove widths up to 1500 meters, suggesting con-
sistent data within this range. However, numerous outliers are present within this interval. Between
1500 and 4000 meters, the interquartile range significantly expands, indicating increased variability
in the data around the median. Moreover, the prevalence of numerous outliers persists. Finally, the
interquartile range narrows again in the higher range (> 4000 meters), and the outliers are more con-
centrated towards the median. This could imply that the variability in the data decreases beyond a
certain threshold of mangrove width, and the observations become more uniform. However, there isn’t
enough data to confirm this hypothesis above a width of 4000 meters. To verify the persistence of the
observed trend, the analysis is repeated 1000 times, with the slope of the linear regression line calcu-
lated and recorded in each iteration. The distribution of these slopes is visualized in the right subplot
of Figure B.10. Notably, most (>85%) of these slopes exhibit a positive trend. This indicates that for
wider mangrove widths, accretion rates tend to increase.
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Figure B.10: Random sampling within accreding change rates (> 0.5 [m])
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In Figure B.11, representing eroding change rates, an inverse trend compared to that observed in Figure
B.10 is evident. Specifically, the linear regression line exhibits a slight downward slope, suggesting that
with increasing mangrove width, there is a tendency for more significant erosion. Furthermore, upon
closer examination, it is noticeable that in the higher range of mangrove widths (>2000 meters), the
interquartile range widens compared to the lower ranges. This suggests a broader dispersion of data
points around the median, indicating increased variability in erosion rates as mangrove width increases.
These trends remain consistent when alternative random data points are selected. To assess the
stability of the observed pattern regarding the slope of the linear regression line, 1000 iterations are
conducted. The analysis reveals that most slopes are negative, with only a few positive slopes. This
indicates that for wider mangrove widths, erosion rates tend to increase.
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Figure B.11: Random sampling within eroding change rates (< -0.5 [m])

The change rate of the cross-shore mangrove width compared to the coastline position Change Rate
In Figure B.12, a scatterplotillustrates the comparison between the cross-shore mangrove width change
rate and the change rate of the coastline position. Most transects are situated on the y-axis, indicat-
ing stable mangrove forests. The second-highest concentration of mangrove transects is found in the
bottom left quadrant. This observation implies a negative correlation between the change rates of
mangrove width and coastline position. Specifically, as the coastline shifts inland (demonstrated by a
negative change rate), there is a tendency for mangrove forests to contract. No similar trend is ob-
served on the right side of the graph, which indicates situations where the mangrove forest expands.
The distribution of points in the quadrants representing an erosional coastline versus an accreding
coast appears relatively balanced, suggesting comparable erosion and accretion along the coastline
when a mangrove forest is expanding.
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Figure B.12: Scatterplot cross-shore mangrove width change rate versus the coastline position change
rate with bin width 50

It is shown in Figure B.6 that most mangrove ecosystems are considered stable. To further examine
the distribution of coastline position change rates, mainly when the cross-shore mangrove change
rate is zero meters per year, a histogram that illustrates the distribution of coastline position change
rates is displayed in Figure B.13. This figure shows that the median coastline position change rate is
slightly negative (-0.094), indicating that the coastline is shifting slightly inland, reflecting a negative
change rate when the mangrove width remains constant. However, this value still falls within the stable
range. Furthermore, the 15th percentile coastline position change rate is around -2.25, while the 85th
percentile is approximately 1.83. These percentiles suggest that the likelihood of the coastline eroding
is higher when the mangrove width stays constant.
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Figure B.13: Histogram coastline position Change Rate for a Mangrove Width Change Rate of 0

The scatterplot in Figure B.14 is analyzed in detail by showing the distribution of coastline position
change rates for accreding transects with contracting, stable, and eroding mangrove forests. The figure
is divided into three parts: the left graph shows the distribution of coastline change rates in the top left
quadrant, the middle graph shows the distribution of coastline position change rates on the positive
y-axis, and the right graph shows the distribution of coastline position change rates in the top right
quadrant. Upon observing the figure, it is evident that the distribution is quite similar for contracting
and stable mangrove forests. Although the median value is slightly higher when a mangrove forest
is stable, the difference is minimal. However, when the mangrove forest is expanding, the median is
substantially higher than when it is contracting or stable. This suggests that when a mangrove forest
is expanding, the coastline experiences higher accretion rates than when it is contracting or stable.
Furthermore, in expanding mangrove forests, the 85th percentile is considerably higher than for stable
and contracting mangrove forests. This indicates that extreme accretion events are more prevalent in
expanding mangrove forests than in stable and contracting mangrove forests.
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Figure B.14: The coastline position change rate distributions for accreding transects with contracting,
stable and eroding mangrove forests, respectively

Figure B.15 displays coastline position change rates distribution for eroding transects where mangrove
forests are contracting, stable, or expanding. The figure is divided into three parts: the left graph
shows the distribution of coastline change rates in the bottom-left quadrant, the middle graph shows
the distribution of coastline position change rates on the negative y-axis, and the right graph shows the
distribution of coastline position change rates in the bottom-right quadrant. The median value of the
coastline position change rates indicates that when a mangrove forest is stable, the median erosion
change rate is the least negative. Conversely, the median erosion change rate is the most negative
when a mangrove forest is contracting. Furthermore, there is more variation in erosion rates when a
mangrove forest expands or contracts than when it is stable, as indicated by the 15th percentile. This
suggests that a stable mangrove forest results in lower erosion rates than when a forest expands or
contracts. In addition, when a mangrove forest is stable, less extreme erosion rates occur compared
to when it is expanding or contracting.
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Figure B.15: The coastline position change rate distributions for eroding transects with contracting,
stable and eroding mangrove forests, respectively

In the previous results, it was observed that there is a significant difference in sample sizes between
expanding, stable, and contracting transects. Specifically, there are 30422 transects with an accred-
ing coastline and stable mangrove forests, 7018 transects with an accreding coastline and contracting
mangrove forest, and 4469 transects with an accreding coastline and expanding mangrove forest. Sim-
ilarly, there are 35459 transects with an eroding coastline and stable mangrove forests, 8926 transects
with an eroding coastline and contracting mangrove forest, and 4511 transects with an eroding coast-
line and expanding mangrove forest. It should be noted that there are the least number of expanding
mangrove forests for transects with both eroding and accreding coastlines. The following approach
was used to investigate whether the difference in sample size influences the results. Data points for
transects with an accreding coastline were randomly selected for transects with both contracting and
stable mangrove forests. The number of selected points matched the count of mangrove transects with
expanding mangrove forests. Specifically, 4469 transects with a stable and contracting mangrove for-
est were randomly selected. This process was repeated 1000 times, and the median of the randomly
selected data points was recorded each time. The results of this process can be seen in Figure B.16.
The red line in the figure indicates the median value of transects with an expanding mangrove forest.
Similarly, this process was repeated for transects with an eroding coastline. However, 4511 transects
with stable and contracting mangrove forests were randomly selected. The results of this process can
be seen in Figure B.17.

In Figure B.16, it can be seen that the median for expanding mangrove forests is substantially higher
than the median for stable and contracting mangrove forests. The results for contracting and stable
mangrove forests are quite similar. The difference in sample size does not influence the results.
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Figure B.16: The median coastline position change rates for accreding transects with contracting and
stable forests, respectively, using random sampling

In Figure B.17, it can be seen that the median for stable mangrove forests is substantially higher than
the median for expanding and contracting mangrove forests. The difference in sample size does not
influence the results.
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Figure B.17: The median coastline position change rates for eroding transects with contracting and
stable forests, respectively, using random sampling

B.2. Framework 2

Coastline position change rates

The distribution of coastline position change rates is illustrated in Figure B.18. It can be observed from
the figure that both mangrove and non-mangrove transects are mostly stable, with median change rates
of-0.158 and -0.107, respectively. However, accreding mangrove transects have a median change rate
of 2.006, higher than accreding non-mangrove transects. This indicates mangrove transects are more
likely to experience accreding at higher rates than non-mangrove transects. On the other hand, the
opposite trend is observed for eroding mangrove and non-mangrove transects. The median value for
eroding mangrove transects is lower than that for eroding non-mangrove transects, suggesting that
mangroves are more prone to deteriorate at higher rates than non-mangrove transects.
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Figure B.18: distribution of the coastline position change rates between -15 and 15

The histogram in Figure B.19 illustrates the change rates of coastline position for mangrove and non-
mangrove transects, divided into four categories. The data shows that mangrove transects tend to
accrete more than non-mangrove transects when focusing on positive values. Conversely, mangrove
transects experience more erosion for negative values than non-mangrove transects. Moreover, man-
grove transects exhibit higher standard deviations than non-mangrove transects, indicating more sig-
nificant overall variability. Additionally, the interquartile range is slightly more comprehensive for man-

grove transects than non-mangrove transects, indicating a broader distribution of data points around
the median for mangroves.
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Figure B.19: Boxplots of coastline position change rate for mangrove and non-mangrove transects

There is a significant difference between the number of non-mangrove transects and mangrove tran-
sects, with almost seven times more non-mangrove transects than mangrove transects. To balance
this, random data points will be selected from eroding and accreding non-mangrove categories, match-
ing the count of mangrove transects within their respective eroding and accreding categories. Specif-
ically, 17,482 eroding non-mangrove transects and 13,467 accreding non-mangrove transects will be
chosen randomly. This process will be repeated 1000 times, and the median and standard deviation
of the set will be stored in each iteration. Figures B.20 and B.21 illustrate the distribution of medians
and standard deviations of those 1000 runs for eroding and accreding transects, respectively. Ac-
cording to Figure B.20a, mangrove transects experience more erosion than non-mangrove transects.
However, across the performed runs, the calculated medians for eroding non-mangrove transects do
not approach the median value of mangrove transects. Looking at Figure B.20b, it is evident that the
standard deviation for both mangrove and non-mangrove transects is comparable.
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Figure B.20: Eroding non-mangrove transects

Upon examining Figure B.21a, it is evident that mangrove transects exhibit substantially more accre-
tion than non-mangrove transects. The median of non-mangrove transects in all 1000 runs never
approaches the median of mangrove transects. Moreover, upon inspection of Figure B.21b, it is clear
that the standard deviations of both mangrove and non-mangrove transects are comparable.
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Figure B.21: Accreding non-mangrove transects
Figure B.22 illustrates the distribution of accreding, eroding, and stable transects in coastal states for

both mangrove and non-mangrove transects. Non-mangrove transects display more excellent stabil-

ity than mangrove transects. However, a higher proportion of mangrove transects erode than non-
mangrove transects.
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Figure B.22: The coastal state distributions for mangrove and non-mangrove transects

Mangrove cross-shore width

Figure B.23 shows an overview of the contracting, expanding, and stable mangrove forests for 42836
muddy transects where only non-complex transects are included. The majority of transects, 73.8% to
be exact, are stable, while 16.6% are expanding, and 9.6% are contracting.

Expanding
# of transects:

42836
Contracting 9.6%
.6%

16.6%

73.8%

Stable

Figure B.23: The distribution of contracting, expanding and stable mangrove forests
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Mangrove width compared to change rate of the coastline position

The overview Figure B.24 shows the mangrove cross-shore mangrove width along the transects com-
pared to the change rate of the coastline position. The scatterplot depicts a wide spread of points for a
mangrove width below approximately 5000 meters. For higher mangrove widths, the coastline position
change rate clusters around the scatterplot’s horizontal axis, approaching zero or in a stable situation.
The same methods used for framework 1 will be used to investigate this figure.
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Figure B.24: Scatterplot cross-shore mangrove width versus the coastline position change rate

Figures B.25 and B.26 show the results of method 1. They display scatterplots of the cross-shore
mangrove width against the coastline position change rates for bin sizes of 500 and 100, respectively.
Both figures show that the difference between the 15th and 85th percentiles becomes larger as the
mangrove width increases. This suggests that the erosion and accretion rates are greater for wider
mangroves. On the right side of the figures, the behaviour of the 85th and 15th percentile lines can
be observed when the slope of those lines is calculated 1000 times by selecting 100 random values
per bin. Looking at the graphs on the right of Figure B.25, it can be observed that the 15th percentile
line is negative while the 85th percentile line is positive. It can also be seen that the median value of
the 15th percentile line is slightly more negative than the 85th percentile line is positive. This indicates
that the wider the mangrove width, the higher the accretion and erosion rates. The absolute value of
the negative 15th percentile slope that is higher than the absolute value of the positive 75th percentile
slope indicates that erosion rates are higher than accretion rates. When looking at the graphs on the
right of Figure B.26, the same trends as in Figure B.25 can be observed.
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Figure B.26: Bin width of 100 [m]

Figures B.27 and B.28 display the results of method 2. Figure B.27 represents the accreding change
rates, which show an upward trend in the medians. This suggests that higher accretion rates are
observed with increasing mangrove width. To investigate if this trend remains consistent even with
other data points, the slope of the medians is recalculated 1000 times with 100 different data points
to form the mean. The right graph of Figure B.27 shows the distribution of the slopes, indicating an
upward trend across all these runs. The boxplots in the Figure change significantly when choosing
different random points, except for the more significant interquartile distance at a distance of 2000 [m]
compared to the zone before.
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Figure B.27: Random sampling within accreding change rates (> 0.5 [m])

Figure B.28 illustrates the coastline position change rates for eroding coastlines. In this Figure, it can
be seen that an opposite pattern prevails compared to Figure B.27. The linear regression line shows
a downward trend, indicating that as the width of the mangrove increases, there is a tendency for
more erosion to occur. The graph on the right side shows the slope distribution when 1000 times 100
random data points are chosen to calculate the mean. We can see that the downward trend remains
consistent across all runs. However, it should be noted that compared to the accreding transects, the
absolute value of the median is lower for eroding transects. This suggests that for higher mangrove
widths, erosion rates are lower than accretion rates. The difference between the two indicates that
more outliers are present in the eroding dataset than in the accreding dataset. However, similar to
the accreding boxplots, the interquartile range is relatively small when mangrove widths are small (<
2000). In the higher mangrove width range (> 2000 [m]), the interquartile range is more comprehensive
compared to the lower ranges. This indicates a greater spread of data points around the median,
suggesting increased variability in erosion rates as mangrove width increases. This trend does not
change when choosing other random data points.
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Figure B.28: Random sampling within eroding change rates (< -0.5 [m])
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The change rate of the cross-shore mangrove width compared to the coastline position change rate
The histogram depicted in Figure B.29 shows the cross-shore mangrove width change rate distribution
about the coastline position. Most data points are in the bottom left quadrant, indicating that mangrove
width and coastline positions are decreasing. This suggests a negative correlation between the change
rates of mangrove width and coastline position. In other words, as the coastline shifts inland (shown
by a negative change rate), the width of mangrove forests tends to decrease. On the other hand,
there is no clear trend when it comes to mangrove forest expansion. The distribution of points in the
quadrants representing an erosional coast versus an accreding coast appears to be relatively balanced,
indicating comparable occurrences of erosion and accretion along the coastline when a mangrove
forest is expanding.
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Figure B.29: Scatterplot of cross-shore mangrove width change rate versus the coastline position
change rate

In Figure B.30, the change rate of the coastline position for a mangrove with a change rate of zero is
depicted. The median change rate of the coastline position is -0.14 meters per year, which is still within
the stable region. The 15th percentile of the coastline position change rate is -2.55, while the 85th
percentile is 1.97. This suggests a slight tendency towards erosion as the mangrove width remains
stable.
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Figure B.30: Histogram coastline position change rate for a mangrove width change rate of zero

The scatterplot displayed in Figure B.31 is thoroughly analyzed by presenting the distribution of coast-
line position change rates for accreding transects with contracting, stable, and eroding mangrove
forests. The figure is divided into three parts: the left graph represents the distribution of coastline
change rates in the top left quadrant, the middle graph denotes the distribution of coastline position
change rates on the positive y-axis, and the right graph displays the distribution of coastline position
change rates in the top right quadrant. Upon observing the figure, it is apparent that the distribution is
quite similar for contracting and stable mangrove forests. Although the median value is slightly higher
when a mangrove forest is stable, the difference is minimal. However, when the mangrove forest is
expanding, the median is substantially higher than when it is contracting or stable. This suggests that
when a mangrove forest is expanding, the coastline experiences higher accretion rates than when it is
contracting or stable. Furthermore, in expanding mangrove forests, the 85th percentile is considerably
higher than for stable and contracting mangrove forests. This indicates that extreme accretion events
are more prevalent in expanding mangrove forests than in stable and contracting mangrove forests.
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Figure B.31: The coastline position change rate distributions for accreding transects with contracting,
stable and eroding mangrove forests, respectively

Figure B.32 displays the distribution of coastline position change rates for eroding transects in areas
where mangrove forests are contracting, stable, or expanding. The Figure is split into three sections:
the left graph shows the distribution of coastline change rates in the bottom-left quadrant, the mid-
dle graph shows the distribution of coastline position change rates on the negative y-axis, and the
right graph shows the distribution of coastline position change rates in the bottom-right quadrant. The
median value of the coastline position change rates shows that the erosion change rate is the least
negative when a mangrove forest is stable. On the other hand, when a mangrove forest is contract-
ing, the erosion change rate is the most negative. Furthermore, there is more significant variation in
erosion rates when a mangrove forest expands or contracts than when it is stable, as indicated by the
15th percentile. This suggests that a stable mangrove forest results in lower erosion rates than when
a forest expands or contracts. Additionally, less extreme erosion rates occur when a mangrove forest
is stable than when it is expanding or contracting.
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Figure B.32: The coastline position change rate distributions for eroding transects with contracting,
stable and eroding mangrove forests, respectively

It was observed in the previous findings that there is a significant difference in the sample sizes of
expanding, stable, and contracting transects. Specifically, there are 14202 transects with an accred-
ing coastline and stable mangrove forests, 2798 transects with an accreding coastline and contracting
mangrove forest, and 2089 transects with an accreding coastline and expanding mangrove forest. Sim-
ilarly, there are 17276 transects with an eroding coastline and stable mangrove forests, 4297 transects
with an eroding coastline and contracting mangrove forest, and 1992 transects with an eroding coast-
line and expanding mangrove forest. It should be noted that transects with both eroding and accreding
coastlines have the least number of expanding mangrove forests. The following approach was used to
investigate whether the difference in sample size affects the results. Data points for transects with an
accreding coastline were randomly selected for transects with both contracting and stable mangrove
forests. The number of selected points matched the count of mangrove transects with expanding man-
grove forests. Specifically, 2089 transects with stable and contracting mangrove forests were randomly
selected. This process was repeated 1000 times, and the median of the randomly selected data points
was recorded each time. The results of this process can be seen in Figure B.33. The red line on
the figure indicates the median value of transects with an expanding mangrove forest. Similarly, this
process was repeated for transects with an eroding coastline. However, 1992 transects with stable
and contracting mangrove forests were randomly selected. The results of this process can be seen in
Figure B.34.

The graph shown in Figure B.33 highlights that the median value for expanding mangrove forests is
significantly higher than that of stable and contracting mangrove forests. The outcomes for stable and
contracting mangrove forests are relatively alike. The results imply that the difference in sample size
does not impact the findings.
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Figure B.33: The median coastline position change rates for accreding transects with contracting and
stable forests, respectively, using random sampling

In Figure B.34, it can be seen that the median for stable mangrove forests is substantially higher than
the median for expanding and contracting mangrove forests. The difference in sample size does not
influence the results.
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Figure B.34: The median coastline position change rates for eroding transects with contracting and
stable forests, respectively, using random sampling

B.3. Framework 3

Coastline position change rates

In Figure B.35, the coastline position change rate distribution is depicted. The median change rate for
mangrove transects is slightly lower than that for non-mangrove transects, yet both medians fall within
the stable region. However, there is a higher median change rate for accreding mangrove transects than
non-mangrove transects. Additionally, when examining the median change rate for eroding transects, it

becomes evident that mangrove areas experience a higher rate of coastal erosion than non-mangrove
areas.
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Figure B.35: Coastline position change rate for mangrove and non-mangrove transects

In the histogram presented in Figure B.36, the coastline position change rates for mangrove and non-
mangrove transects have been sorted into four groups. It is apparent that when all positive values are
considered, mangrove transects tend to experience more accretion than non-mangrove transects. Con-
versely, when all negative values are examined, mangrove transects erode more than non-mangrove
transects. Moreover, mangrove transects exhibit higher standard deviations than non-mangrove tran-
sects, indicating a more significant overall variability. Additionally, the interquartile range is marginally

higher for mangrove transects than for non-mangroves, suggesting a wider spread of data points around
the median for mangroves.
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Figure B.36: Coastline position change rate for mangrove and non-mangrove transects

It has been observed that there is a significant difference in the number of non-mangrove and mangrove
transects, similar to frameworks 1 and 2. Specifically, there are almost four times more non-mangrove
transects than mangrove transects, which creates an imbalance. To address this, a random selection
of data points will be made from both accreding and eroding non-mangrove categories, matching the
count of mangrove transects within their respective accreding and eroding categories. This process
will be repeated 1000 times, storing the median and standard deviation of the set in each iteration. The
distribution of medians and standard deviations of those 1000 runs for eroding and accreding transects
are illustrated in Figures B.37 and B.38, respectively. Figure B.37a shows that mangrove transects
experience more erosion than non-mangrove transects. Across the performed runs, the calculated
medians for eroding non-mangrove transects do not approach the median value of mangrove transects.
Looking at Figure B.37b, it is evident that the standard deviation for both mangrove and non-mangrove
transects is comparable.
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Figure B.37: Eroding non-mangrove transects
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Figure B.38: Accreding non-mangrove transects

Figure B.39 displays the distribution of accreding, eroding, and stable transects for mangrove and

non-mangrove areas. The graph illustrates that mangrove transects are more prone to erosion, while
non-mangrove regions tend to be more stable.
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Figure B.39: The coastal state distribution for mangrove and non-mangrove transects

Mangrove cross-shore width

Figure B.40 displays a pie chart presenting the distribution of contracting, expanding and stable man-
grove forests. Approximately 75% of the 24589 observations exhibit stability.
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Figure B.40: The distribution of contracting, expanding and stable mangrove forests
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The change rate of the cross-shore mangrove width compared to the coastline position change rate
In Figure B.41, the cross-shore width of the mangroves along the transects is compared to the rate
of change of the coastline position. The scatterplot shows a wide distribution of points but tends to
stabilize when the mangrove width becomes larger.
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Figure B.41: Scatterplot cross-shore mangrove width versus the coastline position change rate

Figures B.42 and B.43 show the results of method 1. Scatterplots are used to compare the cross-
shore mangrove width with the coastline position change rates for bin sizes 500 and 100, respectively.
In both figures, it is noticeable that the difference between the 15th and 85th percentiles increases
as the mangrove width increases. This suggests that erosion and accretion rates also increase with
the size of the mangrove width. The behaviour of the 85th and 15th percentile lines can be observed
on the right side of the Figure. The slope of these lines is calculated 1000 times by selecting 100
random values per bin. In the right graphs of Figure B.42, it can be seen that the 15th percentile line is
negative, while the 85th percentile line is positive. Additionally, the median value of the 15th percentile
line is double the negative value of the 85th percentile line. These findings suggest that the wider the
mangrove width, the higher the accretion and erosion rates. Furthermore, the higher absolute value of
the negative 15th percentile slope than the positive 85th percentile slope indicates that erosion rates
are higher than accretion rates. In the right graphs of Figure B.43, similar trends to Figure B.42 can be
observed. However, the absolute distribution of the 85th and 15th percentiles are similar. This indicates
that while both lines increase or decrease, they do so at the same rate.
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Figure B.43: Bin width of 100 [m]

In Figure B.44 the results of method 2 are depicted. An upward trend in the medians can be observed
when examining the accreding change rates. This suggests a tendency for higher accretion rates with
increasing mangrove width. Figure B.45 illustrates the eroding change rates; an opposite pattern to
that observed in Figure B.44 is evident. Specifically, the linear regression line demonstrates a strong
downward trend, indicating that as the mangrove width increases, there is a tendency for more erosion
to occur.
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Figure B.45: Random sampling within eroding change rates (< -0.5 [m])

e change rate of the cross-shore mangrove width compared to the coastline position change rate

The histogram shown in Figure B.46 provides valuable insights into the relationship between the change
rate of mangrove width and coastline position. The negative quadrant in the graph contains the highest

nu

mber of transects, indicating the areas where mangrove width and coastline position are decreasing.

This suggests a negative correlation between the mangrove width and the coastline position change
rate in these areas. On the other hand, the right side of the figure shows more transects in the quadrant
where both mangrove width and coastline position are increasing. This indicates that the coastline is
more likely to develop if mangrove forests expand.
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Figure B.46: Scatterplot of cross-shore mangrove width change rate versus the coastline position

change rate

Figure B.47 shows the change rate of the coastline position for a constant mangrove width over time.
The median of the data is observed to be slightly negative, indicating a slight tendency towards erosion.
However, the median value remains within a stable range. Furthermore, the 15th percentile of the
coastline position change rate is -2.38, while the 85th percentile is 1.96. This suggests that there is a
small but notable risk of erosion.
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The analysis of the scatterplot shown in Figure B.31 is based on the distribution of coastline position
change rates for accreding transects that have contracting, stable, and eroding mangrove forests. The
figure is divided into three parts: the left graph represents the distribution of coastline change rates
in the top left quadrant, the middle graph denotes the distribution of coastline position change rates
on the positive y-axis, and the right graph displays the distribution of coastline position change rates
in the top right quadrant. Upon observing the figure, it is evident that the distribution is quite similar
for contracting and stable mangrove forests. Although the median value is slightly higher when a
mangrove forest is stable, the difference is minimal. However, when the mangrove forest is expanding,
the median is substantially higher than when it is contracting or stable. This suggests that when a
mangrove forest increases, the coastline experiences higher accretion rates than when it is contracting
or stable. Moreover, in expanding mangrove forests, the 85th percentile is considerably higher than
for stable and contracting mangrove forests. This indicates that extreme accretion events are more
prevalent in expanding mangrove forests than in stable and contracting mangrove forests.
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Figure B.48: The coastline position change rate distributions for accreding transects with contracting,
stable and eroding mangrove forests, respectively

Figure B.49 illustrate the distribution of coastline position change rates in areas where mangrove forests
are either stable, expanding, or contracting. The graph is divided into three sections, each representing
a different quadrant. The left graph shows the distribution of coastline change rates in the bottom-left
quadrant; the middle graph shows the distribution of coastline position change rates on the negative
y-axis; and the right graph shows the distribution of coastline position change rates in the bottom-right
quadrant. The median value of the coastline position change rates indicates that the erosion change
rate is the least negative when a mangrove forest is stable. In contrast, the erosion change rate is the
most negative when a mangrove forest is contracting. Furthermore, there is more significant variation
in erosion rates when a mangrove forest expands or contracts than when it is stable, as indicated by
the 15th percentile. This suggests that a stable mangrove forest results in lower erosion rates than
when a forest expands or contracts. Additionally, less extreme erosion rates occur when a mangrove
forest is stable than when it is expanding or contracting. Transects with stable mangrove forests and
an eroding and accreding coastline exhibit minor variability in their coastline position change rates.
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Figure B.49: The coastline position change rate distributions for eroding transects with contracting,
stable and eroding mangrove forests, respectively
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It was observed in the previous findings that there is a significant difference in the sample sizes of
expanding, stable, and contracting transects. Specifically, there are 8200 transects with an accred-
ing coastline and stable mangrove forests, 1640 transects with an accreding coastline and contracting
mangrove forest, and 1352 transects with an accreding coastline and expanding mangrove forest. Sim-
ilarly, there are 9793 transects with an eroding coastline and stable mangrove forests, 2403 transects
with an eroding coastline and contracting mangrove forest, and 1114 transects with an eroding coastline
and expanding mangrove forest. It should be noted that for transects with both eroding and accreding
coastlines, there are the least number of expanding mangrove forests. The following approach was
used to investigate whether the difference in sample size affects the results. Data points for transects
with an accreding coastline were randomly selected for transects with both contracting and stable man-
grove forests. The number of selected points matched the count of mangrove transects with expanding
mangrove forests. Specifically, 2089 transects with stable and contracting mangrove forests were ran-
domly selected. This process was repeated 1000 times, and the median of the randomly selected data
points was recorded each time. The results of this process can be seen in Figure B.50. The red line
on the figure indicates the median value of transects with an expanding mangrove forest. Similarly,
this process was repeated for transects with an eroding coastline. However, 1992 transects with stable
and contracting mangrove forests were randomly selected. The results of this process can be seen in
Figure B.51.

The graph displayed in Figure B.50 indicates that the median value for expanding mangrove forests is
considerably greater than that of stable and contracting mangrove forests. The results for stable and
contracting mangrove forests are pretty similar. The findings suggest that the variation in sample size
does not affect the conclusions.
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Figure B.50: The median coastline position change rates for accreding transects with contracting and
stable forests, respectively, using random sampling

In Figure B.51, the median for stable mangrove forests is higher than for expanding and contracting
mangrove forests. The difference in sample size does not affect the results.
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Figure B.51: The median coastline position change rates for eroding transects with contracting and
stable forests, respectively, using random sampling
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B.4. Framework 4

Coastline position change rates

Figure B.52 shows the distribution of the coastline position change rate in a histogram. The median
change rate for mangrove transects is -0.141, while for non-mangrove transects, it is -0.086. Both
medians fall within the stable range, but the median mangrove value is more negative than the median
non-mangrove value. This suggests that mangrove transects are more prone to experience accretion
at higher ranges. On the other hand, the median change rate of eroding transects is higher for non-
mangrove transects. Since the median change rate is lower for mangrove transects than for non-
mangrove transects, it indicates that mangrove transects are more prone to erode at higher ranges.
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Figure B.52: Coastline position change rate for mangrove and non-mangrove transects

In Figure B.53, multiple boxplots are shown presenting the coastline position change rates for mangrove
and non-mangrove transects. These transects are categorized into four groups, namely: all eroding
transects (change rate below -0.5), all accreding transects (change rate above 0.5), all transects with
a negative change rate, and all transects with a positive change rate. It can be observed that when
considering all positive values, mangrove transects tend to accrete more than non-mangrove transects.
However, when we examine all negative values, mangrove transects erode more than non-mangrove
transects. Moreover, mangrove transects exhibit higher standard deviations than non-mangrove tran-
sects, indicating greater variability overall. Additionally, the interquartile range is slightly higher for
mangrove transects than for non-mangroves, suggesting a wider spread of data points around the
median for mangroves. Although there are some differences in standard deviations and interquartile
ranges, they are minimal.
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Figure B.53: Coastline position change rate for mangrove and non-mangrove transects



B.4. Framework 4 99

There is a significant imbalance between the number of non-mangrove transects and mangrove tran-
sects in frameworks 1, 2, and 3. There are almost four and a half times more non-mangrove transects
than mangrove transects. To address this imbalance, random data points will be selected from both ac-
creding and eroding non-mangrove categories, matching the count of mangrove transects within their
respective accreding and eroding categories. Specifically, 9672 eroding non-mangrove transects and
7805 accreding non-mangrove transects will be chosen randomly. This process will be repeated 1000
times, and the median and standard deviation of the set will be stored in each iteration. Figures B.54
and B.55 illustrate the distribution of medians and standard deviations of those 1000 runs for eroding
and accreding transects, respectively. From Figure B.544, it is evident that mangrove transects experi-
ence more erosion than non-mangrove transects. Across the performed runs, the calculated medians
for eroding non-mangrove transects do not approach the median value of mangrove transects. Looking
at Figure B.54b, it is clear that the standard deviation for both mangrove and non-mangrove transects
is comparable.
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(a) Distribution of medians (b) Distribution of standard deviations

Figure B.54: Eroding non-mangrove transects
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Figure B.55: Accreding non-mangrove transects

The pie charts shown in Figure B.56 display the distribution of mangrove and non-mangrove transects.
The mangrove transects are categorized as accreding, eroding, and stable. There are a total of 20032
mangrove transects and 89033 non-mangrove transects. The non-mangrove transects have a higher
proportion of stable transects than the mangrove ones. Additionally, the number of eroding mangrove
transects is higher than that of eroding non-mangrove transects.
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Figure B.56: The coastal state distribution for mangrove and non-mangrove transects

Mangrove cross-shore width

Figure B.57 displays the distribution of contracting, expanding, and stable mangrove forests for non-
complex and open coast transects. Approximately 75% of the total transects are stable.

Expanding
# of transects:

20032
Contracting

10.5%
16.4%

73.1%

Stable
Figure B.57: The distribution of contracting, expanding and stable mangrove forests

The change rate of the cross-shore mangrove width compared to the coastline position change rate
Figure B.58 displays the relationship between the width of the mangrove forest and the rate of change

in the coastline position. The scatterplot reveals a wide distribution of points, with fewer outliers as the
cross-shore mangrove width increases.
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Figure B.58: Scatterplot of cross-shore mangrove width versus the coastline position change rate

In Figure B.59 and B.60, the results of method 1 for framework four are presented. The analysis
indicates for both Figures that the slope of the 15th percentile is consistently negative, while the 85th
percentile is consistently positive. This suggests that the lines across the 1000 runs always diverge.
Furthermore, the 15th percentile is generally slightly more negative than the 85th percentile, which
indicates that for higher mangrove widths, the change rate has a higher probability of being more
negative than positive. Furthermore, for higher widths, the variability is thus higher.
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Figure B.60: Bin width of 100 [m]

In Figures B.61 and B.62 the results of method 2 are depicted. An upward trend in the medians can
be observed when examining the accreding change rates, represented by Figure B.61. This suggests
a tendency for higher accretion rates with increasing mangrove width. In Figure B.62, which illustrates
the eroding change rates, an opposite pattern is evident to that observed in Figure B.61. Specifically,
the linear regression line demonstrates a strong downward trend, indicating that as the mangrove width
increases, there is a tendency for more erosion to occur.
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Figure B.61: Random sampling within accreding change rates (> 0.5 [m])
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Figure B.62: Random sampling within eroding change rates (< -0.5 [m])

The change rate of the cross-shore mangrove width compared to the coastline position change rate
The scatterplot in Figure B.63 shows how the change rate of mangrove width is related to the change
rate of coastline position. The scatterplot is divided into four quadrants, with most transects in the
bottom left quadrant. On the right side of the plot, where the mangrove width is expanding, the upper
quadrant has the most transects. This indicates that mangrove forests and coastlines tend to expand
simultaneously. In other words, the coastline also expands if a mangrove forest increases.
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Figure B.63: Scatterplot cross-shore mangrove width change rate versus the coastline position change
rate with bin width 50

In Figure B.64, a histogram is displayed, which shows the distribution of the change rate of coastline
position per year. The histogram shows that most data points are clustered around zero, indicating that
there is only a small noticeable change in the coastline position over time for many observations. This
implies that the coastline is relatively stable for these observations. The median change rate is slightly
negative, suggesting that, on average, the coastline is receding with a small amount each year, but
it still falls within the stable region. The 15th and 85th percentiles are -2.47 m/year and 2.05 m/year,
respectively, indicating that the coastline is more likely to erode if the mangrove width remains constant.
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Figure B.64: Histogram coastline position change rate for a mangrove width change rate of 0
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In Figure B.65, the scatterplot is analyzed in more detail by showing the distribution of coastline position
change rates for accreding transects with contracting, stable, and eroding mangrove forest. The Figure
is divided into three parts: where the left graph shows the distribution of coastline change rates in the top
left quadrant; the middle graph shows the distribution of coastline position change rates on the positive
y-axis, and the right graph shows the distribution of coastline position change rates in the top right
quadrant. When observing the Figure, it can be seen that the distribution is quite similar for contracting
and stable mangrove forests. The median value is slightly higher when a mangrove forest is stable,
but the difference is minimal. When the mangrove forest is expanding, it can be seen that the median
is significantly higher than when it is contracting or stable. This indicates that when a mangrove forest
is expanding, the coastline experiences higher accretion rates than when it is contracting or stable.
Furthermore, in expanding mangrove forests, the 85th percentile is considerably higher for expanding
mangrove forests than for stable mangrove forests. This suggests that extreme accretion events are
more prevalent in expanding mangrove forests than in stable mangrove forests. However, the 85th
percentile is considerably higher for contracting mangrove forests than for stable mangrove forests,
indicating that extreme accretion is also more prevalent in contracting mangrove forests than expanding
mangrove forests. This shows that when the mangrove forest is stable, a more uniform pattern exists
in coastline position change rates than when the mangrove forest is expanding or contracting.
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Figure B.65: The coastline position change rate distribution for accreding transects with contracting,
stable and eroding mangrove forests

In Figure B.66, the distribution of coastline position change rates is shown for eroding transects with
contracting, stable, and expanding mangrove forests. The left graph displays the distribution of coast-
line change rates in the bottom-left quadrant; the middle graph shows the distribution of coastline posi-
tion change rates on the negative y-axis, and the right graph shows the distribution of coastline position
change rates in the bottom-right quadrant. Examining the median value shows that when a mangrove
forest is stable, the median erosion change rate is the least negative. On the other hand, when a man-
grove forest is contracting, the median erosion change rate is the most negative. Additionally, more
variation exists when a mangrove forest expands or contracts when considering the 15th percentile.
This suggests that a stable mangrove forest results in lower erosion rates than when a forest expands
or contracts. Moreover, less extreme erosion rates occur when a mangrove forest is stable than when
it is expanding or contracting.
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Figure B.66: The coastline position change rate distribution for eroding transects with contracting,
stable and eroding mangrove forests
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It was observed in the previous findings that there is a significant difference in the sample sizes of
expanding, stable, and contracting transects. Specifically, there are 6610 transects with an accred-
ing coastline and stable mangrove forests, 1308 transects with an accreding coastline and contracting
mangrove forest, and 1151 transects with an accreding coastline and expanding mangrove forest. Sim-
ilarly, there are 7974 transects with an eroding coastline and stable mangrove forests, 1973 transects
with an eroding coastline and contracting mangrove forest, and 941 transects with an eroding coastline
and expanding mangrove forest. It should be noted that for transects with both eroding and accreding
coastlines, there are the least number of expanding mangrove forests. The following approach was
used to investigate whether the difference in sample size affects the results. Data points for transects
with an accreding coastline were randomly selected for transects with both contracting and stable man-
grove forests. The number of selected points matched the count of mangrove transects with expanding
mangrove forests. Specifically, 2089 transects with stable and contracting mangrove forests were cho-
sen randomly. This process was repeated 1000 times, and the median of the randomly selected data
points was recorded each time. The results of this process can be seen in Figure B.67. The red line
on the figure indicates the median value of transects with an expanding mangrove forest. Similarly,
this process was repeated for transects with an eroding coastline. However, 1992 transects with stable
and contracting mangrove forests were randomly selected. The results of this process can be seen in
Figure B.68.

The graph displayed in Figure B.67 indicates that the median value for expanding mangrove forests is
considerably greater than that of stable and contracting mangrove forests. The results for stable and
contracting mangrove forests are pretty similar. The findings suggest that the variation in sample size
does not affect the conclusions.
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Figure B.67: The median coastline position change rates for accreding transects with contracting and
stable forests, respectively, using random sampling

In Figure B.68, the median for stable mangrove forests is higher than for expanding and contracting
mangrove forests. The difference in sample size does not affect the results.
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Figure B.68: The median coastline position change rates for eroding transects with contracting and
stable forests, respectively, using random sampling
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B.5. Comparing the frameworks

When comparing frameworks 1, 2, 3, and 4, many similarities emerge from the analysis. All similarities
and differences will be discussed below.

Examining the distribution of coastline position change rates across the frameworks reveals a con-
sistent pattern. Mangrove transects exhibit a greater tendency to erode in all frameworks than non-
mangrove transects. Additionally, mangrove transects tend to accrede more than non-mangrove tran-
sects across all frameworks. However, the magnitude of these trends varies among the framework.
Framework 1 shows minimal distinction between the medians of mangrove and non-mangrove tran-
sects, with the trends present but not as pronounced. In contrast, framework 2 exhibits the most
significant eroding trend among mangrove transects, indicating a substantial erosion rate compared to
non-mangrove transects. Conversely, framework 4 demonstrates the most prominent accreding trend,
where mangrove transects exhibit much stronger accretion than non-mangrove transects. These dis-
crepancies could be explained by examining the distribution of coastal states within each framework.
For instance, framework 2 displays the highest proportion of eroding mangrove transects, with 40.8%
eroding compared to 37.8% of non-mangrove transects. The probability for extreme eroding transects
is thus higher. Conversely, framework 1 shows slightly different eroding percentages between man-
grove (37.8%) and non-mangrove (37.5%) transects. The exclusion of complex transects alters the
distribution, potentially contributing to a lower median change rate. Furthermore, frameworks 3 and 4
exhibit a slight reduction in the prevalence of eroding mangrove transects compared to framework 2,
which could, in turn, explain the less extreme median values observed. Frameworks 2, 3, and 4 notably
demonstrate higher standard deviations and interquartile ranges than framework 1. This discrepancy
suggests greater variability in the data, particularly in mangrove transects, across these frameworks.
The substantial difference between frameworks 1 and 4 in standard deviation and interquartile range
can be attributed to the transect disparity. The smaller dataset in framework 4 may lead to less effective
smoothing of extreme values.

Examining the distribution of mangrove cross-shore widths reveals varying patterns across the frame-
work. Framework 1 includes the highest proportion of expanding mangrove forests, while Framework
4 demonstrates the most expansive forests. The percentage of transects with stable mangrove forests
is relatively consistent across all frameworks.

Analyzing the relationship between cross-shore width and coastline position change rate reveals an
interesting trend. Across all frameworks, a tendency emerges for values to cluster around the horizon-
tal axis for higher widths, particularly above 4000 meters. However, this pattern is more pronounced
in Framework 1 and less so in Framework 4. However, the opposite is found true when analysing the
trend more thoroughly. For higher mangrove widths, it is found that there is substantially more variation
in the dataset. More accretion takes place for higher mangrove widths; however, more erosion also
occurs. However, the trend towards erosion is more pronounced, indicating that for higher mangrove
widths, larger erosion rates occur than accretion rates.

When comparing the change rates of the cross-shore widths of mangroves with the change rates of the
coastline positions, similar trends across all frameworks are found. Most data points for all frameworks
are clustered in the bottom left quadrant. This clustering signifies that as mangrove forests degrade,
there is a corresponding likelihood of coastal erosion. However, in frameworks 3 and 4, an additional
trend becomes apparent. When examining the quadrant representing expanding mangrove forests
(right side), a notable concentration of data points appears in the upper right quadrant. This clustering
suggests that as mangrove forests expand, there is a tendency for the coastline position to develop as
well. In frameworks 1 and 2, a similar amount of data points are found in the upper right and lower right
quadrants.

Furthermore, consistent trends are observed across all frameworks when assessing the change rates
of coastline positions where mangrove forests remain stable. Here, the median values fall within a sta-
ble range. However, the 15th and 85th percentiles indicate a slight preference towards erosion. This
suggests that the coastline is more likely to erode even in scenarios where mangrove forests are stable.
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Finally, across all frameworks, it was found that when a coastline is accreding, an expanding man-
grove forest causes the most considerable accretion rates compared to stable and contracting man-
grove forests. A contracting mangrove forest causes the lowest accretion rates. Transects with an
accreding coastline and expanding mangrove forests experience more extreme accretion rates than
transects with stable and contracting mangrove forests. The variability in accretion rates is the lowest
for transects with a stable mangrove forest. When considering all transects with eroding coastlines, it
was found that transects with stable mangrove forests cause the smallest erosion rates. Transects with
contracting mangrove forests cause the most significant erosion rates. Both transects with contracting
and expanding mangrove forests experience extreme erosion rates. The variability in erosion rates is
the lowest for transects with a stable mangrove forest.



Case studies

In this appendix, more background information is given about the case studies handled in Chapter 4.

C.1. Case study 1

The area considered in case study 1 includes mostly transects that contain stable mangrove forests but
have eroding coastlines. In Figures C.1a and C.1b the distribution of the transects within the coastline
and mangrove categories is given. As can be seen in Figure C.1a, most transects contain a stable
mangrove forest (74.4%). Furthermore, in Figure C.1b the coastline erodes in most transects (93%).

Accreding transects  Stable transects # of transects:
2%65% 43
Expanding
# of transects:
43 11.6%
Contracting 14.0% 74 4%
Stable
93%
Eroding transects
(a) Distribution of coastal states (b) Distribution of mangrove forest categories

Figure C.1: Distribution of coastal states and mangrove forest categories
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In Figure C.2, a scatterplot can be seen where the distribution of mangrove change rates (x-axis) is
plotted against the distribution of coastline position change rates. As can be seen in this figure most
coastline position change rates are situated between 0 and -7 [m/yr]. There is an outlier situated at
around -16 [m/yr]. This indicates the coastline is heavily eroding, but not at extreme rates.
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Figure C.2: The distribution of mangrove change rates plotted against the distribution of coastline
position change rates
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In Figure C.3 the cross-shore mangrove widths in 2010 are plotted against the coastline position change
rates. In this Figure it can be seen that most widths are below 500 [m], however the mangrove forest
situated in this area can reach a width of more than 2500 [m].
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Figure C.3: The distribution of mangrove widths from 2010 plotted against the distribution of coastline
position change rates
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C.2. Case study 2

In case study 2 most transects are part of the lower left quadrant. This can also be seen in Figure
C.4. In this figure, a scatterplot is made that represents the mangrove width change rate on the x-
axis versus the coastline position change rate. The fact that most transects are part of the lower left
quadrant indicates that in this region, a strong correlation exists between the mangrove width change
rate and the coastline position change rate. More specifically, the coastline will most likely erode if a
mangrove forest is contracting. Other trends cannot be observed in this figure.
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Figure C.4: Scatterplot indicating the spread of coastline position change rate versus mangrove width
change rate.

In Figure C.5 two pie charts can be observed. The first one represents the distribution of the transects
into the categories: stable, accreding and eroding. The second one represents the distribution of
mangroves along transects into the three categories: contracting, expanding and stable. It can be seen
that the distribution of eroding transects and contracting mangroves is the highest. The distribution of
accreding transects and expanding mangrove transects is the lowest.
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Figure C.5: Distribution of both mangrove and transect categories

In Figure C.6 the mangrove width in 2010 is plotted against the coastline position change rate. In this
Figure, no trend is seen.
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Figure C.6: Scatterplot indicating the mangrove width in 2010 versus the coastline position change rate






Analysing correlations between yearly
mangrove width and coastline position
change rates

This section checks if a correlation exists between yearly mangrove change rates and coastline position
change rates. From the literature study, it is expected that there is a correl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>