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SUMMARY

The over-exploitation of mangrove forests since the 1980s has led to biodiversity loss and
coastal erosion in several parts of the world. Still, about 80-90% of mangrove restoration
projects have been reported to fail. The main reasons are related to a poor understanding
of the eco-geomorphological dynamics and mangrove species-specific ecological
requirements. Although several guidelines are available, they are mostly site-specific,
with a management focus on coastal protection schemes. A better system understanding
of the feedback processes between mangrove forests and mudflat dynamics is required.

The thesis objective is to gain a better insight into complex eco-geomorphic interactions
and feedback processes in coastal mangrove environments to the benefit of developing
trustworthy tools for predicting their dynamics. To achieve the objective, the thesis
describes the development of hybrid modelling by coupling the landscape-scale process-
based hydro-morphodynamic model Delft3D-Flexible Mesh (DFM) and the individual-
based MesoFON mangrove model (MFON). This coupled model (DFMFON) resolves
the feedback process between seasonal and decadal environmental changes (waves, tides,
river flow, sediment supply, salinity, and morphodynamics) and mangrove life-stages
ranging from (dispersal of) propagules to development of seedlings and sapling into
mature trees.

Since it covers a unique, rapidly progressing delta setting with concomitant mangrove
expansion, Porong Estuary in Indonesia is used as a case study to validate the newly
developed modeling tool (DFMFON). Imagery from off-the-shelf unoccupied aerial
vehicles (UAV’s) and satellites was used and groundthruthed to retrieve accurate
mangrove structural attributes and mangrove belt dynamics. The DFMFON model
successfully reproduced observed spatiotemporal (seasonal-decadal) mangrove
development, like the age-height relationship, as well as morphodynamic delta features.

DFMFON was then used to explore optimizing mangrove restoration strategies and
carbon sequestration capacity in coastal systems. Best results were obtained for higher
level (above mean sea level) and patchy mangrove restoration schemes.

The observations and tool presented in this thesis open up possibilities to assess and gain
a better system understanding of the interactions between mangroves and environmental
drivers. DFMFON will be a helping hand in directing mangrove management schemes
for climate change mitigation and adaptation



SAMENVATTING

De overexploitatie van mangrovebossen sinds de jaren tachtig heeft in verschillende delen
van de wereld geleid tot verlies van biodiversiteit en kusterosie. Toch wordt gerapporteerd
dat ongeveer 80-90% van de mangroveherstelprojecten mislukt. De belangrijkste redenen
houden verband met een slecht begrip van de eco-geomorfologische dynamiek en
ecologische, mangrovesoortspecifieke vereisten. Hoewel er verschillende richtlijnen
beschikbaar zijn, zijn deze meestal locatiespecifiek en gericht op het beheer in
kustbeschermingsprogramma's. Een beter systeembegrip van de feedbackprocessen
tussen mangrovebossen en de dynamiek van de slibkusten is daarom belangrijk.

Het doel van dit proefschrift is om beter inzicht te krijgen in complexe eco-
geomorfologische feedbackprocessen van mangrovebossen aan de kust, ten behoeve van
de ontwikkeling van betrouwbare instrumenten voor het voorspellen van de hun
dynamiek. Om dit doel te bereiken beschrijft het proefschrift de ontwikkeling van hybride
modellering door het procesgebaseerde, hydro-morfodynamische model Delft3D-
Flexible Mesh (DFM) op landschapsschaal te koppelen aan het individueel gebaseerde
MesoFON-mangrovemodel (MFON). Dit gekoppelde model (DFMFON) beschrijft het
feedbackproces tussen seizoensgebonden (en langere tijdschaal) veranderingen van
omgevingsfactoren (golven, getijden, rivierstroming, sedimentaanvoer, zoutgehalte en
morfodynamiek) en levensfasen van mangroves, vari€érend van (verspreiding van)
propagulen en ontwikkeling van zaailingen tot jonge en volwassen bomen.

Aangezien het een unieke en zich snel ontwikkelende delta beschrijft inclusief de daarmee
gepaard gaande mangrove-uitbreiding, wordt het Porong-estuarium in Indonesié gebruikt
als casestudy om het nieuw ontwikkelde modelleringsinstrument (DFMFON) te valideren.
Beelden van Unoccupied Aerial Vehicles (UAV’s or Drones) en satellieten werden
gebruikt om kenmerken van de mangroven en hun dynamiek te beschrijven. Het
DFMFON-model reproduceerde met succes de waargenomen spatiotemporele
(seizoensgebonden) ontwikkeling van mangroven, zoals de relatie tussen leeftijd en
lengte en de morfodynamische delta ontwikkeling.

DFMFON werd vervolgens gebruikt ter optimalisatie van strategieén voor
mangroveherstel en koolstofopslag (‘carbon sequestration’) in kust systemen. De beste
resultaten werden verkregen voor mangroveherstel schema’s op een hoger niveau (boven
gemiddeld zeeniveau) en in kleinere blokken in plaats van grotere gebieden.

De observaties en het ontwikkelde modeleringsinstrument gepresenteerd in dit
proefschrift bieden de mogelijkheid om een beter inzicht te krijgen in de interacties tussen
mangroven en hun omgeving. DFMFON zal een helpende hand kunnen bieden bij het
aansturen van mangroveherstelprogramma's voor de mitigatie van en aanpassing aan de
klimaatverandering
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IKHTISAR

Eksploitasi hutan mangrove secara berlebihan yang terjadi sejak tahun 1980-an telah
mengakibatkan kehilangan biodiversitas dan erosi pantai pada beberapa bagian dunia.
Apalagi dengan 80-90% pekerjaan restorasi mangrove telah dilaporkan mengalami
kegagalan. Alasan utamanya adalah pemahaman yang kurang mendalam tentang
dinamika ekogeomorfologis dan kebutuhan ekologis yang spesifik pada tiap spesies.
Walaupun pedoman telah tersedia, pedoman tersebut kebanyakan dibuat berdasarkan
pengalaman pada lokasi tertentu yang berfokus pada manajemen/ skema perlindungan
pantai. Dengan demikian, pengetahuan akan sistem yang lebih baik pada proses timbal
balik antara hutan mangrove dan dinamika dataran lumpur sangatlah dibutuhkan.

Tesis ini bertujuan untuk mendapatkan wawasan yang lebih baik pada interaksi
ekogeomorfis yang kompleks dan proses timbal balik pada lingkungan pantai
bermangrove yang bertujuan untuk mengembangkan alat bantu yang terpercaya untuk
memrediksi dinamika tersebut. Untuk mencapai tujuan tersebut, tesis ini mendeskripsikan
pengembangan dari pemodelan hibrid yang menggabungkan model hidromorfodinamik
berlandaskan pada proses dan berskala-lansekap Delft3D-Flexible Mesh (DFM) dengan
model mangrove berbasis individu MesoFON (MFON). Model gabungan ini (DFMFON)
menyelesaikan proses timbal balik daripada perubahan secara musiman hingga dekade
(gelombang, pasang surut, debit sungai, suplai sedimen, salinitas, dan morfodinamika)
dan daur hidup mangrove dari (penyebaran) propagul hingga perkembangannya menjadi
bibit dan anakan hingga pohon dewasa.

Muara Porong di Indonesia dipilih sebagai lokasi studi untuk validasi model (DFMFON)
karena memiliki karakteristik unik berupa delta yang bertumbuh dengan cepat dengan
ekspansi hutan mangrove yang mengikutinya. Citra dari pesawat nirawak dan satelit
digunakan dan dikoreksi dengan data lapangan untuk mendapatkan atribut struktur
mangrove yang akurat dan dinamika sabuk mangrove yang terjadi. Model DFMFON
berhasil mereproduksi pengamatan perkembangan spasial dan temporal dari mangrove
(musiman-dekade) berupa hubungan umur-tinggi, begitu pula fitur morfodinamis delta.

DFMFON kemudian digunakan untuk mengeksplorasi optimalisasi strategi restorasi
mangrove dan kapasitas penguncian karbon pada sistem pantai. Hasil restorasi yang
terbaik didapatkan ketika mangrove diletakkan pada elevasi yang cukup tinggi (di atas
muka air laut rerata) dan skema restorasi dengan petak-petak dan berjarak.

Pengamatan dan alat yang disajikan pada tesis ini bisa membuka beragam kesempatan
untuk menilai dan mendapatkan pemahaman akan sistem yang lebih baik pada interaksi
antara mangrove dan faktor-faktor lingkungannya. DFMFON akan menjadi alat bantu
yang cocok untuk mengarahkan skema manajemen mangrove untuk tujuan mitigasi dan
adaptasi perubahan iklim
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1

INTRODUCTION

This chapter provides research questions and context of the PhD thesis.



1. Introduction

1.1 CONTEXT

Values and functions of mangrove forests

Mangrove forests, in the past, were often misunderstood to be associated with a wasteland
(Dahdouh-Guebas et al., 2020) with a smelly, rotten-egg-like environment and a swarm
of mosquito-borne diseases (Yeo et al., 2021). That undervalued perspective is somewhat
of a justification for clearing mangrove swamps, primarily in favour of aquaculture and
agriculture (Hagger et al., 2022) or other developments. Between 2000 and 2016, a
satellite remote sensing analysis study revealed that 62% of global losses of mangrove
area were human-driven through land conversion (Goldberg et al., 2020). This decline
mostly happened in developing countries, where the mangrove forests were cleared for
other high-economic-value activities. Mangroves have been declining at an alarming rate,
about 1-2% annually, even faster than coral reefs or tropical rainforests (Alongi, 2002;
Duke et al., 2007). These factors make mangroves one of the threatened ecosystems.

In contrast to the previous justifications for mangrove forest deforestation, the loss of
mangrove forests, in reality, deprives the population of the high intrinsic value of
mangrove forests. The intrinsic values are derived from the high capacity of primary
productivity, terrestrial ecosystem supports, and marine food webs (Dahdouh-Guebas et
al., 2022). The presence of mangrove forests has proven to be an effective buffer for storm
surges (De Dominicis et al., 2023). The effectivity of the wave attenuation function is
non-linear, dependent on the width, density, and fragmentation of the forest (De
Dominicis et al., 2023; van Zelst et al., 2021; Zhang et al., 2012) where scientists have
acknowledged wave height reduction between 13 to 66% over 100m mangrove forest
width (Mclvor et al., 2012). Another benefit can be correlated with how communities
perceive their relation with mangrove ecosystems in cultural non-materialistic
interrelationships. Here, mangrove forests serve as places for recreational and intangible
spiritual purposes for people (Das et al., 2022). These benefits have been recognised as
the mangrove ecosystem services (Barbier et al., 2011; Mehvar et al., 2018), which can
be divided into habitat, regulating services (e.g., regulating climate and disaster risk
reduction), provisioning services (e.g., source of food), and cultural services (Das et al.,
2022).

Mangrove forests under threat

Over-exploitation and loss of mangroves significantly impact biodiversity and the
surrounding ecosystems (Carugati et al., 2018). A dramatic impact of mangrove forest
loss to biodiversity can be seen, for example, in Indonesia — home of the largest mangrove
forest, about 20% of the global mangrove area. The United Nations Environment
Programme (UNEP) (2023) reports that large-scale mangrove land conversion to oil palm
plantations, rice fields, and aquaculture is directly linked to habitat destruction and has
endangered 41 bird species unique to mangrove forests. Winterwerp et al. (2020) report
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a direct relationship between mangrove loss and the severe erosion of the muddy coast
on Java's north coast, comprising about 44% of all coastlines. This is an alarming situation
for the community, whose lives to a major extent depend on the mangrove ecosystem. In
Demak, Central Java, aquaculture establishment close to the waterline and mangrove loss
has resulted in self-accelerated coastal erosion (World Bank Group, 2018). Land
subsidence and mismatch of infrastructure development aggravated the coastline retreat
up to 1.5 km, where 70,000 people have been affected (Damastuti et al., 2022). That
caused significant income loss for almost 80% of the village inhabitants (Winterwerp et
al., 2016).

Impacts of climate change

The recent sixth assessment of the IPCC reports that human activities have caused 1°C
global warming with already widespread and intensifying impacts (IPCC, 2022). The
primary evidence of climate change impacts in coastal areas, among others, are sea level
rise (SLR) and more frequent and stronger storms. The current estimate shows that 23%
of the world population has been exposed to flood inundation of over 0.15 m in a 100-
year return period (Rentschler et al., 2022). This figure may increase following the SLR
scenario, where the frequency and intensity will become higher. When compounded with
the changing patterns of precipitation in the hinterland, it increases the depth and duration
of flooding in urbanised coastal cities, where more than 600 million people live in these
low lying regions (Magnan et al., 2022; Merkens et al., 2016). The exposure to coastal
flooding will increase with the growing population and social-economic activities, where
the destruction effect will be multiplied.

Mangroves for climate mitigation

Sustainable approaches to mitigation and adaption measures are critical to address the
impacts posed by climate change. The goal of mitigation is to reduce the amount of
greenhouse gases in the atmosphere by reducing the sources or enhancing the carbon sink.
As climate change is inevitable, followed by the global target of achieving net zero
emissions by 2050 (Saintilan et al., 2023), the high potential of ocean and coastal
ecosystems referred to as Blue Carbon Ecosystems (BCE) have been proposed as the
natural climate solution (Macreadie et al., 2021). The BCE consists of tidal marshes,
seagrass meadows, and including mangroves.

Owing to its co-benefit of carbon sequestration and climate adaptation, the potential of
BCE for climate mitigation has been subject of extensive research (Kusumaningtyas et
al., 2022). BCE has a disproportionally large carbon storage, storing half of carbon
sequestration in the ocean while only occupying 0.5% of the sea floor (Macreadie et al.,
2021). Even though the sequestering capacity highly varies among sites (Sidik et al.,
2023), among the other ecosystems, mangrove forests have the highest rate of carbon
sequestration (Kusumaningtyas et al., 2022; Zhu et al., 2022). The mangrove area,
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nevertheless, can shift the role from carbon sink to carbon source when deforested. It is
estimated, with global annual deforestation of 0.4% (Hamilton and Casey, 2016), that the
carbon emitted due to the loss of mangroves will contribute to 3-19% of total carbon
emission (Donato et al., 2011; Pendleton et al., 2012). Between 1996 and 2020, the global
carbon stocks net reduction associated with mangrove loss was estimated to equal 139
megatonnes (Mt) (United Nations Environment Programme, 2023). This net reduction
equals four times the carbon produced globally in 2018, originating from fossil fuels
burning and cement manufacture. On the other hand, when rehabilitation attempts to
increase mangrove extent can be achieved, the potential climate benefit can reach more
than 424 Mt carbon by 2030 (Sasmito et al., 2023).

Mangroves for climate adaptation

Climate adaptation involves measures to reduce the risk and vulnerability to climate
change already in the pipeline. Adaptation measures include building coastal defences,
early warning systems, or setting the setback area. Traditionally, coastal defences are
approached from an engineering perspective and comprise man-made or 'grey' structures.
The grey structures are designed to interact and mitigate a specific part of the physical
processes, e.g., waves, sediment transport, and water level (Coastal engineering manual,
2002; Shore Protection Manual, 1973). Given the continuous physical environment
actions, grey structures require careful operations and likely costly maintenance to fulfil
their design function and reach the expected service life (Cheong et al., 2013; Duarte et
al., 2013). In mangrove-muddy coastal systems, the solutions using conventional
permanent structures could lead to fragmentation and disruption of ecological
connectivity of the mangrove ecosystem services (Borsje et al., 2011) or in the muddy
coasts can induce scour due to the reflective surface (Winterwerp et al., 2020). Several
studies mentioned the benefits of incorporating vegetation or ecosystem-based approach
have been approved to be more sustainable and cost-effective compared to hard structure
measures (Tiggeloven et al., 2022; van Zelst et al., 2021). The approaches utilising natural
elements for coastal hazard mitigation, such as mangroves in this work are commonly
termed Nature-based Solutions (NbS) (Narayan et al., 2016). Mangroves can aid climate
adaptation with their coastal protection function (Temmerman et al., 2023), with the
highest economic value per hectare (Macreadie et al., 2019). The role of mangroves as
coastal defence is well appreciated. Many studies have shown mangrove functionality,
such as a buffer from tsunamis (Dahdouh-Guebas et al., 2005) or attenuating wind waves
and storm surges (Marois and Mitsch, 2015; Montgomery et al., 2018).

Coordinated actions

Acknowledging the wide range of ecosystem services, mangroves have been considered
one of the high priorities with coordinated global communities for mangrove conservation
(Friess et al., 2020). Countries have committed to their National Determination
Contribution to conserve mangrove forests as a derivation of the Paris Agreement. Up to
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the present time, countries and international organisations have been advocating green
belt policies (Su et al., 2021). For example, the UN Framework Convention on Climate
Change (UNFCCC. Secretariat, 2021), Australia (Kelleway et al., 2017; Morris et al.,
2021), China (Fu et al., 2021), Engineering With Nature in the USA (Bridges et al., 2018;
Nature-Based Solutions Resource Guide, 2022) or the US National Academy of Sciences
agenda (Board and National Academies of Sciences, 2019), and Indonesia (Sasmito et al.,
2023). Globally, mangrove restoration and conservation are in urgent need as targeted by
UN Decades of Ecosystem Restoration 2021-2030, Sustainable Development Goals, and
Aichi Biodiversity Targets. The global conservation community has committed to
increasing mangrove cover by 20% in 2030 (Global Mangrove Alliance, 2021; Sasmito
et al., 2023). Given the close deadline of both targets in climate change mitigation-
adaptation and mangrove conservation, prompt actions in this recent year are critical.
When it is successful, conserving the remaining and restoring degrading mangroves not
only could mitigate climate change but also reduce the impacts to 296 million vulnerable
population in tropical coastal region (Sasmito et al., 2023).

Altogether, recognising mangroves as nature-based solutions will include conservation,
restoration, or ecosystem creation (Temmerman et al., 2023). Despite global commitment
and optimism, conserving and rehabilitating mangroves should be ecologically sound. As
an illustration, of the reported mangrove restoration projects, 80-90% experienced
failures (Lewis and Brown, 2014). The reasons for failures are mainly a mismatch of
mangrove species and lack of understanding of the eco-geomorphological characteristics
and the mangrove species-specific ecological requirements (Ellison et al., 2020; Kodikara
et al., 2017; Lewis and Brown, 2014; Primavera and Esteban, 2008). Additionally, it
requires more than a decade for mangrove forests to reach their optimal forest capacity
for mitigation-adaptation purposes. In order to achieve that objective, mid-course
adjustment is often required, emphasising the need for operation and maintenance.

Mangrove restoration

Global targets have mandated mangrove restoration and conservation as one of the high
priorities and are in urgent need (Friess et al., 2020) —recognising their multi-
functionalities for climate mitigation and adaptation. Those ambitious targets have
promoted a push for slowing down mangrove deforestation from annual average loss of
0.21% during 1996-2010 to 0.04% during 2010-2020 (The State of the World's
Mangroves 2022, 2022). Nevertheless, many past restoration attempts have failed due to
the misunderstanding of the mangrove wetlands' ecological-physical processes (Lee et al.,
2019) and, or land (social) conflicts (Sasmito et al., 2023). At first, ensuring mangrove
restoration success requires a mechanistic understanding of the ecological-physical
processes, where current knowledge is segregated.

Several guidelines exist, either in mangrove restoration (Lewis, 2005; SER (Society for
Ecological Restoration Science and Policy Working Group), 2002; Zimmer et al., 2022)
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or focusing on the practical design (engineering) and management (procedures to achieve)
on the mangroves' integration in the coastal protection (Bridges et al., 2021; Van
Wesenbeeck et al., 2021; World Bank, 2016). Those guidelines have resulted from
ongoing learning-by-doing processes (Aerts et al., 2014; Wilms et al., 2021; Winterwerp
et al., 2020). Some guidelines remain quite site-specific, so that duplication of such
approaches should be conducted carefully. However, given the dynamic nature of
mangroves, it requires a system understanding from the tree, forest, and ecosystem levels.
The system understanding requires field observation, periodic monitoring and assessment,
and quantification approaches with modelling.

Need for prediction tools

Understanding the urgent needs mandated by global targets coupled with complexities
and the state of the current knowledge mentioned above reassures us that advancing new
knowledge in mechanistic understanding of mangrove-intertidal flat interactions is
critical. Field observation and monitoring techniques have been experiencing rapid
growth, for instance, the Global Mangrove Alliance initiative
(www.mangrovealliance.org) with their mangrove restoration tracker and global
mangrove watch. However, tools that can mechanistically assess and predict the process
components and interactions of mangrove forest evolution are yet underdeveloped.
Examples of these modelling tools resolving eco-geomorphological interactions are
spatial and statistical models, followed by process-based and conceptual models (Rivera-
Monroy et al., 2022). All of these approaches express mangrove dynamics as a top-down
hierarchy. In this hierarchy, the response of the mangroves is averaged or pre-defined
based on specific environmental conditions.

In light of climate change uncertainty, the pre-defined response of mangroves, as in a top-
down approach, may not be valid under the changing physical-environmental stressors.
Pretzsch (2009) suggests the system's understanding may be built upon integrating all
known processes, components, and their interactions from the bottom up. As in our work,
we could mechanistically model forest expansion, retreat, and colonisation influenced by
physical-environmental drivers. In this regard, this research will contribute to obtaining
more realistic projections of forest structure and eco-geomorphological change that
account for the dynamic environmental conditions, for example driven by climate change.

1.2 INTERACTIONS BETWEEN MANGROVES AND ENVIRONMENT

1.2.1 Understanding mangrove dynamics

By definition, mangroves are plants thriving in the wedge of the intertidal zone (Spalding
et al., 2010). Mangrove presence globally is limited within the (sub)tropics and warm
temperate, between 30°N to 37°S (Mukherjee et al., 2014), and specifically located in a
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sheltered waterlogged environment (Krauss et al., 2014; Sharma et al., 2022). Mangroves
can only thrive in specific eco-geomorphological characteristics determined by their
species-specific tolerance. For instance, the latitudinal range of mangroves is limited by
the tolerance of mangroves to cold temperatures due to the efficient temperature range of
photosynthesis (Ball and Sobrado, 1999) and limited capability to assimilate COz2 in cold
temperatures (Ward et al., 2016). Regional climate variability, such as precipitation and
evapotranspiration, can affect mangrove zonation. In the condition of high net
evaporation, dieback within the interior of a mangrove forest can occur due to an increase
in salinity (Cortés, 2019). In contrast, during events of high precipitation, mangrove
productivity increases (Gilman et al., 2007), and subsequent increase of mangrove area
due to landward migration into the salt marsh zone because of the decrease in porewater
salinity and sulfate concentration (Ward et al., 2016). More locally, hydrological forcings,
e.g., river discharge, tides, and waves, determine the lateral expansion of mangrove forest,
whereas soil biogeochemistry determine the structure, e.g., basal area and tree height
(Jennerjahn et al.,, 2017). The regional scale geophysical description of coastal
environments guided the ecological classification of mangroves into fringe, basin, scrub,
or riverine mangroves (Twilley et al., 2017).

Utilising mangroves as a measure in the face of climate change uncertainty requires well-
defined predictability of their functional capacity (Morris et al., 2018) and the potential
to persistently restore after disturbance (Temmerman et al., 2023). However, mangrove
capacity in attenuating waves, for example, varies over locations. It depends on the
mangroves' biophysical characteristics (frontal area, density, and composition) and wave
conditions (wave height and wave period), where the latter may benefit from highly
detailed local observation or global hindcast. However, predicting the wave attenuation
capacity, for instance, leads to a logistical challenge for forest inventory to carry out on
the ground (Bispo et al., 2019) as it is labour intensive. Studies have used different proxies
to characterise the forest, e.g., forest age (Maza et al., 2021a), characterisation of
mangrove root structure (Mori et al., 2022), and remote sensing (Beselly et al., 2021).
Attempts to approximate short-period wave propagation through vegetation fields have
been formulated in the earliest original work by Dalrymple et al. (1984) and adapted in
several recent works, e.g. Maza et al. (2019) and Mendez and Losada, (2004). The

formulation requires an estimation of vegetation bulk drag coefficient (C,) where it is
typically obtained through field measurement (Horstman et al., 2021) or flume
experiments (van Hespen et al., 2021). Another approach is to estimate C, as a function
of mangrove projected area and volume (van Maanen et al., 2015).

Mangroves have species-specific critical thresholds on the physical-environmental
forcings that control their establishment or collapse. As an effect, these species-specific

thresholds influence how we can predict the mangrove forest evolution and, therefore,
measure persistence capacity. To add complexity, the critical thresholds are also varied
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over the life-stages (propagule, seedling, sapling, mature). The natural successful
establishment would require propagule availability (Lewis, 2005), where the parental
trees could be from the vicinity or adjacent as the propagules could float up to several
months and be transported by hydrodynamic processes within short/long distances (Shih
et al., 2022). Successful seedling recruitment requires propagules to survive the Window
of Opportunity (WoO), where external disturbances remain within their critical threshold.
This WoO concept (Balke et al., 2011) determines the set of species-specific thresholds
on 1) the inundation-free phase, where a propagule can germinate and anchor the root
within the low tide period, 2) a calm wave period, where waves remain low enough to
prevent the seedling dislodgment, and 3) limited accretion-erosion, where the accretion
will lead to burial and suffocate the seedling while erosion can lead to toppling and
dislodgement (Balke et al., 2014, 2013). Seedling establishment is an important factor in
the forest's lateral (horizontal) expansion (Shih et al., 2022; van Hespen et al., 2022a).
The species-specific optimum mangrove (vertical) growth is reduced by their local
environmental conditions, i.e., salinity, pH, and hydrogen sulphide (Berger et al., 2008;
Chen and Twilley, 1998; Grueters et al., 2014) in addition to the competition with the
neighbouring trees. The inter-specific competition to sources (space, nutrients, light, and
reduced by environmental forcings) limits the growth and, hence, leads to mortality.

1.2.2 Mangrove-mudflat interactions

Mangroves interact with the environment and provide feedback (Figure 1.1) dependent
on the three factors in the physical processes, i.e., nutrients as the resources, salinity as
the regulators, and sea level/hydroperiod (Grueters et al., 2014; Krauss et al., 2014;
Wimmler et al., 2021). These factors are intertwined and affect the growth and
productivity of mangroves by regulating the zonation of the mangrove forest as an
influence on the porewater salinity distribution (Lovelock et al., 2006; Piou et al., 2006),
limiting the growing capacity due to the availability of the chemical/ biochemical nutrient
(Lovelock et al., 2006; Reef et al., 2010), and defining the spatial expansion dependent
on the tidal flooding and duration (Balke et al., 2015; Lovelock et al., 2015). These factors
determine the mangroves' growth, dieback, and seaward expansion (through tree
recruitment).
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Figure 1.1. Schematic of hydrological factors (tides, waves, groundwater, and river
discharge) and the regulating-resources factors along with the hydrological connectivity
between mangrove forest and coastal waters (adapted from Rivera-Monroy et al., (2022))

Spatially explicit processes and feedback between mangroves and soil can be explained
in three vertical soil layers, as in Figurel.2. The relatively stable layer that comprises
bedrock is located at the very bottom of the soil. In this layer, the movement is merely
related to the geologic processes. Thus, it is assumed to remain stable along the life of the
mangrove stands (Krauss et al., 2014). Above the deep layer, sub-surface layer processes
are mainly related to the mangroves' rooting system (Cahoon et al., 2003; Mclvor et al.,
2013; McKee, 2011). The root production contributes to the increase in soil volume and
the sub-surface elevation gain.

On the other hand, following the decomposition and compression of the roots after
dieback, shallow subsidence may occur as root remnants take less space, decrease soil
porosity, and promote soil collapse. Moreover, the shrink-swell of soil can be referred to
as the increasing and decreasing soil water content due to the water absorption of the roots.
In short, the subsurface processes comprise biological factors due to root production-
decomposition and the physical factor in soil compaction and shrink/swell (Roskoden et
al., 2020). The top and the most active layer is related to the surface processes that
dynamically interact with the seawater. Here, the active processes are governed by
hydrodynamics due to waves, tides, storm surges, and interactions with the mangrove's
roots, stem, and canopy. This layer represents the transport and fate of materials in the
form of sediment transport, nutrient exchange, salinity mixing, and mangroves' seedlings
dispersal. The materials can be derived from outside of the mangrove forest
(allochthonous) and inside the mangrove forest (autochthonous) (Mclvor et al., 2013).
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Figure 1.2. Illustration of the conceptual model mangroves-soil interactions adapted
from (Krauss et al., 2014). The interactions in soils are presented in three layers. the
static and stable deep land movement layer, the sub-surface layer related with root
growth and decay processes, and the active layer associated with the
hydromorphodynamic processes. Mangrove trees responded with growth, dieback, and
tree recruitment, providing new environmental feedback (adapted from Krauss et al.,

(2014)).
1.2.3 Modelling the interactions

1.2.3.1. Eco-geomorphic hierarchical approach

Due to the high variety of mangrove ecosystems, hierarchical approaches based on the
biophysical characteristics describing their abiotic controls (hydroperiod, resources, and
regulators, see section 1.2.2) have been adopted and recommended (Krauss et al., 2008;
Rivera-Monroy et al., 2004). This approach can be adopted, for example, at
geomorphological level, such as assessing mangrove vulnerability due to sea-level rise
(Lovelock and Ellison, 2007), at forest levels such as in the ecological mangrove
restoration technique (Lewis and Brown, 2014) that provide structured restoration
attempts by considering wetland's geomorphology and hydrology, and a detailed tree-
level investigation on nutrition competition and hydroperiod effect on growth and change
in community structure (Rivera-Monroy et al., 2004). It shows how mangrove ecosystems
interact and operate on different spatiotemporal and life-stage scales. Any disturbance on
each hierarchy would alter the ecosystem processes and may cascade into the higher
hierarchical level and, in turn, affect the interactions and traits of the abiotic-biotic
component at the lower levels. For example, if the change in sea level exceeds the
sediment build-up, it may lead to the collapse and reorganisation of mangrove zonation.
To this end, no single model is capable of representing and simulating the processes
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encompassing all levels; they were designed to explain processes occurring at their own
level (Rivera-Monroy et al., 2022).

1.2.3.2. Model classifications

A mangrove ecosystem model is essential to assess and predict forest structure
development. Still, ecological models need to parametrise interactions and processes in
mangrove wetlands because it is impossible to cover the entire spectrum of spatial scales
and time scales involved in mangrove biocomplexity. In other words, a model should be
complex enough to pay tribute to the complexity it aims to describe but simple enough to
understand what is going on. Mangrove ecosystem models can be classified into
conceptual, statistical, spatial, and process-based (Rivera-Monroy et al., 2022).

Conceptual models

Conceptual models draw the intercorrelation causal effect of bio-complex responses with
the change of stressors and the related attributes varying from the habitat unit to the global
scale (Davis et al., 2005; Day et al., 2008). An example of the conceptual model is the
windows of opportunity during calm periods on the variability of tides and winds to
determine the recovery of salt marsh, mangrove, and floodplain vegetation (Balke et al.,
2014). The authors used a time-series analysis of the water level and calculated how long
the low water level lasted with respect to bed level, defined as an undisturbed period. The
undisturbed period is then compared with the threshold of the inundation-free period
required for each ecosystem to determine whether such an ecosystem is capable of
establishing. The same holds for windspeed, where the threshold of low wind velocity
period should prevail to estimate the establishment of the vegetation.

Statistical and spatial models

Statistical and spatial models are the most widely used, accounting for 60% of the papers
reviewed (Rivera-Monroy et al., 2022). It is partly because of the increasing (open) data
availability, such as satellite constellation Sentinel (European Space Agency, 2015) by
the European Space Agency and Landsat (USGS, 2013) by the NASA/USGS mission and
the improvement in satellite sensor resolution and monitoring frequency. The
development of open tools and processing methods, especially attributed to the cloud
computing analysis, for instance, Google Earth Engine (Gorelick et al., 2017), allows for
global and near-daily to weekly analysis of satellite imagery. The dominant usage of those
big spatial datasets is to update mangrove inventory maps (United Nations Environment
Programme, 2023). When complemented with field-based observation and statistical
models, these maps can be used, for example, to evaluate mangrove spatial distribution
(Bunting et al., 2022) and assess carbon stocks (Murdiyarso et al., 2015). The statistical
models utilise the curated information of either remotely sensed or field-based datasets to
infer the relationship between environmental variables and mangrove biophysical
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characteristics. For instance, an estimate of global mangrove above-ground biomass
based on the climate, assuming mangrove biomass corresponds to temperature and
precipitation (Hutchison et al., 2014). Although the application of statistical and spatial
models has played an important role in explicitly explaining, e.g., the drivers of mangrove
loss and gain (Hagger et al., 2022) or impacts of climate change on mangrove carbon
stocks and fluxes (Alongi, 2022), what empowers this approach is also the major limiting
factor, which is the datasets. The available dataset is rarely long enough or lacks
consistency (Macreadie et al., 2019; Sharma et al., 2022; Zimmer et al., 2022). The
information gap may add complication in validating the prediction of the fate of the
mangrove ecosystem on the climate uncertainty scenarios.

Process-based models

Process-based, sometimes known as mechanistic models (Cox et al., 2006), are numerical
representations based on explicit causal mechanisms or processes on how the systems
work, grounded in proven scientific knowledge (Cuddington et al., 2013; Roelvink and
Reniers, 2012). The explicit nature of process-based in representing reality and its
transparency on the assumptions of the processes provide more confidence in
understanding phenomena either in hindcast or forecast simulations, see the works by van
der Wegen et al. (2011) in hindcasting and van der Wegen and Roelvink, (2008) for
forecasting. In this thesis, we define process-based for two subclasses, i.e., hydro-
morphodynamic and vegetation dynamic model. Process-based hydro-morphodynamic
models have long been used in wetland analysis, e.g., modelling estuarine hydrodynamics
(Thanh et al., 2017), wave attenuation (Yoshikai et al., 2023), tidal circulation (Horstman
et al. 2015), and sediment dynamics (Willemsen et al., 2016). Another sub-class, the
vegetation dynamic model, aims to simulate the mangrove forest trajectory.

Process-based: hydro-morphodynamics

Process-based hydro-morphodynamic model, in this context is identical to abiotic
processes, e.g., hydro-morphodynamics (Roelvink and Reniers, 2012). We can find
examples of hydro-morphodynamic models in the application of mangrove wetlands,
such as the investigation of tidal circulation within the wetland (Horstman et al., 2015),
wave attenuation function of mangrove forests (De Dominicis et al., 2023; Pelckmans et
al., 2023), and effect on hydrodynamic and sediment exchange (Bryan et al., 2017; Nardin
etal., 2016). Simulation exercises above assumed that physical processes occur in a static
vegetation state, ignoring forest structure changes. Those studies commonly include
detailed spatially-varying hydro-morphodynamic-ecology interactions in a relatively
limited vegetation time scale (seconds to weeks) where vegetation development within
that period can be assumed does not significantly affect hydrodynamics (Bryan et al.,
2017; Friess et al., 2012; Nardin et al., 2016). Therefore, the model structure does not
allow the inclusion of the feedback loop mechanisms of environmental (abiotic) changes
to vegetation growth (biotic).

12
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Process-based: vegetation dynamics

The detailed physical processes involved in the hydro-morphodynamic model have
proven to be capable of elucidating mangroves' functional capacity on the physical drivers
(van Hespen et al., 2022a). However, the persistence or capacity to recover in mangrove
forests is reflected in their ecological processes, which occur on a longer time scale, and
encompass life stages from seedling to mature trees (Wang et al., 2014). Over time,
mangrove forest structure and composition will change in response to environmental
conditions. Evidence can be obtained from past studies observing the vegetation
dynamics based on satellite imagery or aerial photographs, which take years to decades
of observation. For example, a study by Kleinhans et al., (2019) shows the migration and
succession of riparian vegetation due to the river meandering process and the impacts of
mangrove extent variation to estuarine hydro-morphodynamics in Waikaraka Estuary,
New Zealand (Glover et al., 2022). With this in mind, introducing the co-evolution of
morphology and vegetation has an important role in providing a process understanding
of the interactions of vegetation and physical drivers. We describe vegetation dynamic
models in two types: population dynamic and Individual-based Model (IBM).

a. Vegetation dynamics — population dynamic

One approach to simulate vegetation dynamics is the population dynamic model,
assuming the composition of individuals who share similar traits (e.g., species and
biophysical properties) are grouped on a grid/ plot and behave under a set of rules
(Cappuccino, 1995). This grid-based population model can change
simultaneously depending on the endogenous (e.g., density, above-belowground
biomass) and exogenous factors (e.g., inundation frequency, wave energy). To our
knowledge, many studies focused more on the dynamics of mangrove primary
productivity, e.g., the phenology of Rhizophora apiculata on seasonal climate
variation (Christensen and Wium-Andersen, 1977), the effect of nutrient
availability on Rhizophora mangle (Onuf et al., 1977), biomass production of
Rhizophora apiculata (Christensen, 1978), and effect of nutrient and irradiance to
seedling growth of Ceriops australis and Ceriops decandra (Ball, 2002).
Exception is in Thi Ha et al., (2003), where they investigate the seasonality of
seedling growth and production rates of Kandelia candel. The main issue in
population dynamic models, specifically in mangrove, is not able to treat
propagule dispersal. Instead, consider individuals within populations following
homogenous behaviour without individual variation (Jergensen and Fath, 2011).

b. Vegetation dynamics — individual-based

Another approach is the IBM, where populations and communities are composed
of discrete individuals and emerge by following the feedback loop of individual
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interactions with their environment (DeAngelis and Grimm, 2014). Individual
organisms (biotic) are considered explicitly with their variability, local
interactions, and specific adaptive behaviour in their physical environment
(Grimm and Railsback, 2005), where they distinguish themselves from each other.
Individuals can have different growth, survival probability, or reproduction
capacities due to their relative position with other individuals
(competition/endogenous factor) and with regards to the environmental conditions
(exogenous factor). In this approach, individuals have self-directed motivation
and adapt or modify their environment through their actions (Jergensen and Fath,
2011). The main challenges in IBM modelling are their extensive computational
requirement to run in large spatial scales (>1 km?) and the need for long-term
species-specific biophysical characteristics datasets. With the growing number of
field datasets available and advances in IBM architecture, there is a possibility to
improve IBMs performance.

Integration of vegetation dynamics and hydro-morphodynamics

In recent years, few attempts have been made to integrate two-way couplings of biotic-
abiotic processes. In wetland modelling, several studies have attempted to include
complex interactions on ecology, hydrodynamic, and morphological changes. This eco-
morphodynamic modelling: ranges from riparian (Oorschot et al., 2016), salt marshes
(Best et al., 2018; Briickner et al., 2019), and mangroves (van Maanen et al., 2015; Xie
et al., 2020). Those models were based on well-appreciated knowledge of hydro-
morphodynamic processes. They assumed an abundant supply of seedlings to fill the
numerical grid when the inundation threshold allowed, indicating colonisation.
Meanwhile, the numerical grid area is a proxy to explicitly define above-ground
competition for resources (maximum density or biomass capacity), which drives growth
and mortality. Eventually, the models do not consider the dispersal mechanism in a
smaller time scale (Friess et al., 2012; Piercy et al., 2023) that is closely correlated with
hydrodynamic processes (Duke et al., 1998; Shih et al., 2022), which determines
vegetation establishment and lateral expansion. On the other hand, the development of
IBM has incorporated abiotic interactions in a somewhat limited way. One example is
MANGA (Bathmann et al., 2020), which includes mangrove's effect on groundwater
salinity by coupling IBM with OpenGeoSys. Integrating IBMs with abiotic processes is
still mainly occurring in plot scale and short period. Despite already including the
complex abiotic-biotic interactions, all integrated models discussed still lack
representation of feedback loop processes at each life stage. Thus, it can be a challenge
when we want to assess the wetland responses on non-stationary drivers such as variation
in wave climate, sediment supply and multispecies vegetation dynamics.
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1.3 RESEARCH GAPS IN MODELLING MANGROVE-ECO-HYDRO-
MORPHODYNAMIC

Detailed mangrove dynamics

Despite the increasing number of numerical models evaluating the physical-ecological
processes, those models still focus on the detailed abiotic interactions and use 'prescribed'
ecological interactions, and thus may not reflect the actual mangrove dynamics, losing
the important interactions at the lower level. Examples are models that consider
interactions of the wave, tidal, and sediment trapping efficiency in mangrove forests but
do not include dynamic ecological processes (Willemsen et al., 2016), simulation of
morphological evolution in sandy tidal embayments with aggregated mangrove feedback
(van Maanen et al., 2015), and mangrove response to sea-level rise with pre-defined
species composition concerning inundation depth (Buffington et al., 2021; Rodriguez et
al., 2017; Xie et al., 2022). Mechanistic interactions should consider the full life stages of
the mangrove from propagule, seedling, sapling, and to mature tree. An important note is
given in (Zainol et al., 2022) on the role of propagule dispersion in determining
colonisation and regeneration of mangrove forests, which is affected by hydrodynamic
processes (Shih et al., 2022).

Optimising restoration strategies

There have been explicit approaches in mangrove restoration attempts; examples are
ecological restoration (Lewis and Brown, 2014) and assisted rehabilitation/ planting
(Primavera et al., 2011). Even though these approaches have considered the hydro-
morphology and ecological system in the planning, they lack mechanistic understanding
as time progresses. Therefore, restoration practice is still site-specific and results from
long trial-and-error processes (Primavera and Esteban, 2008; Tom Wilms et al., 2021).
While the (long-term) prediction of the abiotic system has been well understood, e.g., in
Roelvink et al. (2020) and van der Wegen et al. (2011), when the biotic system is involved,
either the spatiotemporal scale may be reduced to include details (Bryan et al., 2017) or
such simplification in vegetation dynamics should be required (Briickner et al., 2020).
The lack of spatial-explicit understanding of the biotic-abiotic system encompassing local
to ecosystem scales may hinder successful restoration attempts. When looking at the
global targets, the approaching deadline to cut carbon emissions and climate actions
require prompt solutions in developing restoration strategies. Therefore, a full life stage
process-based model may be a helping hand to understand the interactions and the
important factors determining a successful restoration.
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1.4 RESEARCH OBJECTIVE

This study aims to assess the importance of complex eco-geomorphic interactions and
feedback processes of physical-environmental drivers in coastal mangrove environments

to the benefit of developing trustworthy tools for predicting mangrove forest dynamics,
to be used, for example, in the design of mangrove restoration strategies.

1.5 RESEARCH QUESTIONS, APPROACH, AND OUTLINE

1.5.1 Research questions and approach

To achieve the research objective, several research questions have been formulated:
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What are the various timescales of mangrove dynamics on a prograding delta?

Using the Porong Delta in Indonesia as a case study, we investigate the mangrove
dynamics on a prograding delta by means of integrating Unoccupied Aerial
Vehicle (UAV) and satellite imagery. We explore how to use very high-resolution
photogrammetry techniques to derive field-scale mangrove biophysical properties
(canopy height and individual position of the mangroves) as well as to discover
seasonal patterns of mangrove dynamics by combining optical and synthetic
aperture radar satellite datasets from different constellations (Landsat and
Sentinel). Data obtained will be used to validate the process-based mangrove-eco-
hydromorphodynamic model.

What is the skill of a mangrove-morphodynamic model that explicitly represents
biocomplex interactions of individual mangroves and physical-environmental
stressors?

To consider the complex eco-geomorphic interactions of mangroves and physical
environmental stressors, we develop a hybrid modelling approach that couples the
landscape-scale process-based hydro-morphodynamic model Delft3D-Flexible
Mesh and the individual-based MesoFON mangrove model. The coupling of these
different model paradigms covers the temporal resolution of tides, seasonal, and
decadal environmental changes (water level, flow, sediment availability, and
salinity) with full mangrove life-stages from propagule, seedling, sapling into
mature including short/long distance propagule dispersal.

Can we optimise the design of mangrove restoration strategies in support of
carbon sequestration optimization?

Applying the validated eco-geomorphodynamic model, we predict the mangrove
forest trajectory under mangrove restoration strategies with the inclusion of
detailed physical-environmental scenarios to optimise carbon sequestration



1.5.Research questions, approach, and outline

potential in an open coastal setting. The landscape and intertidal flat development
are simulated and assessed for a period of 20 years, with multispecies of
mangroves.

1.5.2 Outline of the thesis

The thesis is outlined with research questions and context of the research introduced in
Chapter 1. Chapter 2 explains the influence of seasonal hydrological variation and
sediment load on delta formation and mangrove ecosystem dynamics through UAV and
satellite imagery analysis. Chapter 3 provides a detailed description of the new coupled
process-based and individual-based models. Chapter 4 describes the configuration of
strategic mangrove restoration to increase carbon sequestration potential. Finally, Chapter
5 summarises the findings and discusses the recommendations for future research.
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2. Monitoring Mangrove-Mudflat Dynamics: Integration of Unoccupied Aerial Vehicle and
Satellite Imagery

Abstract: This chapter presents a novel approach to explore mangrove dynamics on a
prograding delta by integrating unoccupied aerial vehicle (UAV) and satellite imagery.
The Porong Delta in Indonesia has a unique geographical setting with rapid delta
development and expansion of the mangrove belt. This is due to an unprecedented mud
load from the LUSI mud volcanic eruption. The mangrove dynamics analysis combines
UAV-based Structure from Motion (SfM) photo-grammetry and 11 years (2009-2019)
satellite imagery cloud computing analysis by Google Earth Engine (GEE). Our analysis
shows unique, high-spatiotemporal-resolution mangrove ex-tent maps. The SfM
photogrammetry analysis leads to a 3D representation of the mangrove canopy and an
estimate of mangrove biophysical properties with accurate height and individual position
of the mangroves stand. GEE derived vegetation indices resulted in high (three-monthly)
resolution mangrove coverage dynamics over 11 years (2009-2019), yielding a value of
more than 98% for the overall, producer and consumer accuracy. Combining the satel-
lite-derived age maps and the UAV-derived spatial tree structure allowed us to monitor
the mangrove dynamics on a rapidly prograding delta along with its structural attributes.
This analysis is of essential value to ecologists, coastal managers, and policymakers.

Keywords: Mangroves; Remote Sensing; Google Earth Engine; SfM Photogrammetry;
UAV
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2.1 INTRODUCTION

Mangroves are trees or large shrubs that grow in or adjacent to the intertidal zone and are
distributed along (sub-)tropical coasts and estuaries (Spalding et al., 2010; Van Bochove
et al., 2014). Mangroves are well-known for providing a range of ecosystem services such
as timber production, carbon sequestration, soil formation, nutrient cycling, habitat
creation for marine and terrestrial species, and protecting coastlines by attenuating waves
and limiting erosion (Hill et al., 2020; Murdiyarso et al., 2015; Van Bochove et al., 2014).
However, land use conversion has caused mangrove forests to decline at a rate three to
five times larger than the average forest loss. Hence, mangroves’ important ecosystem
services will be diminished (Van Bochove et al., 2014).

In order to gain a better understanding of the value of important ecological services
provided by mangroves, further efficient collection of data, e.g., mangrove extent, height,
individual position, and species membership are necessary. Earth observation offers a
method for the large-scale monitoring and assessment of the environment, especially
when it comes to the mangrove forest inventory and spatial extent monitoring that are
generally difficult to carry out on the ground (Bispo et al., 2019). Mapping mangrove
forests is one of the most challenging tasks in remote sensing since the forests are mostly
quite large, located in a remote area, and persistent cloud cover in the tropical areas (Gillis
et al., 2014; Van Bochove et al., 2014; Walters et al., 2008). Several efforts have been
made to monitor the spatial extent of mangrove forests from local to the global scales.
Two global-scale mangrove extent maps were released for 2000, i.e., the World Atlas of
Mangrove (WAM) (Spalding et al., 2010) and the Global Mangrove Forest Distribution
vl (GMFD) (Giri et al., 2011). Other current global products are the Continuous Global
Mangrove Forest Cover for the 21st Century (GCMFC-21) that showing annual global
mangrove forest cover from 2000 to 2012 (Hamilton and Casey, 2016) and Global
Mangrove Watch (GMW) v2.0 (Bunting et al., 2018).

Information on important structural attributes of mangroves such as tree height, age, and
diameter at breast height at 130cm above the ground ( D,,, ) 1s required to characterise the

mangrove forest stands. Accurate information of tree height is essential, since there is a
high correlation of the height and the D,,,, basal area (BA), and above ground biomass

(AGB) (Bispo et al., 2019; Feldpausch et al., 2012). Mangrove forests with their harsh
physical conditions hinder surveyors from carrying out direct measurements in the field.
In principle, a number of remote sensing approaches have been developed as supplement
or substitute for ground-based inventory (Lucas et al., 2020; Navarro et al., 2020, 2019,
p. 1; Otero et al., 2018). A Canopy Height Model (CHM)—that is, a three-dimensional
representation of the forest—can be derived by using airborne or terrestrial LiDAR,
Synthetic Aperture Radar (SAR), and high-resolution optical imagery (Lagomasino et al.,
2016).
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Global satellite datasets such as Shuttle Radar Topography Mission (SRTM) and ICESat/
GLAS [16,17], and ICESat-2/ATLAS launched in 2018 (Narine et al., 2020) have proven
to be useful in deriving canopy height, but they were released in a medium resolution of
30 m x 30 m. TanDEM-X InSAR, a DEM product developed by the German Space
Agency (2011-2015) with a ground resolution of 12.5 x 12.5 m, has also been used to
estimate canopy height (Lucas et al., 2020). Recently, Very High Resolution (VHR) CHM
derived from Unoccupied Aerial Vehicle (UAV)-based Structure from Motion (SfM)
Photogrammetry has been deployed (Lagomasino et al., 2016; Otero et al., 2018) often at
a local scale. The SRTM, ICESat, and TanDEM are the most commonly utilised methods
to estimate CHM since they have global coverage, and the data are easily accessible (T.
Hu et al., 2020). However, the passive/optical sensors solely obtain surface canopy
information, and radar has at least limited penetration capability (T. Hu et al., 2020)..
LiDAR, on the other hand, is able to penetrate the canopy cover to some extent depending
on the acquisition design and lidar system (Wulder et al., 2012). However, this technique
can be associated with high cost which limits the use of this system (T. Hu et al., 2020;
Lagomasino et al., 2016).

This study takes the Porong Estuary, Indonesia, as a case study. Porong Estuary provided
aunique setting as this area is characterised by a rapidly prograding delta and concomitant
mangrove expansion (Karyadi et al., 2012; Mazzini et al., 2007; Sidik et al., 2016). It is
because of the mud volcanic eruption in 2006 and subsequent mudflow diversion known
as LUSI (acronym of lumpur (mud) and sidoarjo (the regency name)) (Karyadi et al.,
2012). Several studies have been conducted to investigate the effects of LUSI’s high
sediment load on the Porong River, the Porong Estuary, and surrounding coastal waters
(Jennerjahn et al., 2013; Kure et al., 2014; Sidik et al., 2016) and the development of
mangrove on the created wetland in general (Hamzah et al., 2015; Setiawan et al., 2019;
Sidik et al., 2013). However, none of them explored the mangrove dynamics and
investigated the structural characterisation of the mangroves in the rapidly prograding
delta.

This study aims to analyse mangrove dynamics on a rapidly prograding delta by a novel
integration of UAV SfM Photogrammetry and multiple sources of satellite imagery in
cloud computing Google Earth Engine (GEE). The first objective of this study is to
retrieve mangrove biophysical properties (height and individual location of trees)
employing the off-the-shelf UAV SfM photogrammetry, in combination with ground-
truthing based on field data. The second objective is to generate a three-monthly
classification of mangrove areas using Landsat 7, Landsat 8, Sentinel 1, and Sentinel 2 in
GEE. These mangrove extent maps represent the dry season and wet season, where two
maps were created during each of these seasons every three months. The third objective
is to estimate the mangrove age and age-height relationship based on the combination of
UAYV and GEE analysis.
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2.2 MATERIAL AND METHODS

2.2.1 Study area

The Porong Delta, as presented in Figure 2.1 is located in East Java Province, Indonesia
(7.569 S, 112.872 E). It is approximately 37 km southeast of Surabaya, the second-largest
city in Indonesia. It has a monsoon climate with a dry (April-September) and wet
(October-March) season (Badan Meteorologi dan Geofisika, 2020), in which the high
precipitation contributes up to 80% of the mean annual precipitation (Aldrian et al., 2008).
The Porong River is one of the two major branches of the Brantas watershed. The
watershed is regulated with several large dams, barrages, and flood gates. During the dry
season, the flow is diverted to Surabaya, and therefore the flow in the Porong River is
often reduced to almost zero (Hoekstra, 1989a). During the wet season flood discharge is
diverted from the upstream barrage and high precipitation contributes to high river flow
that discharges into the Madura Strait (Jennerjahn et al., 2013; Kure et al., 2014). Madura
Strait has a micro to the meso-tidal range and is categorised by a mixed diurnal-
semidiurnal tide (Hoekstra, 1989b).

Figure 2.1. The study area is described in a sequence. (4) Indonesian border (light
green) with East Java Province depicted in dark green, (B) East Java Province and the
capital city Surabaya (represented as a red circle), (C) LUSI (lumpur (mud) and
sidoarjo (the regency name)) mud volcano represented as a black polygon, and the
Porong River as the black line flowing from the west to the east part of the map, and
(D) Porong Estuary with LUSI island and the delta lobes.

The Brantas river originates from the volcanic complex of the Semeru and Arjuno
Mountains (Hoekstra, 1989a). Erosion rates on the slopes of Mount Semeru are among
the highest recorded in the world (105-106 m3 km—2 a—1) (Lavigne, 2004). Sediment
yield in several drainage basins of Mount Semeru is dominated by rain-triggered events
during the wet season (Aldrian et al., 2008; Lavigne, 2004). The Brantas watershed is
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densely populated and affected by anthropogenic activities such as deforestation,
intensive agriculture (mainly rice cultivation), and industries (Jennerjahn et al., 2004).
Due to the geological conditions consisting of the presence of easily erodible soils and
high anthropogenic activities, surface erosion is high (Hoekstra, 1989a). The Porong
River drains off high sediment loads, causing a prograding delta (Jennerjahn et al., 2004;
Milliman and Syvitski, 1992) with a progradation rates of approximately 0.4 x 106 m2
y—1 over the 1935-1981 period (Hoekstra, 1989a; Sidik et al., 2016).

In addition to the sediment load due to runoff from the hinterland, the Porong River has
been experiencing an extreme sediment load due to the mud volcanic eruption in Sidoarjo,
Indonesia. The LUSI mudflow is reported to be the ‘largest mud eruption in the world’
(Mazzini, 2018), about 18 km west of Porong Delta (Figure 2.1). On 29 May 2006, the
boiling mud erupted at a peak flow rate of up to 180,000 m3 day—1 (Mazzini et al., 2007)
which declined to 50,000 m3 d—1 in September 2011 (Karyadi et al., 2012). Sixty
thousand residents were forced to evacuate, and 7 km2 of residential area was submerged
with mud (Mazzini, 2018) (Figure 2.2a). The excessive LUSI is still actively erupting
material, gas, water, clasts, and oil, albeit at a considerably reduced rate (Mazzini, 2018).
The continuous discharge of mud has been diverted to the Porong River since 2007
(Karyadi et al., 2012). To reduce damage to the nearby community and environment, the
mud in LUSI is first stored in a reservoir contained by 10-m-tall dyke and then diluted
and disposed of by pumping to the river (Mazzini, 2018; Sidik et al., 2016). This operation
has increased sediment concentration and loads of the Porong River by a factor of 3—4
compared to pre-LUSI conditions (Jennerjahn et al., 2004; Karyadi et al., 2012; Sidik et
al., 2016). As shown in Figure 2.2b, due to the mudflow, the delta is rapidly prograding
along with the development of mangrove belts. To date, the LUSI mud volcano is still
erupting with no end in sight (Mazzini, 2018).

The delta lobes (Figure 2.1) have naturally developed, while LUSI Island was created as
a spoil bank to contain sediment dredged from Porong River, after severe siltation due to
the mud diversion operations. It was constructed between February and November 2009
by building a 4 km series of geotube breakwaters which were attached to the natural
existing Sarinah Island (Karyadi et al., 2012). In 2009, 5000 Avicennia spp. seedlings
were planted at this newly created wetland (Karyadi et al., 2012; The Jakarta Post, 2009),
and the Ministry of Marine Affairs and Fisheries continued planting thousands of
Rhizophora spp. seedlings between 2010 and 2011 (Hamzah et al., 2015; Sidik et al.,
2013).
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Figure 2.2. (a) Series of images of LUSI mud volcano eruption that show the expansion
of the inundated area due to the mud volcanic eruption and the ring dyke to contain the
mud and (b) Porong Delta development after diversion operation which shows rapid
delta and mangrove belt expansion. Source: Google Earth Pro.
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2.2.2 UAV Data Collection and Processing

The fieldwork was conducted at the end of the dry season (October—November) in 2019,
focusing on two delta lobes (northern and southern deltas) with a total area of
approximately 0.3 km?. This timeframe was expected to have a higher probability of clear
satellite images with limited cloud cover, and more sunlight as well as less shadows to
reach an optimum condition for Unoccupied aerial vehicle (UAV) image acquisition.
UAV/ drones are widely accepted as standard survey tools in many environment settings
(Moloney et al., 2018), generating high-resolution data in a safe, straightforward, and
cost-effective way (Casella et al., 2020). Coastal environments are challenging for the
UAV-based surveying method because of the low texture and contrast of the bed surface
(Casella et al., 2020).. Careful planning of the GCPs placement and flight path can lead
to reach centimetres of vertical accuracy (Casella et al., 2020; Otero et al., 2018).

2.2.2.1. Data acquisition

Several studies demonstrated that consumer-grade UAV could achieve vertical accuracies
in the order of a few centimetres to a few decimetres in coastal topographical surveying
(Casella et al., 2020; Mazzoleni et al., 2020; Moloney et al., 2018). In comparison with
other low-cost platforms (e.g., kite, pole, and fixed-wing), a consumer (rotary) drone
system with its integrated positioning system, inertial measurement unit, and stabilised
camera offers flexibility and efficiency while attaining the accuracy in coastal area
application (Casella et al., 2020; Conlin et al., 2018; Joyce et al., 2019).

In this study, we used consumer-grade UAV DJI Mavic Pro (DJI, Shenzen, China) during
the field campaign. The drone has four propellers and a built-in true colour camera. The
camera is equipped with 1/2.3” CMOS sensor with total effective pixels of 12.35 M,
which produces a 4000 x 3000 image resolution and equipped with an electronic shutter.
Information on shutter type is important since it will affect the setting on the camera
calibration to compensate the rolling shutter issues as in the electronic shutter-type
cameras. The overall flight time in optimal condition is 21 min with 15% remaining
battery level (DJI Mavic Pro & Mavic Pro Platinum Documentation).

The DroneDeploy web app (DroneDeploy, San Fransisco, CA, USA) was used to define
the flight path (Mazzoleni et al., 2020). It was planned with a flight altitude of 60 m, an
overlay of 80% front overlap and 75% side overlap. Each flight was designed to cover
0.02 km? area with 15 min flight time to limit one battery per flight. An enhanced 3D
mode was activated to improve 3D structures quality which will capture an oblique image
of the objects, facing toward the inner centre of the target by carefully not to include
horizon in the shots (DroneDeploy Documentation). We added a buffer zone
approximately 20 m apart from the edge of the low tide limit that was cropped during the
processing later on to prevent interference with the SfM Photogrammetry processing
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(Otero et al., 2018). With these settings, we were able to build 15 grids covering around
0.3 km?. All the grids created in the web app then can be synced into the mobile app to
manage the flight and photo acquisition on-field automatically. The flights were
conducted between 09:00 and 12:00 to get optimum natural sunlight, primarily limit the
appearance of shadows on the photos. Additionally, this short time window was chosen
to avoid high variation in sun intensity (Zhu et al., 2019) and it covered the low-tide
period. Before the flight, we placed the custom made printed red cross-shape tarpaulin as
a ground control point (GCP). The GCP size is 1 m x 1 m rectangle in the inner side and
1 m diagonal cross in the outer side to make it identifiable from the 60 m altitude. We
placed GCPs over the mudflat and in the middle of the delta, which has low vegetation
density and registered them with DGPS in RTK mode.

In total, the properties and location of 69 mangrove trees were measured concurrently
with the mudflat topography. We recorded diameter at breast height at 130cm above the
ground ( D,;, ), height, and location for each tree. The D, was recorded using a

measuring tape at 130 cm above the ground. Tree height was recorded with laser
rangefinder by measuring horizontal distance and hypotenuse from surveyor location to
the tree stem and treetop, respectively. For the trees that were located in the proximity of
the mangrove edge we recorded the position with DGPS. Trees that were located more in
the centre of the forest were recorded with GPS (horizontal accuracy + 3.5 m) because it
is difficult to walk inside the forest with heavy equipment. Mudflat topography was
measured with DGPS in RTK mode. The mangrove trees dataset was used as control
points and groundtruthing for the created Digital Surface Model (DSM).

2.2.2.2. Data processing

We estimated the tree’s location and height based on point clouds created by the Structure
from Motion (SfM) photogrammetry method. Three-dimensional point clouds derived
from SfM photogrammetry produced conservative and realistic measures of tree heights
(Navarro et al., 2019). Alongside with point clouds, a DSM, Digital Terrain Model
(DTM), and an orthomosaic were also generated from these processes (Navarro et al.,
2020).

The workflow comprises of three phases, namely pre-processing, processing, and post-
processing. The workflow in point clouds generation and processing is illustrated in
Figure 2.3. Pre-processing is mainly related to data acquisition including flight route
planning, GCP placement and processing of overlapped images with SfM
Photogrammetry. After the data is acquired, we process the images in commercial STM
photogrammetry software Agisoft Metashape Professional 1.6.1 (Agisoft LLC, St.
Petersburg, Russia). The workflow is in general as follows: (1) photo alignment, (2) photo
marking, (3) dense point clouds generation, (4) exporting dense point clouds, and (5)
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DSM and orthomosaic generation. A detailed description of this workflow can be read in
the Appendix 2-A, Table 2-A.1.

Figure 2.3. The workflow of the Unoccupied aerial vehicle (UAV)-based point clouds
generation and processing.

Since the UAV camera cannot penetrate the mangrove canopy, the DSM includes
vegetation and any above ground covers. Therefore, on the next workflow, we processed
the point clouds to estimate the DTM. Orthomosaic was created by using surface
information provided by the DSM and orthorectifying of the overlapping images.

The processing phase consists of nine steps, which are quality checking, clipping,
indexing, tiling, sorting, noise removal, ground classification, height normalisation, and
generating the Canopy Height Model (CHM). Details in this phase are described in Figure
2.4. We used LASTools (rapidlasso GmbH, Gilching, Germany) to clean the artefacts.
The Cloth Simulation Filter (CSF) algorithm (W. Zhang et al., 2016), which is efficient
to extract the bare earth in lidR package (Roussel et al., 2020), was employed for ground
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classification. As the first step, we assess the quality and information, e.g., number of
points, projection, and point density with lasinfo module. Dense point clouds derived
from SfM photogrammetry still contain noise and uncertainties (Du et al., 2016;
Widyaningrum and Gorte, 2017). Therefore, to get an optimal application in the
mangroves’ environment, a cleaning procedure should be considered. The waterbody is
the main noise contributor of the SfM photogrammetry point clouds. We visually
inspected the orthomosaic and draw a polygon which excludes water and selected the area
of interest. The raw point clouds were then clipped based on the polygon with lasclip
module. Next, we tiled and indexed the clipped point clouds into a smaller tile of 40 x 40
m and added a buffer that was 20% of the tile size. The tiling procedure is useful to
decrease the computational time by taking advantage of parallel computation. Another
consideration is that, the free licensed LASTools has a point limitation about 1~15 million
points (Martin Isenburg, LASTools). Therefore, tiles should be adjusted with the
allowable number of points as attached to the license. The tiled points were then sorted
to rearrange the points into a space-filling curve order. Afterward, we reclassified the
highest points, find the highly isolated points in the dense forest, to create a temporary
ground classification. Next, we mapped all the points located 0.2 m below the temporary
ground as noise. These high and low noise were removed with the lasthin and lasnoise
module. The cleaned photogrammetry point clouds then were processed with the CSF
algorithm in the lidR package to define the ground points. An exhaustive manual revision
of the ground-no ground classification was done in the dense forest to avoid ground
misclassification. The point clouds were created only from what is visible to the camera
within the path not penetrating the canopies, because of that only vegetation tops/canopies
were included. Therefore, careful manual revision had to be made. Finally, points were
height-normalised by replacing the height of each point to the relative height of the
ground-classified points. Subsequently, we converted the height-normalised points into
CHM and the ground-classified points into DTM.

In the post-processing phase, we used a CHM which is a gridded canopy model with 5.3
cm resolution. To locate individual trees in this very high-resolution CHM, the lidR
‘tree_detection’ provides two algorithms—Layer Stacking (Ayrey et al., 2017) and Local
Maximum Filter (LMF) (Popescu et al., 2002). We set the LMF algorithm parameters
window size to 5 m (Otero et al., 2018), a minimum height of 1.37 m, and a circular
moving window shape which represent the crown of a mangrove tree. The resulting data
CHM were tree location (x,y) and tree height (z). The detected trees were manually
checked to avoid errors (Navarro et al., 2019).
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Figure 2.4. Working steps of the processing and post-processing phase of the point
clouds.

2.2.2.3. Tree detection validation

The latest forest inventory was conducted by the Ministry of Marine Affairs and Fisheries
(MMAF) in 2010 (Ministry of Marine Affairs and Fisheries, 2010, 2009). Therefore, we
could not directly validate presence of individual trees detected in CHM. Most of the tree
inventory collected during the fieldwork was located around the edge of mangrove forests.
Therefore, we performed visual interpretation undertaken by the three researchers (Otero
et al., 2018). We pre-selected 30 x 30 m plots reflecting the plot size as in traditional
forest inventories. For each of the two delta lobes three plots were chosen, one being
located at the centre, another at the northern and still another at the southern edge of the
forest. The background of the researchers is (1) a groundwater engineer with no
experience in ecology and remote sensing, (2) a hydraulic engineer with basic experience
in remote sensing and no knowledge in ecology, and (3) a coastal engineer with basic
knowledge in ecology and advanced knowledge in remote sensing. The horizontal
accuracy of the detected trees and validation data can be quantified with widely used
guidelines by the National Standard for Spatial Data Accuracy (NSSDA) (Federal
Geographic Data Committee, 1998) to measure the positional accuracy of the spatial
datasets (Pulighe et al., 2016).
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2.2.3 Satellite Data and Processing

Google Earth Engine (GEE) has been used as a tool to perform climate and hydrology
and natural disaster analysis, and image processing, land use/land cover classification
(LU/ LC), and urban planning (Amani et al., 2020; Tamiminia et al., 2020). GEE consists
of petabytes of science-ready datasets and is equipped with high performance computing
that can be accessed through an application programming interface (API) that is available
in JavaScript and Python (Gorelick et al., 2017). Some notable applications of GEE are,
for instance, the Global Mangrove Watch (Bunting et al., 2018), global forest cover
change (Hansen et al., 2013), global surface water changes (Donchyts et al., 2016; Pekel
et al., 2016), global shoreline changes (Luijendijk et al., 2018), and continent level
agricultural mapping (Xiong et al., 2017). To understand the mangrove extent
development, we processed satellite imagery, such as Landsat 7/8 and Sentinel 1/2, in
GEE with Python package geemap (Wu, 2020).

2.2.3.1. Available dataset

We used combinations of satellite imagery from four satellites constellations available
and science-ready in the GEE platform, i.e., Landsat 7 (L7), Landsat 8 (L8), Sentinel 1
(S1), and Sentinel 2 (S2). S1 and S2 are satellite constellations developed by ESA
(European Space Agency) along with other constellations such as Sentinel 3 and 5. S1
and S2 satellites hold the sensors that are suitable for the mangrove classification study.
S1 satellite carries a dual-polarisation C-band Synthetic Aperture Radar (SAR)
instrument (European Space Agency, 2012; “User Guides - Sentinel-1 SAR - Overview -
Sentinel Online”). Each S1 scene in GEE has been pre-processed with the Sentinel-1
Toolbox and is science ready (“Sentinel-1 SAR GRD”). We employed Sentinel-1 SAR
Ground Range Detected (GRD) products with 10 m spatial resolution with available
dataset in GEE (‘COPERNICUS/S1_GRD’) from October 2014. The S2 satellite carries
a Multispectral Instrument (MSI) with 13 spectral bands: 10 m resolution RGB and NIR,
20 m red edge and SWIR, and 60 m atmospheric band (European Space Agency, 2015;
“User Guides - Sentinel-2 MSI - Overview - Sentinel Online”). The S2 MultiSpectral
Instrument (MSI) Level-1C products were used with available dataset in GEE
(‘COPERNICUS/S2’) from June 2015. L7 and L8 are satellite constellations developed
by a joint program of the USGS and the NASA. Within the GEE platform, L7 scenes have
been atmospherically corrected using LEDAPS (Masek et al., 2006; “USGS Landsat 7
Surface Reflectance Tier 1 | Earth Engine Data Catalog™) and L8 using LasRC (“USGS
Landsat 8 Surface Reflectance Tier 1 | Earth Engine Data Catalog,”, p. 8; Vermote et al.,
2016) (USGS Landsat Surface Reflectance Tier 1). Clouds, shadow, water, and snow
were masked with the CFMASK algorithm (Fassnacht et al., 2019; “USGS Landsat 7
Surface Reflectance Tier 1 | Earth Engine Data Catalog,”; “USGS Landsat 8 Surface
Reflectance Tier 1 | Earth Engine Data Catalog”). The L8 Surface Reflectance Tier 1
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(‘LANDSAT/LCO08/C01/T1_SR’) which is available from April 2013 onwards and
Landsat 7 Surface Reflectance Tier 1 (‘LANDSAT/LE07/C01/T1_SR’) dataset available
from January 1999 onward were employed in this study.

Seasonal varying precipitation, flood control measures, and diversion operations are
likely to influence the sediment yield. Mangrove flowering and seedling dispersal periods
are also influenced by the season. By considering those conditions and dynamics on the
delta, we proposed to map mangrove extent on a seasonal time scale. We mapped the
mangrove extent that represents dry season (May and August) and wet season (November
and February). A composite from one-month scenes of the particular month was created
with the median value of the selected bands and indices for mangrove classification for
optical sensor (S2, L7, L8). A mean function was applied for the satellite with SAR
instrument (S1) (Anchang et al., 2020; Ghorbanian et al., 2020). The median value was
chosen because it is less affected by outlier values that arise, for instance, from pixels
affected by clouds or snow during the masking procedures (Fassnacht et al., 2019). To
optimise the dataset availability and account for mangrove-mudflat dynamics, we
employed the combination of SI1 and S2 during the period of November 2015 to
November 2019. The combination of optical S1 and S2 SAR was reported to improve the
classification accuracy (Carrasco et al., 2019; Fassnacht et al., 2019; Navarro et al., 2019;
Yuan et al., 2020). L8-based classification was for the period of August 2013 to August
2015, and L7-based classification was from dry season 2009 to dry season 2012. An
exception has been made for L7-based classification. The L7 series of scenes has gaps
due to Scan-Line Connector (SLC) failure or stripping problem (USGS, 2013). Therefore,
instead of using the one-month scenes we applied median values of full seasons (six
months for each) during 2009-2012. Since in that period the diversion operation had just
begun and the LUSI Island reclamation project had been conducted, we observed less
mangrove succession in the delta. A presentation of the seasonal classification with a
single map for the period of 2009—2012 is considered sufficient. All available datasets in
a particular classification period were used to generate a cloud-free composite and
improve the classification accuracy (Carrasco et al., 2019; Ghorbanian et al., 2020).

2.2.3.2. Vegetation indices

We assessed the mangrove vegetation cover by way of four optical-related vegetation
indices that are widely used in land cover characterisation (Carrasco et al., 2019; Lucas
et al., 2020; Mercier et al., 2019; Otero et al., 2019), i.e., NDVI (Normalised Difference
Vegetation Index) (Tucker, 1979), NDMI (Normalised Difference Moisture Index)
(Otero et al., 2018), EVI (Enhanced Vegetation Index) (Huete et al., 2002), and SAVI
(Soil-Adjusted Vegetation Index) (Huete, 1988). The S1 images were first pre-
processed with a speckle filter (Lee refined) at a window size of 7 X 7 pixels (Lee et al.,
1994; Mercier et al., 2019). A ratio channel (VV/VH) from the backscattering was
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generated. Lastly, the mean value of all S1 images was employed. This mean function
makes the S1 composite less susceptible to variation in image acquisition (Anchang et
al., 2020; Ghorbanian et al., 2020). With this additional dataset, each S1 mosaic had two
bands and one index, while S2, L7, and L8 had 10, 6, and 7 spectral bands, respectively,
and each was composed of four vegetation indices (Table 2. 1). Table 2.2 specifies the
vegetation indices formulas used in the analysis. Figure 2.5 describes the flowchart of
the image processing procedure.

Figure 2.5. Flowchart of the satellite imagery processing in Google Earth Engine
(GEE) with Landsat 7, Landsat 8, Sentinel 1, and Sentinel-2. The UAV orthomosaic is
used as the training and validation dataset.
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Table 2. 1. Datasets used as input for each satellite constellation product.

Mission Bands/ Indices Metric
Sentinel-1 VV, VH, VV/VH mean

Sentinel-2  B2-BS, BSA, B11-12, NDVL, NDMI, EVI, SAVI median
Landsat-7 B1-5, B7, NDVI, NDMI, EVI, SAVI median
Landsat-8 B2-8, NDVI, NDMI, EVI, SAVI median

Table 2.2. Vegetation indices formulas used for the optical sensor.

Indices Formulas S-2 L-7 L-8

npy) (R-R)/ (B8 —B4) / (B4-B3)/ (B5—B4)/
(NIR +R) (B8 + B4) (B4 +B3) (B5 + B4)

npyy (NIR-SWIR) /- (B8 —BI1)/ (B4 -B5)/ (B5 - B6) /
(NIR + SWIR) (B8 +B11) (B4 + B5) (B5 + B6)
2.5*((NIR -R)/  2.5*%((B8 —B4)/ 2.5%((B4 — B3)/ 2.5%((B5 - B4)/

EVI  (NIR+6*R — (B8 + 6*B4 — (B4 + 6*B3 — (B5 + 6*B4 -
7.5%*B+ 1) 7.5%B2 + 1) 7.5*B1 + 1) 7.5%B2 + 1)

(NIR-R)*1.5/ (B8-B4)*1.5/  (B4-B3)*1.5/  (B5-B4)*1.5/

SAVI (NIR+R+05) (B8+B4+0.5) (B4+B3+0.5 (B5+B4+0.5)

2.2.3.3. Land cover classification

A supervised land cover classification with machine learning algorithm was employed in
GEE. Several of those algorithms have been embedded in GEE. These classifiers are
Classification and Regression Tree (CART), Random Forest (RF), NaiveBayes, and
Support Vector Machine (SVM) (Gorelick et al., 2017). Wetland mapping, as in
mangrove swamps, is one of the most challenging areas for remote sensing. RF supervised
classification is reported to have the highest accuracy among widely used machine
learning algorithms, e.g., K-Nearest Neighbour (KNN), SVM, Maximum Likelihood
(ML), and CART (Amani et al., 2017; Ghorbanian et al., 2020). RF comprises a collection
of tree-structured classifiers to make prediction (Breiman, 2001). RF is more robust to
noise and size reduction of the training set than CART (Rodriguez-Galiano et al., 2012),
easier to implement than SVM (Mahdianpari et al., 2019), and is particularly suitable to
handle high dimensional remote sensing data (Belgiu and Dragut, 2016).

The land cover classification was conducted using the following workflow: (1) training
data collection, (2) initiating classifier and adjusting parameters, (3) train the classifier
with training dataset, (4) classify the image based on the trained dataset, and (5) accuracy
checking. In the first step, the training dataset is provided from the very high-resolution
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orthomosaic created on the UAV data processing. We created three classifications (water,
mangroves, and mudflat area) by plotting region of interests (ROIs) which represent these
classifications. As the intertidal mudflat varies over time by tidal variation, proper
consideration should be made by not only referencing the mudflat’s ROI based on the
orthomosaic but also considering the median composite in November 2019. The ROIs
polygons were made in QGIS as a shapefile and uploaded to GEE as assets. Next, sample
points were created based on supervised ROIs. Accuracy of RF classification is sensitive
to the sample size and spatial distribution (Jin et al., 2014). Within each stratum, which
is based on supervised ROIs, the stratums are randomly sampled (Congalton and Green,
2008). Stratified random sampling function in GEE was used to sample the training data.
Cochran’s formula (Eq. 2.1) was employed to determine sample size by assuming an
unknown proportion for each class (Cochran, 1977).

rq
ng =22 2.1)

Here, ™5 the sample size per class, p is the proportion of the population which has the
class in question, ¢ = 1 — p, Z is the z-value for the given confidence, e is the margin of
error. The samples were subdivided into a 70% training set and 30% of validation
(Breiman, 2001). In the next step, to optimise the computational performance, RF
classifier with 200 decision trees (Carrasco et al., 2019) was initiated and trained as
several studies suggested 100—500 as the optimal number (Belgiu and Dragut, 2016; Du
et al., 2015; Guan et al., 2013; Rodriguez-Galiano et al., 2012; Topouzelis and Psyllos,
2012). The trained dataset then is used to classify the composite.

2.2.3.4. Accuracy assessment and validation

We used accuracy assessment functions embedded in GEE for those parameters. The final
ground-truthing is based on the VHR orthomosaic derived from UAV image acquisitions
in November 2019. We used the confusion error matrix with these parameters: Overall
Accuracy (OA), Kappa Coefficient, Producer Accuracy (PA), and Consumer Accuracy
(CA) (Amani et al., 2017; Mahdianpari et al., 2019). The OA is calculated by summing
the number of correctly classified values and divided by the total number of values. PA
is determined by comparing the number of correctly classified values of a particular class
and number of reference pixels of the same class, while CA can be calculated by dividing
the number of correctly classified values of a particular class and number of classified
pixels in the class (Patel and Kaushal, 2010). The OA, PA, and CA are expressed as
percentage, with 100% accuracy representing a perfect classification. Kappa measures
the difference between the actual agreement in the error matrix and the chance agreement
that is indicated by the row and column total (Congalton and Green, 2008). A kappa value
of 0 represents no agreement, and a value of 1 indicates perfect agreement.
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2.3. RESULTS

This section outlines the result of drone-based point clouds, tree detection and validation,
and satellite-based mangrove extent change over time.

2.3.1.Point clouds

In total, we processed 2860 UAV images (2020 images for north delta lobe and 840
images for the southern delta lobe), which is equal to an average of 200 images per grid.
StM Photogrammetry provided point clouds, DSM, and orthomosaic for each delta lobe.
The generated raw point clouds had 400.5 million and 136.6 million points, which
correspond to average point densities of 951.25 m™2 and 736 m 2 for the northern and
southern delta lobes, respectively. The derived DSM has a resolution of 5.33 cm/pixel
and an orthomosaic with 2.66 cm/pixel resolution. The products in total covered an area
of 0.44 km? and were corrected based on GCPs with a total error of 0.06 m. The
discrepancy between the planned flight area and the product is generated from other areas
captured during the UAV image acquisition.

A small subset of the point clouds is shown in Figure 2.6. The set of figures illustrates the
step-by-step point clouds processing. Figure 2.6a shows subtle noise yielded on the SfM-
based point clouds. The raw point clouds were refined by classifying the high and low
noise, resulting in cleaned points as depicted in Figure 2.6d. The ground-classified points
with the CSF method were then evaluated, especially those situated below the dense
vegetation since SfM-based point clouds provide no information below the canopy cover.
Hence, an exhaustive manual revision was conducted by checking and correcting the
classified ground points. The final point classification categories chosen for the analysis
were non-ground (1), ground (2), high vegetation (5), and noise (7). The final result of
the point cloud processing is a height-normalised point clouds that can be described with
all elevations were normalised with respect to the ground, i.e., an elevation of 0 m. Figure
2.7 shows DTM and DSM derived from the final classification of the point clouds.
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Figure 2.6. Point clouds processing: (a) raw point clouds, (b) the thinned 20%
elevation percentile points, (c) high noise-classified points, (d) cleaned photogrammetry
point clouds, (e) ground points classification (brown colour represents ground points
and grey represents non-ground), (f) height normalisation.
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Figure 2.7. (a) Digital Surface Model (DSM) and Digital Terrain Model (DTM) of the
northern delta and (b) DSM and DTM of the southern delta.

2.3.2.Canopy Height Model (CHM) and Tree Detection

The height normalised point clouds were rasterised to a CHM with a resolution of 0.1 m,
and subjected to the individual tree detection. The ‘tree detection’ function in the lidR
package with the LMF algorithm was adjusted to detect mangrove trees above the breast
height. The individual trees derived from the algorithm can be observed in Figure 2.8.
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Figure 2.8. The detected individual tree as represented here as the red dots derived
from UAV Structure from Motion (SfM) photogrammetry in (4) northern delta and (B)
southern delta.

The root mean square error (RMSE) analysis of the individual tree detection based on
fieldwork data and visual inspection is described in detail in Appendix 2-B, Table 2-A.2.
The RMSE value for tree location was 0.23 m on average. All three validators provided
similar RMSEr with values ranging 0.15, 0.28, and 0.25 m, while the maximum RMSEr
was 0.48 m. As observed, the number of the detected trees for the dense mangrove forest
was underestimated, whereas it was more accurate in the sparse mangrove forest.

The CHM-derived height demonstrated that the mangroves’ median height is 3.5 m in the
southern delta while the northern delta with its older mangroves had a median height of
4.2 m. As shown in Figure 2.9, the northern delta had bi-modal tree height distribution.
The distribution is likely correlated to the mangrove planting activities in 2016.
Corresponding rectangular shaped mangrove areas can be clearly seen in Figure 2.7a.

Figure 2.9. The detected mangrove trees height frequency histogram of (a) the north
delta and (b) the south delta.
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2.3.3.Mangrove Extent and Age Estimation

2.3.3.1. Mangrove Extent

Figure 2.10 and Figure 2.11 illustrate the development of the mangrove extent from 2009
to 2019. Figure 2.11 presents the result of the mangrove classification based on L7 (2009
Dry season—2012 Wet season), L8 (August 2013—August 2015), and the combination of
S1-S2 (November 2015-November 2019). It can be observed that the mangrove belt
expansion has strongly developed in the Porong River mouth. The mangroves on LUSI
Island are clearly visible and have continuously expanded after the construction in 2011
(Figure 2.11). On the northern delta lobe, mangroves appeared in 2016 followed by the
southern delta lobe in 2018. The land conversion to fish ponds in the hinterland is
apparent as well in the figures.

Figure 2.10 provides an illustrative visualisation of the mangrove dynamics. Starting in
2006 the mangrove forests tended to expand seawards. The mangroves in northern and
southern delta lobes contributed significantly to this. Considering the time series map, it
is likely that the southern delta mangrove will be attached to the LUSI Island within the
next few years.

The time series of the mangrove extent has been extracted for both on the Region of
Interest (ROI) (Figure 2.12a) as well as for the LUSI Island-delta lobes (Figure 2.12b).
Both areas exhibit a similar positive trend of development. Generally, it varies with
season. The mangroves area recedes during the transition from dry to wet season and the
mangroves regrow during the wet to dry season. However, the delta lobes’ mangroves
have a slightly different seasonal pattern. As in Figure 2.12b, the mangrove’s seasonal
variation is less pronounced. It is likely because it is more isolated and is affected less by
human activities.
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Figure 2.10. Time series of porong mangrove extent derived from Landsat 7, Landsat 8,
and Sentinel 1-Sentinel 2 imagery
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Figure 2.11. Details of the mangrove extent estimated by satellite imagery from the
2009 dry season to November 2019.
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Figure 2.12. Time series of mangrove extent area development on (A) the region of
interest (ROI) extends from 112.8585° S, —7.5418° E to 112.8927° S, —7.5879° E and
focusing on (B) the Porong Estuary and the newly developed delta lobes which
obviously exhibits an increasing trend of area development after 2011. The right figures
show the time-series of mangrove area development for each region (4,B).

2.3.3.2. Accuracy Assessment of Porong's Mangrove
Classification

Four confusion matrices of L7, L8, and S1/2 based classification show high accuracy
when compared with the UAV ground reference data. The reference data was subdivided
into 70% fraction of the total sample points (cf. Section 2.2.3.3) for training purposes,
equal to 808 points for all classes. The rest (30% of the sample points) or 347 points in
total were used for validation samples. The values of Overall Accuracy (OA), Kappa
Coefficient, Producer Accuracy (PA), and Consumer Accuracy (CA) of all the
classifications were all above 98%. L7 or L8 alone are already excellent sources for the
classification of the one-month composite, but the combination of SI1 and S2 is even
superior to those. The trained OA, Kappa, PA, and CA of S1-S2 classification were all
100%. Due to the SLC error, the trained L7 classification generated from a six-month
mean composite also resulted in 100% OA, Kappa, PA, and CA values. The L8-trained
OA, Kappa, PA, and CA were 99.88%, 0.99, 99.65%, and 99.62%, respectively.

The validation accuracies also showed consistently excellent values similar to those of
the training. The combination of S1-S2 has a value of 100% for all confusion matrices.
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The L8-validated OA, Kappa, PA, and CA were 99.39%, 0.99, 97.92%, and 98.39%,
respectively. The L7-validated OA, Kappa, PA, and CA were 99.54%, 0.99, 97.83%, and
98.18%, respectively.

2.3.3.3. Age Map

The age map (Figure 2.13) was estimated and referenced to November 2019 and derived
backward to 2009. The age map indicates that the mangrove expansion of forests being
attached to the mainland began in 2014. In comparison, the isolated forests (on the delta
lobes) were found to have started expanding in 2016, most likely initiated by the
mangrove planting in the northern delta, in contrast to the natural mangrove succession
that took place in the southern delta.

Figure 2.13. Map of mangroves age distribution in Porong Estuary as estimated with
respect to the reference period of November 2019.

By taking advantage of the age map and the high-resolution CHM, a relationship of
mangrove height dependent on stand age was setup for the two Porong delta lobes. A
mean height distribution across the mangrove age map was calculated by clipping the
mangroves’ age polygon to a CHM raster. Figure 2.14 compares the age-height
relationships from the delta lobes’ mangroves. The northern delta mangroves were
consistently taller than the southern ones at the same stand age. By only taking the
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mangrove trees into account that were taller than 1.3 m, the average annual mangrove
growth of the northern delta amounted to 2.26 m yr'. In contrast, the mangroves in the
southern delta had an annual mangrove growth rate of 1.71 m yr ..

Figure 2.14. Relationship of the mangrove height dependent on stand age on Porong
Delta Lobes.

2.4. DISCUSSION

The study aimed to quantify the mangrove dynamics arising from the massive LUSI
mudflow diversion operation that followed the extreme mud volcano eruption, in Sidoarjo,
Indonesia. Our investigation started in January 2009 and continued until November 2019.
This investigation of mangrove dynamics combined usage of UAV-based and satellite
analyses with GEE cloud computing. This approach included the successful retrieval of
mangrove biophysical properties in terms of canopy height and the individual position of
mangrove trees (Figure 2.8) as well as a time series of mangrove belt development (Figure
2.10). This approach resulted to a new set of mangrove extent maps for our study location
that is not covered by other existing products such as the WMA (Spalding et al., 2010)
and GMFD v1 (Giri et al., 2011) that were released in 2000. The GCMFC-21 (Hamilton
and Casey, 2016), GMW v2.0 (Bunting et al., 2018) and at the national-level provided by
the Indonesian National Institute of Aeronautics and Space (LAPAN) (Pusat Pemanfaatan
Penginderaan Jauh LAPAN, 2020), whose latest product at the time of writing dates from
2012, 2016, and 2019, respectively. The mangrove dataset provided by the GMW v2.0
from the period of 1996, 2007, 2008, 2009, 2010, 2015, and 2016, while LAPAN products
were for the period 0f 2014, 2016, and 2019 —as this chapter was accepted for publication.
Therefore, from those datasets the mangrove dynamics in Porong Estuary cannot be
deduced. The spatial and temporal resolution of those dataset is not sufficient as Porong
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has been experiencing extreme mud influx from LUSI and its transformation has been so
rapid. This study resulted in a higher temporal resolution and detailed three monthly
mangrove classification and their biophysical properties, especially in the highly dynamic
delta lobes that expand seaward.

2.4.1.UAV-based Mangrove Forest Inventory

The derived tree locations were in close correspondence with field inventory data and
expert analyses at an RMSEr in the order of 20 cm. However, since the low-cost UAV is
equipped with an RGB camera system, the estimated tree location is limited to the
description of the canopy top inherent in the CHM. It is different from the LiDAR system
where the beam is able to penetrate the dense canopy cover. The UAV-based StM
photogrammetry method tended to underestimate the number of individual trees, even
though it has a higher accuracy in the sparse mangrove forest. Based on the result, the
low accuracy in the dense forest of the northern delta lobe is likely due to the mangrove
plantation programme that has created a more homogenous canopy and an almost flat
CHM. This prevented complete detection of all treetop positions. However, despite the
underestimated tree location, considering that colonising mangrove species during
primary succession is shade-intolerant, therefore, the loss in detection might be marginal,
in particular when the canopy is still sparse. The estimated individual positions of the
trees can give us more information regarding the height distribution of the mangrove’s
trees and density (Supplementary Materials S1'). As shown in Figure 2.9 we can observe
the influence of mangrove planting on the north delta to the height variation indicated by
the bimodal distribution (Figure 2.9a).

Despite its limitation, the UAV-based tree detection offers the advantages of lower
technical requirements and lower costs when compared to a LIDAR system (Casella et
al., 2020). With miniaturisation, increasing proliferation, and advancement in sensor
technology, the possibility arises of adding multispectral sensors to accuracy of the UAV-
based method while keeping it lightweight and low-cost. The image acquisition was
conducted for five days or equal to 8.8 hectares/day since it was limited by the time frame
of the optimum sunlight and battery capacity. The UAV survey in this study was
conducted by two people. In comparison, traditional mangrove forest inventory with three
experienced surveyors needs two complete days (seven hours/ day) to sample 0.05 hectare
of the forest (Otero et al., 2018). Thus, UAV-based forest inventory is likely to increase
the possibility for frequent and rapid mangrove monitoring. Moreover, this method can
be further developed as citizen science monitoring. With an off-the-shelf drone, pre-
planned flight, open tutorial, and validation procedure, the public can be involved in this

! Supplementary Materials S1 can be accessed from: https://www.mdpi.com/2072-4292/13/6/1084/s1
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kind of mangrove monitoring programme. Depending on the needs, the UAV-based SfM
photogrammetry is useful to estimate mangrove biophysical properties from the plot level
up to the landscape-level. Moreover, another product generated in the workflow, for
instance, the DTM is useful in studying the biogeomorphology to understand the feedback
loop of vegetation and the environment forcing.

2.4.2.Mangrove Belt Expansion Identification in Google Earth
Engine

The expansion of the mangrove belt has been substantiated with the supervised land cover
classification. We have evidenced a total of 11 years of mangrove development (2009—
2019) with high accuracy (more than 98%). Cloud computation with GEE to our
advantage, we generated three monthly mangrove maps, with the exception of sixth-
monthly maps during the period of 2009-2012. Most importantly, our map series has
higher frequency than the above-mentioned global mangrove products.

2.4.3.Seasonal Pattern of Mangrove Dynamics

Based on the resulting maps, it is apparent that the year 2016 marked the start of the
positive mangrove expansion, which seen in Figure 2.10 and the time-lapse animation in
the Supplementary Animation S12. There were two of the largest expansion areas in the
Porong River mouth contributing 24% of the total mangrove area extracted inside the ROI
as of November 2019 (Figure 2.12). It is highly likely that the mudflow diversion
procedure has promoted mangrove belt expansion in Porong Estuary. Mud pumping
disposal of LUSI discharged extra sediment supply thereby providing a suitable
environment that enhanced mangrove expansion. Figure 2.11 provides detail of the
significant increase of mangrove extent both on the ROI and focusing on the estuary.
Dredging operation and the completion of LUSI Island construction in 2011 have
contributed to the prominent increase of the mangrove area.

The mangrove expansion followed a seasonal pattern as Figure 2.12 clearly indicates. We
observed recession of the mangrove extent during the transition of dry to wet season and
regrowth during the wet to dry season. The wet season has the highest sedimentation rates
related to the mudflow pumping operation in LUSI. The mud is disposed of in the wet
season and stored in the reservoir during the dry season. The seasonal pattern in Porong
was also indicated in the study by Sidik et al. (2016). In principle, net development trend
of the mangrove area is positive. Investigated further, we can see amplitude of the high-
low signal differs in the period of 2013—-2017 from that in 2018-2019. In 2013-2017, we

2 Supplementary Animation S1 can be accessed from: https://www.mdpi.com/2072-4292/13/6/1084/s1
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can see low mangrove extent in the wet season followed by the high regrowth in the dry
season. In contrast, from 2018 to 2019, we observe only a slight decrease in the wet season
and a high roughly two-fold increase in the dry season. Focusing on the Porong river
mouth, as shown in Figure 2.12b, the seasonal fluctuation is also recognised but is less
pronounced as in Figure 2.12a. The graphs reveal continuous expansion until August
2013, irrespective of the region, thus no recession visible in both regions. From August
to November 2013, there is a sudden recession, i.e., sharp decrease of area in region A
and slightly less in region B. The recession took place in the middle of the dry season and
the beginning of the wet season, thus at the end of the dry season. There is recovery
occurring from November 2013 until August 2014, where recovery is more pronounced
for region A (February and May clear satellite images are lacking in 2014). The recovery
occurred during the wet to dry season. It seems that the recession occurred at the end of
the dry season while recovering and return to expansion happens in the middle of the wet
season and the first half of the dry season. This 2013 recession—recovery behaviour
repeats in 2014-2017, where the fluctuation is noticeable in region A and less in region
B. It is likely in the beginning mangroves start growing on the newly deposited,
homogeneously distributed mud since its sediment attributes are rather suitable for their
growth. Mangroves have access to water during wet season as well as during dry season.
However, because of their existence, further sediment is deposited at the margin of the
forest. This possibly transforms them into the basin mangrove type in certain areas, more
so in the landward direction, less so on the delta lobes. When the trees start generative
production, i.e., propagule production, at an age of three years seedling that are known to
be more sensitive to salt and drought might die under the extreme conditions at the end
of the dry season in the basins. This condition has developed from the interplay of
vegetation and geomorphological processes—namely, the massive sediment load. Studies
reported buried pneumatophore leads to mangrove mortality, for example in Mekong
Delta (Nardin et al., 2021); high sedimentation concentration reduces the oxygen level in
the mangrove’s root (McKee and Mendelssohn, 1987; Sidik et al., 2016); and an enhanced
of growth of Micronesia trees that is possibly due to associated decreases in root zone
salinity (Krauss et al., 2007).

The delta lobes” mangroves response to high sedimentation rates is generally appear as
lack of growth instead of a decrease. It is likely because the delta lobes are relatively
isolated and therefore less affected by human activities, such as land conversion to
fishponds that is obvious in the maps. Given the sharp decrease-increase pattern in Figure
2.12a (period 2014-2018) and slight decrease-increase as Figure 2.12a (period 2018—
2019) Figure 2.12b it is likely that anthropogenic activities played an additional role.
However, as a verification of that role is beyond the scope of this article, we suggest
further investigation of this topic.
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2.4.4.Mangroves’ Age Class Estimation

The age map (Figure 2.13) was derived to understand the mangroves succession. When
it is combined with the CHM, we can estimate the annual growth rate of the mangrove
trees (Figure 2.14). The age map indicates a difference in the trend of mangrove
expansion for those located in the river mouth and on the mainland. Expansion in the river
mouth was altered by the LUSI Island’s construction and the built-up of the delta lobes.
It is likely that the mangrove planting programme affected the northern delta’s spatial tree
height variation. Apparently, it is also visible in the age-height relationship displayed in
Figure 2.14. As the mangroves on the northern delta were planted, the mangroves tended
to be in average two times taller in their first year than its southern counterparts. However,
the data used to derive the age-height graph in this article is probably not long enough;
for instance, the southern delta provides only three years of observation. Thus, two growth
rates for the relationship, which is insufficient for performing statistical tests.
Nevertheless, mangrove growth rates had a similar trend for both locations, despite a
difference likely due to the mangrove planting. Moreover, the graph demonstrates the
advantage of combining UAV-based VHR data and satellite imagery to characterise the
mangrove structural attributes that need a large workforce if done traditionally.

2.4.5.Implications of the Study

To our knowledge, this study presents the first attempt to explore the mangrove dynamics
in a prograding delta setting by integrating UAV and multiple sources of satellite imagery
(L7, L8, S1, and S2) in GEE. Studies to classify mangrove forest have been conducted in
the last two decades (Bunting et al., 2018; Giri et al., 2011). They were based not only on
one source but also on the combination of multiple satellite sources (Chen et al., 2017;
Lucas et al., 2020; Lymburner et al., 2020; Navarro et al., 2019) and became more popular
with the advent of GEE. The resulting three-monthly classification maps are more
frequent than the commonly produced annual mangrove maps. The frequent monitoring
is deemed necessary in this environmental setting, since the sediment influx continues at
an unprecedented rate, promoting rapid delta development and mangrove belt expansion.
The results of the UAV and the entire methodology presented here shows the advantage
of using an off-the-shelf drone. The CHM and individual tree locations present important
structural attributes to characterise the mangrove forest. It is essential as there is likely a
much closer linkage between diameter at breast height ( D,,,) and height rather than

between crown radii and D,,,. Accurate information of mangrove biophysical structure

is critical for the ecologist, coastal manager, or policymaker.
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2.5. CONCLUSION

The LUSI mud volcano eruption, arguably the largest mud eruption in the world, certainly
affects the downstream landscape development. Particularly with the diversion operation
that conveys a large amount of mudflow sediment into the river that eventually stimulates
a rapid progradation of the delta compared to pre-LUSI conditions. This offers a unique
opportunity to analyse mangrove dynamics on a rapidly prograding delta. We created
time series of mangrove extent maps and mangrove biophysical structure with the
following steps: (a) biophysical properties retrieval using UAV-based SfM
photogrammetry; (b) three-monthly classification of mangrove areas using L7, L8, S1,
and S2 in Google Earth Engine; and (c) derivation of mangrove age maps based on the
satellite imagery. This improvement enables us to capture the highly dynamic setting in
the study area. Moreover, the off-the-shelf UAV offers an efficient yet accurate technique
to retrieve the important structural attributes, such as individual tree location and canopy
height. When combined with satellite imagery analyses, the information can be used to
characterise the mangrove forest and assess the effect of excessive mudflow discharge on
the delta and mangrove development.

The proposed approaches allowed us to monitor the dynamics of mangrove extent and
structural attributes in a rapidly prograding delta. The random forest supervised
classification demonstrated a high accuracy (OA > 99.39%, kappa value 0.99, PA >
97.83%, and CA > 98.18%). The highest accuracy was obtained in the classification from
the combined Sentinel 1 and 2, while the lowest resulted from the Landsat 7. The 11 years
of mangrove extent mapping provided evidence of an overall positive trend in mangrove
extent overlaid by seasonal variation. The receding mangrove area is detected during the
transition from dry to wet season and regrow during the wet to dry season. The individual
trees height and position derived from UAV showed the different distribution of the north
and south delta lobes that is likely related to the mangrove planting.

The method enabled us to retrieve rapid and accurate information on mangrove
biophysical properties with an off-the-shelf drone. Moreover, in combination with GEE
based cloud computing, it is possible to derive a high spatiotemporal resolution mangrove
extent map. The combination of UAV-derived spatial tree structure and the satellite-
derived maps are needed to support fast and frequent mangrove monitoring that will be
valuable for the ecologists, coastal managers, or policymakers.
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2.6. APPENDICES

Appendix 2-A

Here we explain the settings of the pre-processing phase to generate 3D point clouds in
the Agisoft Metashape Profesional. The settings in this appendix are for Agisoft
Metashape Professional version 1.6.3 build 10723 (64 bit). The detailed description is
depicted in Table 2-A.1 below.

Table 2-A.1. Settings of the Agisoft Metashape Professional.

Steps Parameters Value
Accuracy ‘High’
Generic Preselection ‘Yes’
Reference Preselection  ‘Source’
Key Point Limit 50,000

. Tie Point Limit 4

Align Photos 1e' oint Limi ' ,000
Guided Image Matching ‘Yes’
Adapti

. gptlve Camera Model -

Fitting

Camera Calibration Enable Rolling Shutter

Compensation’

Quality ‘High’
Depth Filteri ‘Mild’

Dense Cloud cpth M1 erl‘ng 1

. Calculate Point Colours activate

Generation g
Calculate Point activate
Confidence

Appendix 2-B

The calculation of positional accuracy of the detected trees is following the guidelines by
the NSSDA Part 3: National Standard for Spatial Data Accuracy (Federal Geographic
Data Committee, 1998). We assessed the horizontal accuracy of the detected trees against
the visual observation by the three ob-server and fieldwork measurement. The RMSE
values were assessed using the following equations:

3 \/Zi(xdata,i - xcheck,i)z (Z—A. ])

RMSE, = —

B \/Zi(ydatu,i - )’check,i)z (Z—AZ)

RMSE, = -
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RMSE, = /RMSE; + RMSE2 (2-4.3)

Where Xg4¢q.i» Yaata,i are the coordinates of the ith check point of the dataset and Xxpecr i,
Ycheck,i are the coordinates of the ith check points of the independent source of higher
accuracy and n is the number of check point tested. The horizontal error at point 1 is
defined as in the equation 2-A.4. The results of the positional accuracy are shown in the
tables below.

Table 2-A.2. Detected trees positional accuracy.

Plots RMSEX RMSEy RMSEr
Observer 1

North 1 0.09 0.09 0.12
North 2 0.07 0.08 0.11
North 3 0.08 0.09 0.12
South 1 0.19 0.16 0.25
South 2 0.13 0.08 0.15
South 3 0.09 0.08 0.12
Average - - 0.15
Observer 2

North 1 0.12 0.09 0.15
North 2 0.11 0.10 0.15
North 3 0.08 0.08 0.11
South 1 0.29 0.29 0.41
South 2 0.28 0.26 0.38
South 3 0.30 0.38 0.49
Average - - 0.28
Observer 3

North 1 0.15 0.12 0.19
North 2 0.14 0.19 0.23
North 3 0.15 0.15 0.21
South 1 0.17 0.22 0.28
South 2 0.28 0.23 0.37
South 3 0.14 0.16 0.21
Average - - 0.25
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3. Spatially-Explicit Coupled Individual-Based Mangrove Hydro-morphodynamic Model

Abstract: As climate-change-driven extremes potentially make coastal areas more
vulnerable, mangroves can help sustainably protect the coasts. There is a substantial
understanding of both mangrove dynamics and hydro-morphodynamic processes.
However, the knowledge of complex eco-geomorphic interactions with physical-
environmental stressors remains lacking. We introduce a novel coupled modelling
approach consisting of an individual-based mangrove (mesoFON) and a process-based
hydromorphodynamic model (Delft3D-FM). This coupled model is unique because it
resolves spatiotemporal processes, including tidal, seasonal, and decadal environmental
changes (water level, flow, sediment availability, and salinity) with full life-stages
(propagule, seedling, sapling, mature) mangrove interaction. It allows us to
mechanistically simulate forest expansion, retreat, and colonisation influenced by and
with feedback on physical-environmental drivers. The model is applied in a schematized
mixed fluvial-tidal deltaic mangrove forest in dominantly muddy sediment inspired by
the prograding delta of Porong, Indonesia. Model results successfully reproduce observed
mangrove extent development, age-height relationship, and morphodynamic delta
features.

Keywords: Mangrove dynamics; Sediment dynamics; Mangrove-hydromorphodynamic
model; Individual-based mangrove model; Delft3D-FM; Mangrove modelling; Eco-
geomorphology
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3.1. INTRODUCTION

Climate change-driven extremes are associated with unprecedented weather changes like
a stronger wave climate, frequent storm surges, and coastal flooding (Cooley et al., 2022;
Wong et al., 2014). Globally, this will increase the vulnerability of the coasts with their
coastal ecosystems and more than 600 million people (Kirezci et al., 2020; Magnan et al.,
2022; Merkens et al., 2016; Temmerman et al., 2023). Traditionally, coastal areas are
protected by man-made infrastructure that needs continuous and costly maintenance
(Cheong et al., 2013; Duarte et al., 2013; Temmerman et al., 2013). More recently, the
potentially more sustainable and cost-effective Nature-based Solutions (NbS) approach
has been proposed for climate change adaptation (Cooley et al., 2022; Hijuelos et al.,
2019; Narayan et al., 2016). The NbS — including mangrove ecosystems — play a pivotal
role in climate adaptation by enhancing coastal resilience through the utilisation of eco-
geomorphological processes that naturally adapt to changing environmental forcing while
being multifunctional and relatively cost-effective (Borsje et al., 2011; Chen et al., 2016;
Temmerman et al., 2023). Mangroves can contribute to sustainable coastal protection in
the face of climate change (Krauss et al., 2008), increasing coastal resilience regarding
vertical (Norris et al., 2021) and lateral erosion (Pennings et al., 2021).

The knowledge of the contribution of mangroves to hydrodynamic processes has been
relatively well appreciated and understood. Much research has been conducted to
understand how the extensive rooting systems, trunks, and lower part of the canopy slow
down the water flow, attenuate waves, and thereby in the calm period, facilitate the
deposition of fine sediments (Alongi, 2008; Mazda et al., 1997; Norris et al., 2021). Some
studies show the potential of mangroves as a buffer to large, infrequent disturbances such
as tsunamis (Dahdouh-Guebas et al., 2005; Kathiresan and Rajendran, 2005), storms (Das
and Vincent, 2009; Fairchild et al., 2021), and coastal flooding (in combination with
levees) (van Wesenbeeck et al., 2017). Environmental conditions, in their turn, influence
the mangrove dynamics. Elevated intertidal mudflats allow mangroves to develop,
whereas sediment deficits may erode coasts and mangrove belts. Varying temperatures,
salinity levels, and bed elevation can change the mangrove community composition or
structure over time (Alongi, 2008; Duke et al., 1998; Lugo and Snedaker, 1974; Osland
et al., 2017; Woodroffe, 1992).

In reality, mangrove systems will develop in complex, species-specific feedback
processes with forcing conditions and environmental evolution. For example, mangroves
will attenuate waves, which facilitates deposition and bed elevation impacting again on
mangrove growth/starvation. However, uncertainty remains given the high-non-linearity
(Barbier et al., 2008; Murray et al., 2019) and critical failure threshold (Spalding et al.,
2014; van Hespen et al., 2022b) of the mangroves. These spatiotemporal variations make
quantifying the functional capacity of mangroves a challenge (Temmerman et al., 2023).
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Ideally, resolving the contribution and interactions of mangroves with the physical
stressors requires a detailed, spatially explicit modelling approach that covers all
mangrove characteristics and life-stages (Dahdouh-Guebas et al., 2022; van Hespen et al.,
2022a), where it is currently lacking. The most widely used modelling tools in resolving
mangrove-ecogemorphological interactions are spatial and statistical models, followed
by process-based and conceptual models (Rivera-Monroy et al., 2022). Pretzsch (2009),
van Maanen et al. (2015), and Xie et al. (2020) provide examples of dynamic models that
cover the forest-scale characterized by a top-down hierarchy where the growth is
prescribed based on specific physical-environmental stress for each ‘numerical cell’ at a
specified time. Only a few numerical models include physical-ecological processes, e.g.,
interactions between mangroves and waves, tides, and sediment dynamics in mangrove
forests (Buffington et al., 2021; Fanous et al., 2023; Rodriguez et al., 2017; van Maanen
et al., 2015; Willemsen et al., 2016). These grid-based approaches apply grid-averaged
dynamics that may not reflect the actual mangrove dynamics (Berger and Hildenbrandt,
2000).

In contrast, Individual-Based Models (IBM) use a tree-centred or bottom-up approach
leading to the detailed capture of species ranges, forest structure, biomass, and system
behaviour (Wang et al., 2014). Examples are MANGRO (Doyle et al., 1995), FORMAN
(Chen and Twilley, 1998), and KiWi (Berger and Hildenbrandt, 2000). Further
development of mangrove IBM models is MesoFON (Grueters et al., 2014), adding crown
plasticity to include in tree competition, BETTINA (Peters et al., 2014), which includes
mangrove feedback to salinity, and MANGA (Bathmann et al., 2020) with plant
groundwater-salinity feedback. Forest expansion depends on the successful seedling
establishment (Shih et al., 2022; van Hespen et al., 2022a). However, treatment of
rejuvenation in IBMs is still insufficient to simulate the establishment of a mangrove
ecosystem as it depends on the dispersal of propagules. Propagule dispersion is critical
for colonising and regenerating mangrove forests (Zainol et al., 2022). The dispersal
mechanism is mainly attributed to hydrodynamic processes (Duke et al., 1998; Shih et al.,
2022), which is not covered by the models mentioned. Although the IBM models have
the capability to simulate the feedback to specific physical-environmental drivers, most
of them assume a constant physical-environmental driver in time with spatial limitation
to a local scale or a few hectares.

This study aims to develop a model that explicitly solves the hydrodynamic and
morphological processes and their spatially explicit interactions with an individual-based
mangrove dynamics model. Developing such a mangrove-ecosystem model requires a
multi-modelling approach (Dahdouh-Guebas et al., 2022; Rivera-Monroy et al., 2022).
This integration of multiple models includes the coupling of hydrodynamic (flow-waves),
sediment transport, nutrient transport, and vegetation dynamics models. The proposed
modelling approach benefits from the detailed forest structure provided by IBM
(MesoFON) to parameterize the physics of mangroves to the hydro-morphodynamic
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model (Delft3D-FM), while IBM can use spatiotemporal physical-environmental changes
simulated from the hydro-morphodynamic model. This approach can readily be expanded
to the forest and ecosystem development at the landscape/ regional scale. It will provide
a full life-stage interaction (propagule, seedling, sapling, mature tree) depending on
variations in inundation depth, bed level, and salinity.

In a schematized way, the proposed modelling approach is validated against a real-life
case study of the prograding delta in Porong, East Java, Indonesia, resulting from an
upstream mud volcano outburst (Beselly et al., 2021). Porong Delta has been experiencing
unprecedented sediment load due to the mud volcanic eruption with a factor of 3-4
compared to before the eruption (Jennerjahn et al., 2013). This extreme condition has
promoted rapidly prograding delta along with mangrove belt development (Sidik et al.,
2016). First, we assess our model performance by its ability to reproduce the development
of the long-term pattern in the observed mangrove extent and age-height relationship.
Second, evaluate the pattern of mangrove growth, seedling dispersal/ reproduction, and
mangrove extent in response to varying sediment concentration, river discharge, and
salinity distribution.

3.2. METHODS

3.2.1.Model Description

In a so-called hybrid modelling approach (Vincenot et al., 2016), we couple the
landscape-scale process-based hydromorphodynamic Delft3D-Flexible Mesh (DFM)
model (Deltares, 2021) and the individual-based MesoFON (MFON) mangrove model
(Grueters et al., 2014). By coupling these two model paradigms, the coupled model
DFMFON generally encompasses: 1) the establishment of an individual-based mangrove
community by propagule import from simulated hydrodynamics, 2) the expansion of
mangrove belt in mutual interaction with a hydro-morphodynamic model including bed
level development, and 3) the persistence of mangrove forest by regeneration and
rejuvenation of individual mangrove trees after environmental changes such as varying
salinity levels and other hydrodynamic growth conditions.

3.2.1.1. Coupling procedure

As indicated in Figure 3.1, DFM calculates hydrodynamic processes (waves, tides, and
river discharge), sediment transport, and resulting morphodynamic development with a
maximum hydrodynamic time step of 200 seconds. At each time-step, DFM calculates
the bulk drag coefficient induced by mangrove trees. At the coupling interval of 90 days,
the coupling interface translates DFM grid-based variables (water levels, salinities, and
bed levels) into MFON tile-based salinity and Window of Opportunity (WoO) (Balke et
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al., 2011) maps. Additionally, the coupling interface generates propagule dispersal
pathways from two-week DFM averaged tidal flow patterns. Based on these data, MFON
updates the mangrove stands in a 90-day mangrove dynamics run. The coupling interface
then translates the new MFON-generated mangrove stands into a DFM grid-based drag
coefficient field for the following 90-day DFM run. In the outer coupling, belowground
biomass bed level change is calculated. The 90-day coupling interval was chosen to allow
for seasonal fluctuations of the local climate (wet and dry seasons) and to realistically
incorporate the reproduction of mangroves, such as flowering, fruiting, and seedling
production. As the real case study location is fully inundated within the tidal range, we
assumed the (porewater) salinity effect on mangrove growth equals surface seawater
salinity. We presume an optimum condition for the mangrove growth, not depending on
nutrient availability or other water quality aspects like pH level and hydrogen sulphide
concentration.

The coupling interface is developed in Python 3.9.7 and applies the Basic Model Interface
(BMI) module (Hutton et al., 2020). BMI enables the efficient retrieval and update of
DFM variables (i.e., water levels, velocities, salinities, drag coefficients, and bed levels).
Through this, the model represents the full mangrove life stage and interactions with
ecological and physical drivers at each stage.

Figure 3.1. Overview of the coupled DFM-MFON model.
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3.2.1.2. Entities and state variables

The model comprises single-species mangrove stands, and tiled landscape area maps as
entities. The state variables of the trees in MFON were defined by the life stage
(propagule, seedling, sapling, and mature tree), the species and biophysical properties:
position, D,;, (m), and height (m). The physical or hydro-morphodynamic drivers in

DFM were defined as water level (m), salinity (ppt), spatial plant drag coefficient, water
velocity (m/s), and bed level (m). The MFON tree environment was represented by
200x200m tiles from the DFM domain to prevent overloading each IBM with excessive
numbers of individuals and to obtain the most optimum computational efficiency for
individual-based simulation. The spatially varying salinity and WoO probability
calculated in Python were converted to rasters and tiles (Figure 3.2).

Figure 3.2. A schematic for retrieving and processing the variables of the DFM model.
The (processed) values are converted into raster. The rasterised parameters were tiled
and used as input for the MFON model.

3.2.1.3. Models
Delft3D-Flexible Mesh (DFM) hydro-morphodynamic model

We applied a state-of-the-art, process-based, open-source DFM in 2DH to solve the
relevant hydro-morphodynamic processes and their spatiotemporal variations in the
coastal, riverine, and estuarine areas (Deltares, 2021). DFM employs unstructured grids
(triangles and quadrangles) to resolve shallow water equations under the Boussinesq
assumption with a finite volume method. With the D-Flow module as its core for the
hydrodynamic conditions (e.g., velocities, water elevations, and salinity), the DFM model
is designed to interact with other DFM modules, e.g., D-Waves for wave modelling, D-
Morphology for sediment transport and morphology. Additionally, DFM applies the BMI
that enables initialising, running, retrieving, and altering parameters' values in standard
interface calls (Figure 3.3).
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Figure 3.3. Overview of DFM full morphological loop model structure with the
commonly used online coupled modules and BMI API function call in Python. The
complete BMI functions for DFM can be explored at https://svn.oss.deltares.nl/. The
BMI wrapper for the DFM model can be downloaded from the OpenEarth repository at
https://github.com/openearth/bmi-python.

Mangrove systems are characterised by high turbulence, sometimes equivalent to the
observed value in the surf zones (Norris et al., 2017), and well-mixed conditions that can
be represented in the two-dimensional depth-averaged (2DH) model (Horstman et al.,

2015). DFM separates the vegetation-induced resistance 4 and bare bed roughness C
(m'? / s) in the momentum equation (Deltares, 2021). The modified Baptist (Baptist et
al., 2007) representative C and /4 formula (Eq 3.1 and Eq 3.2) requires information on
the height of vegetation /, (m), density » (number of trees/ m?), bulk drag coefficient

(C,), and bare bed roughness ( C, ) for each grid cell. The calculated C,, will be used

to estimate the mangrove-induced drag in the DFM model, whose implementation is
provided in section 3.2.1.4.

2
R o
2
;L:%c,)np%% (3.2)
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where / is water depth (m), « is the dimensionless von Karman constant, and D is stem
diameter (m).

MesoFON (MFON) mangrove model

The overall purpose of the MFON model (Grueters et al., 2014) has been to simulate
individual mangrove growth based on tree-to-tree competition and environmental
conditions. The MFON model simulates up to ten mangrove species. The tree competition
is based on the Field of Neighbourhood (FON) approach (Berger and Hildenbrandt, 2000).
FON represents the radius of competition of each tree either above or below ground,
where the strength of influence one tree exerts on another depends on the distance to the
other tree (Figure 3.4) and the diameter of influence is related to the stem diameter. The
recruitment and establishment in this study were updated and evaluated in the coupling
interface to reflect the specific hydrodynamic conditions. MFON has the mangrove tree
entity where crown plasticity is the most important process (deactivated in this study).
MFON tree mortality processes depend on local disturbance events and in case of no
growth in D, averaged over five years. The most important design concept of MFON is

how the mangrove tree senses and recognises the influence of neighbouring trees via its
above- and below-ground FON.

Figure 3.4. FON illustration as in MFON. It shows the intersecting FONs of two
neighbouring trees (Treel and Tree2), the influence of Tree2 on Treel depends on the
tree's size and how far the distance of each tree is.
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3.2.1.4. Coupling interface

Mangroves interact with the environment and provide feedback dependent on the three
factors that predominate physical processes, i.e., nutrients, salinity, and sea level/
hydroperiod (Grueters et al., 2014; Krauss et al., 2014; Wimmler et al., 2021). These
factors are intertwined and affect the growth of mangrove trees, regulate species
distribution and the zonation within the mangrove forest, and ultimately determine the
productivity and extent of the mangrove ecosystem. The porewater salinity distribution
(Lovelock et al., 2006; Piou et al., 2006) impact mangrove growth, and the spatial
expansion depends on the tidal flooding and duration (Balke et al., 2015; Lovelock et al.,
2015). These factors determine the mangroves' growth, dieback, and seaward expansion
(through tree recruitment).

Drag Parameterisation

An accurate drag parameterisation is essential since the C, value in mangrove forests

depends on tree species and the root composition/ geometries (Mullarney et al., 2017),
which varies over the water depth. However, considering the 2DH simulation, a bulk drag
predictor was preferred. Therefore, we parameterised the presence of the mangroves as
the bulk drag coefficient (C, ) using the formulations by van Maanen et al., 2015. This
approach assumes that the drag force exerted on the mangroves depends on the vegetation
length scale (L) in Eq. (3.4 as a function of the obstacles’ projected area ( 4 ) and the
obstacles volume (7},) in a control volume (¥ ). Eq. (3.3 was defined as the total of C Do

(drag coefficient of the bare surface) that was set to a value of 0.005. A dimensional
constant e with a value of 5m is set to attain a realistic drag coefficient, as proposed by
van Maanen et al. (2015).

e

CD :CD,)10+Z (33)
V-V,

L= y = (3.4)

The definition of obstacles volume () ) varies between species and hydroperiod.
Therefore, we simplified the trunk as a truncated cone, with a diameter at the base do and

a diameter at each water depth d,, derived from the species-specific diameter-height

allometric relationship (Berger and Hildenbrandt, 2000) following the mangrove’s age.
Furthermore, mangroves have different rooting systems, i.e., pneumatophores of
Avicennia spp., root knees of Bruguiera spp., and plank roots of Kandelia spp. Therefore,
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we simplified the rooting systems (Figure 3.5) as cones (Eq. (3.5), cylinders (Eq. (3.6),
and prisms (Eq. (3.7), respectively (Du et al., 2021; Mazda et al., 2006, 1997).

v _y DA, (3.5)
M ,avicennia ~ 1 2 .
VM ,brugueira = Ai Hi (3 . 6)
i=l
VM Jkandelia = Z AiHi (3 . 7)

i=l1

Figure 3.5. Simplification of the rooting systems and the parameterisation for bulk drag
coefficient calculations.

The window of opportunity for propagule establishment

The effect of hydroperiod was taken into account by the concept of Window of
Opportunity (WoO) (Balke et al., 2011). WoO describes the minimum disturbance-free
period as a critical duration that allows seedling establishment. This disturbance-free
period is defined by the time series of external forcing, e.g., tidal water level and waves.
Balke et al. (2015) indicate that five inundation-free days are required for Avicennia
marina to let the propagule's root securely anchor with a length of 1.6 cm. Before that,
two days of root growth resulting in 0.5 cm length are essential to prevent seedling
toppling due to inundation with no waves. We calculate the WoO probability by taking
the daily maximum water level in each cell of Delft3D-FM to find the minimum three
days inundation free period and calculate the probability.
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Propagule production and tree recruitment

The reproduction phase of Avicennia marina trees is characterised by peak propagule
production during the wet season (Almahasheer et al., 2016; Jiménez, 1992) with an
obligate dispersal of one to two weeks (Booker et al., 1998; Clarke, 1993; Rabinowitz,
1978). Reports mentioned propagules could float up to several months and remain viable,
for example, R. apiculata and R. mucronata in Micronesia, three months and five months,
respectively (Drexler, 2001), and B. sexangula in Hawai’i (2 months) (Allen and Krauss,
2006). Avicennia spp. trees in the study area (Porong Estuary) are estimated to start
producing propagules at the age of 3-4 years (Anwar and Gunawan, 2006; Sidik et al.,
2013; Wirjoadmodjo and Hamzah, 1982). In the model, we parameterised the propagule
production to occur in January (Anwar, 2006; Tala, 2020) for mangrove trees older than
four years. The number of propagules produced by a tree per year (N) follows this
equation:

N = ﬂed,P X red ,sal xDx A4 (38)

where f,.ed, pand fred,sal are the reduction factors due to nutrient availability and salinity,
respectively. D is the species-specific seedling density per crown surface area 4 , which
is assumed to have a value of 0.06 (1/m?). The fred’ p1s held constant with the value of 1

during the simulation (Grueters et al., 2019), assuming the nutrient availability is suitable

for optimum growth, while the varying f,,ed,ml is dependent on the seawater salinity map

obtained from hydrodynamic simulation and is calculated as:

1
1+exp(d (U, -U)) (3-9)

fred sal =

Where U is the salinity value in ppt, d is a constant that determines the decline of

f,,ed,m, with increasing salinity (-0.18 for Avicennia spp.). The constant U, is the salinity

at which f,,, , is 0.5 (72.0 ppt for Avicennia spp.) (Chen and Twilley, 1998). The salinity

factor is considered important as high salinity values likely reduce propagule
reproduction or dispersal (Lovelock et al., 2017). In the model, the salinity value is
determined by taking the median value from the DFM model on each cell during the
coupling period.

At first, the propagules are uniformly distributed (Srivastava and Khamis, 1978) along

the area of the crown surface at Pos(x, y) . Next, as A. marina propagule is buoyant

n

(Van der Stocken et al., 2019) and able to float irrespective of salinity (Clarke et al., 2001),
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local propagule dispersal around the parental tree depends on the magnitude and direction
of the current without the influence from the wind. The propagule dispersal is only
calculated for the first two weeks after release, considering the minimum inundation-free
period for Avicennia spp. to achieve the early anchorage of the propagules (Balke et al.,

2015) obligate for seedling establishment. We calculated the average tidal current (2£ )
over the two weeks of simulation days to determine the transport pathway of propagules.
Assuming the tidal current is the dominant process over the propagules buoyancy
properties (Di Nitto et al., 2013), the final position ( Pos(x, y). et ) €an be formulated as:

Pos(x,y)ﬁnal = Pos(x,y)n +uxdt (3.10)

The survival of the spatially distributed propagules is then evaluated by considering the

tidal inundation period £},, and sediment disturbance S isuurn.sea (burial due to sediment

0

and uprooting due to erosion) following the WoO (Balke et al., 2015). Finally, the

surviving seedlings are allowed to grow in their final position until sapling age (two years)

and are subsequently transferred as saplings to the MesoFON module. We close the life

cycle of the mangroves by introducing the propagules and seedlings. This is a novel

contribution to the mangrove stand models since previous ones such as FORMAN (Chen

and Twilley, 1998), KiWi (Berger and Hildenbrandt, 2000), and MesoFON (Grueters et

al., 2014) simulated tree recruitment as saplings, except for MANGRO (Doyle et al., 1995)
that simulated it as seedlings. Additionally, forest expansion is driven by the successful

seedling establishment.

3.2.2.Experimental Design

3.2.2.1. Case study

The schematised model was set based on the physical characteristics of the prograding
Porong Delta in Indonesia (Figure 3.6c). Porong Delta has been experiencing rapid
progradation due to high sediment load from the diverted mud volcano outburst. We
initiated the domain based on the northern delta lobe’s geomorphological characteristics
in 2016, as described by Beselly et al. (2021). In this period, the delta lobe was just
emerged and was naturally colonized by the mangroves, even though mangrove planting
activity was conducted in 2017. We collected a decade of daily river discharge, water
level observation, and a series of campaigns of sediment sampling, bathymetry, sediment
concentration, tidal, and waves. Mangrove observations were conducted in 2010, 2011
(Setiawan et al., 2019) and updated in 2019 (Beselly et al., 2021) and 2021.
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3.2.2.2. Model parameterisation and schematisation

Figure 3.6d shows the schematised model consisting of a 1500m long funnel-shaped
estuary with a river mouth converged from 140m at the landward head to 500m at the end
of the basin. The river channel area was defined as a rectangular polygon with a length
and width of 240m and 140m, respectively, followed by a delta area with the dimension
of 500 m x 640 m, where the 120 m triangular-shaped polygons are in the transition. This
domain's configuration comprised grid cells with a size of 20 m. The initial bathymetry
was prescribed with the presence of the delta lobe in the middle of the estuary to quickly
start the delta development and attain the dual channel (north-south) system as observed
in the field. It has a depth of -2.8m in all domains, with 0.8m at the crest of the lobe. The
erodible banks, river, and seabed have an initial sediment thickness of 30m. The sediment

consists of mud. We used a uniform value of Chézy roughness 65 m"” /s to represent the
soft bed of cohesive sediment in the condition without vegetation.

Figure 3.6. The real case study is located in Indonesia (a), East Java Province (b),
focusing on the northern delta lobe in Porong Delta (c), where it is schematized into a
funnel shape estuarine with a delta in the middle (d). In (d), the details of the model
domain, grid arrangement, bathymetric, and cross sections are presented.

We forced the model with two open boundaries: (seasonal) fresh water river discharge at
the landward end and tidal water level variation at the seaward boundary. Because of the
low prevailing significant wave height, we did not include wind-generated waves in the
schematised model. The river boundary was set as the only boundary to supply sediment
and schematised to flow the discharge of 0 or 35 m?/s during the dry season (June to
November) and 150 m?/s during the wet season (December to May) following the average
seasonal discharge as observed. The seaward boundary has a semi-diurnal M2 signal with
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an amplitude of 1.2m and an initial salinity of 25 ppt, as the tidal range in the study area.
A suspended sediment concentration (SSC), varying between scenarios, was defined at
the river boundary with a Thatcher-Harleman time lag of 90 minutes. Thatcher-Harleman
time lag gradually releases the concentration during the prescribed period at the river
boundary to prevent sudden variation of the suspended sediment concentration on tidal
flow reversal (Deltares, 2021).

A morphological factor (MF) of 30 was used in this study. It means a single
hydrodynamic tide results in morphological changes of 1 month, thus reducing the
computational time. In the presence of waves, a maximum MF value of 50 may be applied,
whereas values up to 400 may be used without waves (van der Wegen and Roelvink,
2008). With MF=30, three DFM simulation days equal three months or 90 days of
morphological update. Thus, it will match the offline three-monthly coupling with MFON.
Ultimately, two years of hydrodynamic simulation with MF can produce 60 years of
morphodynamic evolution. This time scale was chosen to deal with the high
computational demand of the MFON model while still having the representation of
mangrove dynamics (at decadal time scale) and the (estuarine) landscape development.
A detailed model setting is described in Appendix 3-A.

3.2.2.3. Initialisation

Initially, a forest plot area in the upstream part of the delta is distributed with randomly
placed saplings. Next, the initial mangrove position (x and y) and uniform biophysical
properties (species, diameter at breast height ( D,;,), and height) were prepared as a

shapefile. An additional initialisation procedure was the definition of the seaward limit of
the mangrove edge. Mangroves' seaward boundary is limited to the lowest low water level
(LLWL) and 0.5 m additional elevation as the buffer. Next, we converted the bathymetry
as a raster, clipped the raster following the seaward limit, and tiled the raster and
mangrove shapefile as the MFON world. MFON parameter files were prepared for
separate tiles, and the simulation can be started.

3.2.2.4. Scenarios

We defined eight different sensitivity scenarios as shown in Table 3.1. These scenarios
reflect high-to-low salinity by varying river discharge quantity for each season and rich-
to-poor sediment scenarios by varying the sediment concentration value. The settings are
based on the actual conditions in Porong Estuary. Porong River, one of the major branches
of the regulated Brantas Watershed, is equipped with a series of barrages and floodgates.
These flood control structures make the river act more as a diversion channel, with almost
no discharge during the dry season and high flow during the wet season. The suspended
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sediment concentration (SSC) in Porong River depends on the hinterland's mud disposal
operation.

3.2.2.5. Model results analysis

We assessed the simulation results with qualitative and quantitative analyses.
Qualitatively, we look at the expansion pattern of the mangrove extent during the
simulation period. We examine the shape of the mangrove extent and the stand structure.
The simulated patterns are compared visually with the satellite observations presented by
Beselly et al. (2021). Quantitatively, we divide the analysis to explain the mangrove and
estuary feedback with the hydromorphodynamic phenomena as proxies. Vegetation
responds to environmental forcing in the form of biophysical property changes. For
instance, the most noticeable quantity (even from medium-resolution satellite products)
is the mangrove area development. First, we sorted the geo-referenced simulated trees
from the tallest to the smallest. Then, the canopy area is calculated as circular from the
centre of each tree's stem. When the mangroves' canopies overlap, we intersect the area
and calculate the union. With this approach, the smaller trees' area is not calculated, but
the top of the canopy is. This approach is similar to the satellite-based mangrove extent
observation. Another noticeable quantity is the mangrove height. We use the top of the
canopy height to validate the simulation with the observation. The Porong mangrove
forest shows seasonal variation dynamics. Here, we use the seasonal-trend decomposition
(STL) using LOESS (locally estimated scatterplot smoothing) (Cleveland et al., 1990) to
decompose the spatio-temporal variability of the mangroves into the trend and seasonal
components. We performed STL analysis with the statsmodel v0.13.2 package in Python
(Seabold and Perktold, 2010). The STL method has been commonly used to analyse the
(seasonal) time series development, e.g., nutrient concentration trend in a coastal
catchment (Wan et al., 2017), mangrove biomass (Furusawa et al., 2013), and mangrove
forest cover phenology (Chamberlain et al., 2021). Regarding morphodynamic analyses,
we compared the bed level with and without mangroves for each scenario. We also
analysed the morphodynamic development and hydrodynamic responses in the vegetated
domain.

Table 3.1. Sensitivity scenarios on seasonal variation in mangrove development

Discharge  Concentration

Scenario (m3 /S) (kg / ””3) Condition

Wet  Dry Wet Dry

A 150 0 0.05 0 Hi Sal, Rich Sed (base scenario)
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Discharge  Concentration

Scenario (m3 /S) (kg / ms) Condition

Wet Dry  Wet Dry

Bl 150 0 0.03 0 Hi Sal, Med Sed
B2 150 0 0.01 0 Hi Sal, Poor Sed
C 150 35 0.05 0 Low Sal, Rich Sed
D1 150 35 0.03 0 Low Sal, Med Sed

D2 150 35 0.01 0 Low Sal, Poor Sed

E 150 35 0.05 0.01 Low Sal, Rich Sed (Wet and Dry)
F 150 35 0.03 0.01 Low Sal, Med Sed (Wet and Dry)
3.3. RESULTS

3.3.1.Mangrove-morphodynamics responses and feedback loop:
general pattern

At the beginning of the simulation, we started all scenarios with a small patch of
homogeneous Avicennia marina stands in the upstream part of the delta. To simulate the
natural colonisation, we adopted a sparse saplings' density of 0.03/m?, as observed in the
case study location. These saplings have homogenous biophysical characteristics with
1.37 m height and 0.096 m D,,, at the age of 1 year. The initial mangrove area covers

around 8% of the delta area above the lowest low water level. The simulation results
indicate approximately three major phases in the general development of the mangrove
dynamics. These phases are discriminated from visual analysis of the DFM-MFON model
results (Figure 3.7 and Appendix 3-B) and the mangrove area (Figure 3.8). Phase 1
represents the first 15 years of development (year 0 to year 15), Phase 2 represents years
15 to 30, and the final Phase 3 represents years 30 to 60. The developments' division is
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clearly seen from slope changes and the spread of the scenario pathways, as in Figure 3.8.
Please refer to Appendix 3-B for all scenario plots and Supplement 1° for the animations.

In the first phase of the simulation, mangroves tend to colonise the available space in the
delta lobe, which is related to the available accommodation space. Mangroves expand
and fill the space until they reach the physical limit (mean sea level). The gradual
distribution of mangrove stands reflects older trees in the interior and younger trees at the
fringe.

After about 15 years, the rate of mangrove area expansion has increased for every scenario
compared to the initial years (Figure 3.8). The reason is that the mangrove population has
matured and started producing more propagules. The available accommodation space in
the platform begins to be filled with the propagules transported by the current. After that,
in phase three, the propagules start to disperse outside the delta or into the allowable area
along the northern and southern channels triggering mangrove establishment outside the
delta (Figure 3.7).

3 Supplementary materials can be accessed from: https://ars.els-cdn.com/content/image/1-s2.0-S1364815223002001-
mmcl.zip
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Figure 3.7. Snapshot of mangrove development from selected scenarios representing
extreme environmental conditions (high-low salinity) and sediment availability (rich-
poor sediment availability). In the scatter plot, the size of a tree is relative to its diameter,
a larger circle implies a wider tree diameter. With this, we can examine the distribution
and structure of the mangrove stand where the darker green scatter has older and taller
trees.

Since the production of propagules correlates with the biophysical properties, the
mangrove stands’ height and age distribution affect the mangrove expansion pattern.
Initially, more propagules are produced by the mature trees in the interior rather than by
the younger population at the fringes. A mature tree is defined (Wilson, 2020) by the
change from the non-flowering (juvenile) stage to the flowering (mature) stage. The
number of propagules dispersed is more concentrated in the interior. Thus, the propagules
drifting outside the delta remain few. As competition in the interior increases (Figure 3.9
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and see Supplement 2* for all scenarios), successful recruitment in the interior becomes
limited, but the mature mangroves at the fringes easily disperse the propagules around the
delta. After 30 years, the newly established mangrove population adjacent to the northern
and southern channels initiates the life cycle and even occupies the accommodation space
inland.

Figure 3.8. Simulated mangrove area development for 60 years of simulation.

Phase 2 and phase 3 show the contribution of sediment availability. In contrast to the
slightly different pathway described in the mangrove’s area development in phase 2, the
top of the canopy parameter indicates a significant role in sediment availability. In
contrast to poor sediment scenarios, rich sediment scenarios provide more
accommodation space, less competition for space, and, therefore, an increase in the
distribution of the higher mangrove stands. The higher sediment concentration scenarios
create a wider and more elevated intertidal area. At the beginning of phase 3, a transition
is observed with rich sediment scenarios having a higher mangrove population. It is noted

4 Supplementary materials can be accessed from: https://ars.els-cdn.com/content/image/1-s2.0-S1364815223002001-
mmc2.docx
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that with the highly saturated mangrove population in the delta, the competition for space
increases (Figure 3.9).

As the mangroves grow and reproduce, larger mangroves have wider FON related to stem
diameter and tree height (Figure 3.4). Due to reproduction in the denser mangrove stands,
the intersecting FONSs raise the strength of influence one tree exerts on another. Hence,
the intra-specific competition (competition within the same species in the same plot)
value shown in Figure 3.9 increases over time. The mangrove population in the middle
of the delta showed the most noticeable increasing pattern as the model was initialized in
these tiles. The effect of high competition, a smaller WoO, and limited propagule
dispersal have triggered dieback of the younger stands, as illustrated by the bend of
northern channel and the centre of the southern channel. One can see the peak of the
competition between year 40 and year 50 and the decline in the following years. In these
tiles, the propagules were initially dispersed close to the fringing parental trees due to
limited accommodation space. As a result of the higher competition, young trees are more
likely to die off. In the next phase, mature trees located inland and those surviving grow
with a lower competition resulting from the preceding dieback and the sedimentation
facilitated by the reduced flow velocities in the forest. As reproduction restarts, the
competition begins to increase.

The seasonal influence on the competition shows up as a cyclic pattern over the year. We
observed the lowest competition at the beginning of the wet season and the peak of
competition at the middle and the end of the dry season. The low competition value in the
wet season is likely related to the dieback of some mangroves due to the strong
competition in the dry season of the previous year and relatively favourable conditions
during the wet season. With the optimal growth of the mangroves during the wet season
and simultaneous increase in density due to propagule production, the trees experience
the highest competition value during the dry season.
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Figure 3.9. The tiles of the MFON model (top panel) Intra-specific competition value
(bottom panel) for each tile in Scenario A. Intra-specific competition value is averaged
over each tile. The competition plot for all scenarios is provided in Supplement 2.

The schematized model can qualitatively reproduce the observed expansion pattern in the
Porong Delta, as shown in Figure 3.10. The simulated mangrove extent in Figure 3.10b
resembles the extent in the observed pattern in Figure 3.10a obtained from integrating
satellite and drone analysis from Beselly et al. (2021). The simulated mangrove extent
tends to follow a similar shape as in Porong. However, the schematized model cannot
reproduce a similar expansion rate as in the case study. The reasons can be explained as
follows. First, we assume only single species in the model (Avicennia spp). Second, the
northern delta lobe has multiple sources of propagules, i.e., from the northern mainland
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and the LUSI Island which can increase the number of individuals in the northern delta
lobe. Third, in the absence of data for Porong, we assume that the reproduction rate is
similar to that of Avicennia germinans (Grueters et al., 2014), even though reproduction
1s known to be species-specific. Forth, January-February is the peak of the rainy season.
In this condition, the contribution of river discharge and local precipitation can contribute
to longer-distance propagule transport from the multiple mangrove forests in the vicinity.

The canopy height trend of mangrove stands from the model shows a good agreement
with the observation with an R? value of 0.982 and mean absolute error of 1.105m (Figure
3.10c). This value is compared to age-height relationship of the canopy height model from
2016 to 2021. Considering the simplified environmental forcing in the model and the
variation of the environmental conditions in the case study, we expected a difference for
each scenario but a similar trend.

Figure 3.10. Qualitative comparison of the DFMFON model with the Porong Delta
(Indonesia) case study (Beselly et al., 2021). Beselly et al. produced an annual
mangrove extent map (a) that reasonably matched the modelled development of
mangrove extent in a schematized model domain (b) as well as the reasonable
agreement of the observed and modelled height development (c).

3.3.2.Mangrove responses under seasonally changing
environmental conditions

3.3.2.1. Response to salinity

We found no direct effect of salinity on tree development in the low range chosen for the
scenarios (0 to 25ppt). No apparent difference exists between low and high salinity
conditions in all scenarios, either in the canopy area or propagule production. This is due
to the fact that Avicennia spp. are among the most salt-tolerant mangroves (Jayatissa et
al., 2008) and will not be significantly affected until a salinity value of over 60 ppt is
exceeded (Chen and Twilley, 1998).
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We visually compare different salinity treatments (Hi Sal-Low Sal) within the same
sediment load scenario (Table 3.1), i.e., the comparison of Hi Sal and Low Sal treatment
for Rich Sed scenarios (A-C), Med Sed (B1-D1), and Poor Sed (B2-D2). We compare the
effect of salinity on the canopy area (Figure 3.8), on mangrove forest development for all
sediment load scenarios (in Appendix 3-C), and propagule production (Figure 3.11).
Appendix 3-D provides boxplots of monthly salinity values for each scenario. The effect
of contrasting salinity conditions on the mangrove expansion pattern and the propagule
production is relatively minor. The slightly larger mangrove extent in a lower salinity
environment, as shown in Figure 3.8, relates to how we parameterize low salinity by
adding freshwater discharge during the dry season. Additional discharge from the river
boundary during the dry season transported sediment, created more accommodation space,
and thus increased the probability of seedlings being established. In addition, to clarify
the argumentation, we devised all saline conditions of all Low Sal scenarios. These
additional simulations would not represent real-world scenarios but rather allow us to test
the pure effect of Low Saline compared to Full Saline conditions as opposed to the
combined effect of salinity and high fresh-water discharged examined above. Results in
Supplement 3° show that low salinity of 25ppt makes a minor contribution to mangrove
development, while sediment availability and the resulting accommodation space
contribute more.

5 Supplementary materials can be accessed from: https://ars.els-cdn.com/content/image/1-s2.0-S1364815223002001-
mmc3.docx
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Figure 3.11. Propagule production comparison plot for variation in salinity conditions.
The figure compares the effect of salinity variation on propagule productions in similar
sediment concentration environments. The surveyed polygons were carefully selected to
ensure the minimal effect of changes in morphology by selecting the area with the
lowest difference in cumulative erosion-sedimentation value. With this, we are confident
the sampling polygons can represent different salinity treatments in the domain's main
delta and northern-southern limit.

3.3.2.2. Response to sediment availability

Among the simulated physical drivers, sediment availability plays an important role in
mangrove forest expansion (Rogers, 2021, Woodroffe et al., 2016, Xie et al., 2022). More
sediment supply increases the accommodation space under accretive conditions. More
accommodation space, in turn, increases the probability for the dispersed propagules to
find space to settle and, in case the inundation period is low, to anchor the rooting system
and develop. We compared the contrasting sediment conditions of the same saline
environment, i.e., (Rich-Med-Poor Sed) with (Hi Sal): A-B1-B2, (Rich-Med-Poor Sed)
with (Low Sal): C-D1-D2, and (Rich-Med Sed) with (Low Sal) and with (extra sediment
in the dry season): E-F.

In Figure 3.7 and Figure 3.12, we observe rich sediment scenarios promoting the
generation of a wider mudflat and, thus, more mangrove colonization in a larger
accommodation space, primarily visible in the streamwise or east-west cross-section
(blue line). Looking at the panels, it is clear that the extent of the initial bed level (black
line) is wide enough for the mangroves to expand. Sediment supply and fluvial discharge
stimulated propagules in the delta to establish downstream. The flat and sufficiently high
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bed level increases the WoO and the establishment probability. Throughout the
simulation period, the level of the riverbed changes slightly downstream. However, an
upstream prograding pattern can be observed, where mudflat builds up, and mangroves
establish. The outermost fringe of the mangrove is located at the edge of the mudflat on
the line of the lowest low water level (LLWL).

Figure 3.12. The plot of mangrove forest development for scenario C (panel a),
scenario DI (panel b), scenario D2 (panel c), and the cross-section(s) on panel d. The
plot shows the time series development of bed level and trees 23, 41, and 59 years after
initialisation.
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Looking at the north-south cross-section, the dependence of mangrove establishment on
bed level is more visible. In scenarios C and D1, a creek-like depression was created on
the northward side of the mangrove forest after 23 years. However, since the depression
was shallow enough, it was colonised by the mangroves. As an effect, this increased the
bed level and widened the platform to the north and south. Therefore, more
accommodation space was available, and thus, mangroves occupied the space until the
LLWL line. We can also see the establishment due to propagule dispersal in the northern
and southern limits of the domain, where accommodation space was available. It is more
visible in scenario D2; until year 23, the bed level was lower, and no mangroves could
establish. However, beginning with the year 41, the bed level was higher, and therefore,
it could be occupied by the propagules and established seedlings. The contribution of
belowground biomass is visible in all the plots, especially in the interior, even though
minimal, in the order of millimetres annually.

3.3.2.3. Seasonality

To isolate the seasonality effect from the long-term trend, we decomposed mangrove area
development at quarterly intervals (90 days) using LOESS analysis. Figure 3.13
illustrates the decomposition into the mangrove area trend and seasonal components of
Scenario A. Other scenarios show a similar component pattern in Supplement 4.

The seasonal component demonstrates that the development of the mangrove area follows
an oscillating pattern mirroring the seasonal boundary conditions. A similar seasonality
pattern of mangrove expansion (wet-dry season) was observed in the Porong Delta
(Beselly et al., 2021). Spatially, the extent of the variation is similar across the scenarios,
ranging from +500m? to -500m?. Temporally, within one year of simulation, one can
observe growth during the wet season and decline during the dry season with an overall
positive net rate.

In the seasonal variation panel of Figure 3.13, we observe a wet-dry season cycle of
mangrove dynamics. Mangroves expand in January, concurrent with the beginning of the
propagules production. The mangroves are growing optimally during the wet season,
given the river’s freshwater discharge and high sediment supply. At the end of the wet
season, the young mangroves maintain growth, profiting from low competition for the
space provided by the sediment deposition and the relatively lower salinity associated
with the wet season. This favourable environment prevails until September, which is in
the middle of the dry season. The peak of mangrove expansion is in September, given the

¢ Supplementary materials can be accessed from: https://ars.els-cdn.com/content/image/1-s2.0-S1364815223002001-
mmc4.docx
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optimal conditions inherited from the wet season. After this peak, competition stress
increases (Figure 3.9) as the environment becomes less favourable due to low sediment
availability and reduced bed level. The smaller (younger) trees die first while
neighbouring trees develop less. The decrease in the mangrove area indicates that this
process continues until January, when the cycle starts again with propagule production.

Figure 3.13. Temporal decomposition with LOESS for scenario A. Here in the plot, we
decompose the seasonal variation of the mangrove area (m?) to the trend (above panel),
seasonal variation (middle panel), and residual component (lowest panel).

Residual or remainder represents noise in the data, where a residual of 0 means that
seasonal and trend components well represent the time series. Four relatively high
residuals are present in the lower panel of Figure 3.13. We associated those with the
breakpoints that separated the three phases of mangrove area development as described
in section 3.3.1. The first breakpoint occurred after five years of development; it marks
the beginning of the phase when the initial population has matured, and the first
generation of seedlings is recruited. The second breakpoint occurred after about 15 years
and is associated with the onset of phase 2 when mature populations occupied the middle
delta and produced more propagules. As the mudflat was wide enough and the WoO
probability was high, the transported propagules occupied the space and were established.
The third breakpoint occurred 30 years after initialization; it is associated with the
beginning of phase 3, in which the northern and the southern channel were occupied by
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propagules originating from parental trees of the middle delta. As the northern and
southern channel populations grew, they started their reproduction phase at breakpoint 4.

3.3.2.4. Mangrove stand structure

Figure 3.14b shows histograms of tree number-height distributions as indicators of the
stand structure sampled on various rectangular plots (Figure 3.14a) over time. The pattern
of all scenarios is almost identical. Therefore, we have chosen Scenario A as a
representative to describe the stand structure. We sampled the tree structure in four
polygons. Polygon A represents the delta forest with the centre point taken from the initial
trees with a size of 100x100m and Polygon B with a size of 300x300m. Polygon C is
sized 100x100m and is located upstream with the same latitude as Polygon A and B. The
decision to put Polygon C upstream is to explore whether the younger population in C, in
comparison to the population in A and B, exhibits a different pattern. Polygon D has a
size of 100x300m, located at the fringe of the main delta and channel. We provide
comparative stand structure plots at 5-year intervals to represent the three major phases
as in section 3.3.1. Hence, 12 plots are made available for each polygon. The complete
plots for all sampling polygons and other scenarios are provided in Supplement 57.

The histograms show a slight or almost flat decline with increasing height (in cm) in the
first 20 years of the simulations. Year 0 shows the height class distribution of the initial
trees. After five years, we see two bars with the initial trees that matured on the right bar
and the distribution of young trees on the left bar. Year 10 and year 15 represent the stand
structure of young mangrove populations where the number of parental trees limits the
sapling population. Given the space availability, most of the younger trees in year 10
survive to year 15. From the age of 20 years, mangrove stands become older with a higher
density. This corresponds to the increasing propagule production. Despite the larger
number of new saplings, with competition, younger trees died first since their FONs
overlapped with the larger FONs of older trees due to their higher density. It is clearly
seen by the constant distribution of older trees that they survived to the next observation
period.

Comparing polygons A and B, both have a similar pattern. However, since Polygon B
includes the fringe area, the fraction of younger trees in the population is higher. Polygon
A contains fewer saplings since it has an older population, larger height, larger diameter
at breast height at 130cm above the ground ( D,;,), and thus lower density. Polygons C

and D are located in the fringing area. Therefore, they both have lower sapling density

7 Supplementary materials can be accessed from: https://ars.els-cdn.com /content/image/1-s2.0-S1364815223002001-
mmc5.docx
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than A and B. A prevalence of the younger individuals and a high expansion capacity are
typical characteristics of fringing mangroves.

Figure 3.14. Tree number-height histograms on the selected polygons for Scenario A.
Surveyed polygons (a), histogram of polygon 100x100m (b), histogram of polygon
100x100m in the upstream (c), histogram 100x300m (d), and histogram of polygon

300x300m (e). The histograms for other scenarios are provided in Supplement 5.
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3.3.3.Hydro-morphodynamic evolution of the deltaic mangrove

In this section, we explore the impacts of mangroves on morphological evolution and
hydrodynamics.

3.3.3.1. Influence of mangroves on hydrodynamics

The differences in hydrodynamics between simulations, including and excluding
mangroves, are mainly due to the role of mangrove-induced drag and turbulence, which
alters the magnitude and direction of the flow. Figure 3.15 illustrates how the presence of
mangroves alters hydrodynamics. We capture the strength and direction of currents as
patches-and-vector plots for Scenario E. The ebb tide exhibits the largest flow velocities
because of the combined effect of tide and river flow. The simulation is year 56, meaning
that the mangrove population in the delta is in a dense, mature state, and the population
has colonised the northern and southern parts. When the vegetated area becomes
inundated, an additional drag by the mangroves reduces the strength of the current to
almost Om/s. In comparison, excluding mangroves in the same area with the same
bathymetry yields a larger value between 0.05 and 0.1m/s. A difference in magnitude is
detailed in Figure 3.15c. The extra resistance provided by the mangroves in the delta lobe
and the northern-southern part resulted in a concentration of flow in the channels.
Therefore, we observed a higher flow rate in both channels regardless of whether the
simulation included or excluded mangroves.

Figure 3.15. Snapshot plot of the flow field and velocity for simulations (a) with- and
(b) no- mangroves for Scenario E. The difference in current magnitude between
excluding and including the mangrove scenario is presented in (c).
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3.3.3.2. Morphological evolution, with and without mangroves

The hydro-morphological model was first used to simulate the prograding delta
development resulting from fluvial sediment supply including-excluding mangroves and
to examine the effect of mangroves. As shown in Figure 3.12 and section 3.3.2.2,
sediment availability is an important physical driver limiting mangrove forests' lateral
expansion. Low sediment concentrations of the Poor Sed scenarios do not gain as much
surface level as the Rich Sed scenarios. Since mangroves require suitable habitat
(accommodation space), the Poor Sed scenarios tended to contain smaller mangrove areas
in comparison to Rich Sed conditions.

Figure 3.16. (a) Bed level evolution in simulations with mangrove (full line curves) and
without mangrove (dashed curves) for Scenario Bl. The streamwise or east-west section
is depicted as a blue line, whereas the crosswise or north-south section is depicted as a
red line. (b) Bed level difference of no- and with-mangroves simulation at coupling 243
(vear 60) with reference year 23 for Scenario Bl. The complete set of bed-level
difference plots for all scenarios is provided in Appendix 5.

Figure 3.16 compares bed level evolution for mangroves and no-mangroves simulations
at four moments in time. The timestamps reflect the early dynamics (year 5), phase 1
(year 23), phase 2 (year 41), and approaching the end of the simulation (year 59). The
effect of mangroves is clearly seen in the years 41 and 59. As the mangroves individually
grow larger and population-wise wider, they alter the hydrodynamics by increasing the
bulk drag coefficient. Their presence promotes the deposition of freshly supplied
sediment on the updrift and lee side of the delta. The streamwise plot shows it is more
significant on the seaward side. The no-mangroves simulation faced considerable erosion.
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Large bed level changes occurred (Figure 3.16a) within the first five years due to
deposition in the upstream part of the delta, the build-up of a new tidal flat downstream,
and the deepening of the northern and southern channels. River discharge in the upstream
boundary causes an accelerating current in the northern-southern channels and incises the
bathymetry. The presence of a delta island at the bifurcation locally reduces the velocity-
enhancing deposition. The downstream of the delta also experiences deposition because
of decelerating flow due to the presence of dense forest. The tidal currents promote the
formation of additional tidal flats with an elliptic-like shape at the lee side. In the first 15-
20 years, the impact of mangroves on morphological development remains limited. It is
because mangroves are still small and sparse and thus have limited effects on
hydrodynamics. After this time, the impact of mangroves becomes larger, with some
differences between scenarios.

Since sediment supply initially dominates the morphodynamics, we used the year 23-bed
level as the reference for the following analysis (Figure 3.16b). Overall, simulations with-
mangroves show more deposition in mangrove-colonised areas than simulations without
mangroves, particularly in the northeastern part of the delta. Under no-mangroves
conditions, the delta is incised by a northwest-southeast channel. In contrast, the with-
mangroves condition leads to wider accommodation space in the delta and higher bed
levels in the northern and southern parts of the channel. In a condition where the
mangrove stand structure is wide and dense and located in a sediment-rich environment,
it is likely that mangroves could act as ecosystem engineers. In this sense, the forest has
the capacity to build its own environment by slowing down the current and building up
the mudflat on the lee side. When the inundation regime favours mangrove establishment,
mangroves opportunistically occupy the new mudflat. Where the accommodation space
is abundant and the population is relatively small, for instance, in sediment-rich
conditions and with more accommodation space, the mangroves are likely to be
opportunistic. In this study, the mangrove dynamics of the first 15-20 years were
characterized by the opportunistic-colonizer behaviour of the mangroves, filling the
accommodation space.

3.4. DISCUSSION

3.4.1.Interplay of the physical, environment, and mangrove
dynamics

The DFMFON model has been developed to address the challenge of understanding how

mangroves respond to changes in the physical environment and how the dynamic

response of mangroves feeds back to the physical environment. Our study advances the

currently segregated knowledge by coupling an individual-based mangrove model with a
mechanistic hydro-morphodynamic model. To the best of our knowledge, this is the first
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modelling study that explicitly solves the question of how a mangrove population
responds in terms of stand structure and tree sizes to the hydro-morphodynamic drivers
and salinity variability. This is considered an important advance, for instance, to meet an
increasing necessity in predicting the mangrove forest structure trajectory in detailed
physical-environmental scenarios (Dahdouh-Guebas et al., 2022; Twilley and Rivera-
Monroy, 2005).

Our coupled DFMFON model satisfactorily elucidates the intertwined role of physical
drivers (hydromorphodynamics), environmental drivers (salinity), and mangroves on a
seasonal basis. Based on the physical characteristics of the Porong Delta, the schematized
2DH model simulations can reproduce the realistic spatiotemporal variation of mangrove
dynamics on a sediment-rich system. Our study shows how the feedback effect of
mangroves on the physical-environmental drivers leads to alternating expansion and
contraction of mangrove extent instead of linear growth (Alongi, 2008; Krauss et al., 2014;
McKee, 2011; Rogers, 2021).

Our numerical experiments unravel the dependency of the mangrove ecosystem on the
available accommodation space. Evidence of this is the influence of the prograding
mudflat platform on seaward mangrove expansion (Rogers, 2021; Woodroffe et al., 2016)
and the influence of flow velocity on propagule dispersal. The presence of mangrove
stands provides positive morphological feedback by the additional flow resistance. It
promotes the mudflat build-up downstream (as also reported by Furukawa and Wolanski,
1996), provided that the stands are mature, dense enough and are situated in the direction
of the dominant current. The interactions vary through space and time; hydrodynamic
patterns are primarily influenced by the local topography through the first 15 years or
phase 1 and mangrove-induced in phases 2 and 3 when the population reaches its maturity
(Figure 3.7, Figure 3.8, and Figure 3.13). The hydrodynamic conditions are temporally
varying when subjected to the spatiotemporal changes in forest structure since the
hydrodynamic is dependent on mangrove biophysical properties (Maza et al., 2021b).
Therefore, we observed the difference in mangrove response (with mangrove canopy area
as a proxy) to the stressors at several breakpoints in time. Mangroves play a limited role
in morphological changes during the first 20 years as their low and less dense structure
has a limited impact on hydrodynamics (Figure 3.16), shown by the little difference in
bed level between scenarios with and without mangroves. When the mangrove forest has
grown mature enough and achieved sufficient structure, its presence is relevant in adding
hydrodynamic resistance and, thus, helps to promote the build-up of the mudflat platform.
It can be argued that the transition from mangroves acting as colonizers to mangroves
functioning as ecosystem engineers occur when mangroves are mature, tall, and
structurally dense enough. Thus, in this state, environmental variation has little effect on
growth. When accommodation space is available, the mangroves shift to colonisers by
dispersing their propagules. At the same time, the ecosystem engineer function maintains
the resilience of the recently recruited seedlings through their innate tree-to-tree
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competition. These processes will eventually result in the optimal number of established
trees after the stand has reached the self-thinning line depending on the habitat conditions.

Mangroves' vertical growth and lateral expansion depend on physical drivers and
competition. Simulation results provide little correlation between the variability of
mangrove dynamics and the seasonal variation of environmental stressors (Figure 3.9 and
Figure 3.13). Even though bed level accretion due to sediment availability is the dominant
factor, hydrodynamic condition plays a role in dispersing the propagules during the
propagule production season, contributing to the resilience of the forest (Dahdouh-
Guebas et al., 2022; Shih et al., 2022). The contribution of salinity is rather minor
considering low salinity variation and 4. marina as among the most salt-tolerant
mangrove species. The net development of the mangrove forest is a product of seasonal
variation, being lowest after the more stressful conditions in the dry season. The abundant
fresh water and fluvial sediment fluxes at the beginning of the wet season help mangroves
rejuvenate and distribute the propagules in their vicinity. The positive trend continues
until the middle of the dry season. The stressful environment then adds to competition,
hinders growth, and increases mortality, particularly among juveniles. The capability to
model seasonality, as in our work, is important for understanding the phenological
response of mangroves to stressors, which determines the dynamics and productivity
(Sharma et al., 2014; K. Zhang et al., 2016). Several studies demonstrate the mangroves’
response to substantial seasonal fluctuation, e.g., of temperature (Duke, 1990), light
(Suwa and Hagihara, 2008), precipitation (Duke et al., 1984), nutrient (Lagomasino et al.,
2014), freshwater and hydroperiod (Kamruzzaman et al., 2013; Slim et al., 1996; Wafar
etal., 1997).

3.4.2.Model limitations, potential uses, and future research
needs

The development of this DFMFON-coupled model is intended as a design tool to quantify
the functionality and persistence of the mangrove ecosystem as coastal protection that is
currently lacking (Dahdouh-Guebas et al., 2022; Ellison et al., 2020; Schoonees et al.,
2019). Therefore, parameterisation of physical-environmental drivers has been chosen to
describe the main relationships between mangroves and changes in physical processes
and vice versa. We decided to consider only salinity as the main environmental driver
that controls mangrove growth (Sudhir et al., 2022), without feedback from mangroves
on salinity distribution due to freshwater uptake (Bathmann et al., 2020). Besides salinity,
we assume favourable environmental conditions that cause no biotic damage to
mangroves, as presented in Figure 3.17. The main underlying assumption in terms of tree
growth, competition, and salinity tolerance is that 4. marina behaves like A. germinans,
except for propagule production, which resembles that of A. marina in Porong Forest, and
WoO parameterization based on those measured by Balke et al., (2015) in the Firth of
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Thames, New Zealand. Mangrove growth and mortality are indeed a complex processes.
The environmental drivers provide the resources and regulators for tree diameter and
height growth, while physical drivers limit the lateral expansion of the mangrove stand.
With DFMFON, we explicitly determine the productivity of the mangrove based on the
complete feedback loop of the physical drivers (water level, flow, and bed level) and the
influence of environmental drivers (salinity).

Figure 3.17. Simplified overview of mangroves' relevant processes and interactions and
the physical-environmental drivers in the DFMFON model.

Mangrove establishment and propagule dispersal are the critical elements in assessing the
persistence of mangrove forests (Van der Stocken et al., 2019). Estimating how a forest
recovers after a large, infrequent disturbance such as a tropical storm is still a challenge.
Current approaches use long remote sensing observations from other locations in the
vicinity of the impacted forest (Krauss and Osland, 2019; Vizcaya-Martinez et al., 2022)
to estimate the recovery time. The propagule distribution depends on the hydrodynamic
condition, and the probability of the establishment is based on the WoO value. This
contribution will be beneficial to fill the gap in simulated mangrove dynamics by
incorporating the complete life cycle of mangroves and by considering physical processes
in the model. Currently, our model only considers seedling-based regeneration and cannot
model the re-sprouting mechanism (Krauss and Osland, 2019). We assume that the
dispersal and settling of propagules only occur for a short period of time, i.e., two weeks
after release (Section 3.2.1.4), taking into account the propagules' availability, travel time,
and the obligate dispersal.
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Competition and environment, in combination, are the main factors determining the
mortality of saplings and mature trees alike. The WoO approach is used in the model to
simulate the mortality during the propagule and seedling stage. The model does not
include mechanical tree damage. For instance, exposure to extreme wind and waves
during storm surges can break stems or uproot trees. Including mangroves' resistance to
such exposure in the model should be relevant when considering the function of coastal
protection (Morris et al., 2019; World Bank, 2017). Several mechanistic models can
estimate tree breakage, e.g., HWIND and GALES (Gardiner et al., 2008) and individual
branches mechanical tests (van Hespen et al., 2021). However, HWIND and GALES
models have been applied for even-aged forest plantations, while the mechanical test
focused more on individual trees. Additionally, the mortality threshold for mangroves for
such breakage mechanisms is not yet known.

The model has shown that it can reliably replicate mangrove forest expansion. It has
deepened the mechanistic understanding of large-scale and long-term mangrove forest
expansion behaviour in different detailed environment scenarios. Development of this
model may lead towards improved prediction of changes in mangrove forest structure and
species composition (Aslan et al., 2016; Ellison et al., 2022) due to climate change and
anthropogenic activities. An increase in economic activities is sometimes identified as the
main driver of mangrove forest conversion to shrimp farms, rice agriculture, oil palm
plantations, or construction projects (Jayanthi et al., 2022; Richards and Friess, 2016).
These kinds of activities could result in habitat segregation, where the interconnectedness
with ecosystems in the vicinity is important for, e.g., nutrient exchange and, in the end,
could lead to the collapse of the mangrove ecosystem (Curnick et al., 2019). Since little
is known about mangrove fragmentation and disconnectivity (Dahdouh-Guebas et al.,
2022), we can apply the model to investigate the sensitivity of mangrove forest
persistence capacity to the loss rate of mangrove patches, their shape, size, and distance.
Apart from local topography and prevailing storm intensities, structural characteristics of
mangrove forests, such as species composition, tree height, and density, are important
parameters for assessing their capability to provide nature-based coastal protection. We
could extend the DFMFON model with a wave model to investigate the sensitivity of
mangrove wave attenuation to spatiotemporal changes in forest structure and composition
(Maza et al., 2021b).

3.5. CONCLUSIONS

In our study, a mechanistic simulation model that captures the interrelationships of
individual tree responses and the changing environment was created by coupling the DFM
and MFON models. To our knowledge, our novel eco-morphodynamic model is the first
that offers to examine the sensitivity of mangrove forest structure to changes in
hydrodynamics (water level and current), morphology (bed level), and salinity in a
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feedback loop. The model demonstrates the seasonal variation in mangrove dynamics and
is the first to account for the interactions between mangroves and stressors at all life stages
from propagule to seedling (< 1.37m and > 1.37m), sapling, and mature stages, including
short/ long distance propagule dispersal. This gives an advantage to mechanistically
model forest expansion, retreat, and colonisation influenced by physical-environmental
drivers. The simulations were initialized in a schematized delta setting with a small patch
of saplings and seasonal fluvial forcing. When the stand is young and sparse, the
mangrove forest has a modest effect on morphology, and the bed-level development with
vegetation is quite similar to the scenario without vegetation. As long as accommodation
space is available, the mangrove population tends to occupy the space within its physical
drivers limit. In contrast, mature and dense mangrove populations are likely capable of
altering their habitat by promoting the deposition in the direction of the dominant current.
Overall, the model exercise presented here highlights the benefit of integrating an
individual-based mangrove and a hydromorphodynamic model in providing a
mechanistic understanding regarding the feedback loop of physical-environmental drivers
and changes in mangrove forest structure over space and time.

3.6. APPENDICES

Appendix 3-A
Table 3-A.1. DFM Model Parameters

Parameter Value Unit Remark
Domain 2500 x 500 [m] Porong Delta
Cell Size 20 x 20 [m]
Model Time Span 60 [years]
Hydrodynamic Time Step 200 [s] DtUser
Morphological Factor 30 - MorFac
Sediment Type Mud - SedTyp
Reference Density for hindered settling 1600 [kg/m3]  Cref
Specific Density 2650 [kg/m3]  RhoSol
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Parameter Value Unit Remark
Dry Bed Density 500 [kg/m3] CDryB
Fresh Settling Velocity 0.005 [m/s] WSO

Saline Settling Velocity 0.005 [m/s] WSM
Critical Bed Shear Stress, Sedimentation 1000 [N/m2] TcrSed
Critical Bed Shear Stress, Erosion 0.3 [N/m2] TcrEro
Erosion Parameter 5.0x105 [kg/m2/s] EroPar
Initial Sediment Layer Thickness at Bed 30 [m] IniSedThick
Spin-up Interval 540 [s]
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Appendix 3-B

Figure 3.A4.1. Plot of the mangrove development for all scenarios. Scenario A (Hi Sal,
Rich Sed), B1 (Hi Sal, Med Sed), B2 (Hi Sal, Poor Sed), and C (Low Sal, Rich Sed) in
panel a and scenario DI (Low Sal, Med Sed), D2 (Low Sal, Poor Sed), E (Low Sal, Rich
Sed [Wet and Dry]), and F (Low Sal, Med Sed [Wet and Dry]) in panel b.
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Appendix 3-C

Figure 3.4.2. Comparison of the effect of salinity to mangrove dynamics. The three
panels show contrasting simulation results of the contrasting salinity environment on
the same availability condition.
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Appendix 3-D

Figure 3.4.3. Boxplot of simulated salinity sampled on Polygon A. Monthly variation of
salinity value on Polygon A for different salinity conditions. the boxplot is arranged
vertically, where similar sediment concentration is in the same column, with high
salinity condition above the low salinity plot.
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Appendix 3-E

Figure 3.A4.4. Delta difference cumulative of bed level from with and without mangrove
with cumulative erosion/sediment is calculated with the reference of year 23 as in
section 3.3.3.2.
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4. Modelling Mangrove Restoration to Optimize Carbon Sequestration

Abstract: Mangrove forests' restoration has gained traction as a sustainable solution to
mitigate the effects of greenhouse gas emissions and to provide other ecosystem services,
such as coastal protection against flooding. Restoration projects are often informed by
expert judgement rather than a quantitative understanding and have a high failure rate.
Monitoring mangrove restoration performance may take decades and has a strong case
study dependency. To optimise restoration strategies, we developed an advanced
individual-based mangrove and process-based hydro-morphodynamic model to simulate
multi-species mangrove forest trajectories and account for the feedback from the physical
environment. We find a large impact of planting zonation on the mudflat behaviour, with
seaward erosion and in-forest-landward deposition. Planting mangroves close to mean
sea level decreases carbon storage potential due to increased mudflat erosion. Configuring
planting in multiple patches proves beneficial to mangrove biomass development,
expansion, and sediment accumulation. Combined with sound monitoring, the developed
tool can potentially optimize planned mangrove restoration strategies.

Keywords: Carbon sequestration; Mangrove wetlands; Mangrove restoration; Eco-
hydromorphodynamics; Mangrove modelling; Delft3D-FM; Ecological modelling
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4.1. INTRODUCTION

Global carbon mitigation goals aim to reach net zero emissions by 2050 (Saintilan et al.,
2023) and to cut current carbon emissions to half by 2030 to limit global warming to
1.5°C (United Nations Environment Programme, 2015). Coastal ecosystems, known as
blue carbon, contribute to more than half of carbon sequestration in the ocean, albeit
occupying just 0.5% of the total sea floor (Macreadie et al., 2021). Long-term carbon
sequestration per unit vegetated area in coastal forest ecosystems is estimated to be three
to five times that of terrestrial forests (Mcleod et al., 2011).

Mangrove forests can play a crucial role in achieving global targets on climate change
mitigation and adaptation (Duarte et al., 2013; Howard et al., 2017; Temmerman et al.,
2023) due to their comparatively large carbon burial rate (Mcleod et al., 2011) compared
to other blue carbon pools. A key factor in mangroves' efficiency in sequestering carbon
is their complex aerial root structure trapping fine sediment (Krauss et al., 2014). Due to
waterlogged and anaerobic conditions, up to 90% of the organic carbon originating from
either local mangroves or external sources is preserved in the sediment and fine root
system (Krauss et al., 2014; Sharma et al., 2022), acting as a long-term carbon sink
(Howard et al., 2017). In addition, mangroves comprise unique ecosystems and provide
valuable ecosystem services (van Wesenbeeck et al., 2017) and other carbon-related
benefits (Macreadie et al., 2019). One of these services is attenuating storm surges and
dissipating wind waves (Temmerman et al., 2023), thereby reducing coastal flood risk
(Temmerman et al., 2023; van Zelst et al., 2021). Wave attenuation potential depends on
both biophysical mangrove properties (Marois and Mitsch, 2015; Montgomery et al.,
2018) and geomorphic settings (hydrodynamic conditions, sediment properties, local
topography, and the coastal landscape) (Gijsman et al., 2021; Temmerman et al., 2023).

Being historically perceived as of low monetary value, mangrove forest eradication by
land use conversion has globally decreased mangrove coverage (Hamilton and Casey,
2016). This has led to mangrove belts being amongst the most threatened forests
(Almahasheer et al., 2016; The State of the World’s Mangroves 2022, 2022) and to
increased flood risk for 15 million people that were currently protected by the presence
of mangrove forests annually (Menéndez et al., 2020). When deforested and reclaimed,
the soil is no longer waterlogged, exposed to O2, and changes to aerobic conditions
(Mcleod et al., 2011). Moreover, the loss of mangroves may lead to the degradation of
coastal wetlands, thus increasing the release of the long-buried carbon (Howard et al.,
2017). Consequently, mangrove loss can shift the role of mangrove forests from carbon
sink to carbon source, potentially contributing up to 10% of total emissions from
deforestation (Donato et al., 2011).

Recognising their value for climate change mitigation and adaptation, mangrove
ecosystem conservation and restoration have high strategic potential as a sustainable
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climate solution. A multitude of countries and international organisations advocate
proactive green belt policies (UNFCCC. Secretariat, 2021). Mangrove restoration and
conservation is targeted (Sasmito et al., 2023) by the UN Decade of Ecosystem
Restoration 2021-2030 (UN General Assembly, 2019), Sustainable Development Goals
(United Nations, 2018), and Aichi Biodiversity Targets (United Nations, 1992). The
global conservation community has committed to increasing mangrove cover by 20% in
2030 (Global Mangrove Alliance, 2021; Sasmito et al., 2023). Prompt actions are critical
given the close deadline of both targets in carbon emission reduction and mangrove
conservation. Restoration efforts can be complex and require a set of systematic and
structured stages consisting of planning, implementation, and evaluation (Lewis and
Brown, 2014; Teutli-Hernandez et al., 2020) including socio-cultural conditions
(Dahdouh-Guebas et al., 2021), land ownership (Sasmito et al., 2023), along with cost-
benefit analyses (Ellison et al., 2020; World Bank, 2022), apart from a thorough
understanding of the bio-physical dynamics of mangrove systems themselves.

Mangrove restoration strategies are site-specific and species-specific (Zimmer et al.,
2022), and their success often depends on the suitability of the site, species, and support
from local communities (Tom Wilms et al., 2021; Winterwerp et al., 2020). Despite the
increase in interest in nature-based coastal defences and the clear multiple benefits of
restoring mangrove forest (Morris et al., 2018; Temmerman et al., 2013), 80-90% of
reported restoration projects experience failure(Lewis and Brown, 2014) where reasons
for failure often remain unclear (Ellison et al., 2020; Lopez-Portillo et al., 2017). The
leading bio-physical causes relate to a mismatch of mangrove species and poor
understanding of the hydro-morphological system and other ecological elements (Ellison
et al., 2020; Lewis and Brown, 2014; Primavera and Esteban, 2008). Limited
understanding is partly due to a non-existent baseline dataset on interventions and missing
consistent observation over decades (Macreadie et al., 2019; Sharma et al., 2022; Zimmer
et al., 2022). Nevertheless, mangrove planting remains a popular conservation practice
(van Bijsterveldt et al., 2022), considering the increasing need for fast creation of
mangrove belts and planting as mandated by law in several countries.

This study investigates optimal restoration strategies concerning spatial mangrove
planting configurations, taking into account feedback from their tidal flat environment to
optimize carbon sequestration potential. The potential sequestration function is
represented as carbon sinks in the above-belowground biomass and soil carbon pools.
Mangrove forests' carbon and nutrient exchange is determined by factors in different
scales, i.e., local scale dominated by mangrove species composition, regional scale
influenced by geomorphological setting and hydrodynamics, and global scale governed
by its climate and latitude (Adame and Lovelock, 2011). Of these factors, processes on
local and regional scales are the primary determinant factors in influencing the import
and export of the materials (Adame et al., 2010), e.g., vegetation effect on barrier coasts
under sea level rise (Boechat Albernaz et al., 2023).
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In an effort to manage mangrove wetlands for targeted ecosystem services, mechanistic
understanding of mangrove-mudflat biophysical feedback is crucial (Cahoon et al., 2021).
It requires an approach that allows us to investigate the spatial sediment distribution
(Adame et al., 2010) and material exchange (Adame and Lovelock, 2011) in a mangrove-
mudflat system on the local-regional scale. Predicting mangrove forest trajectories
requires the inclusion of detailed physical-environmental scenarios (Dahdouh-Guebas et
al., 2022) with interactions of mangrove establishment-dieback and propagule dispersal
(Van der Stocken et al., 2019). We apply the mechanistic and spatially explicit mangrove-
eco-morphodynamic model DFMFON (Beselly et al., 2023). The DFMFON model
couples two modelling paradigms, i.e., the process-based hydro-morphodynamic model
Delft3D-Flexible Mesh (Deltares, 2021) and the individual-based mangrove model
MesoFON (Grueters et al., 2014). DFMFON describes mangrove-mudflat dynamics,
including the life stage progression (mangrove establishment, growth, and mortality)
along with the systems' morphodynamic evolution conditioned by wave and tidal forcing,
sediment dynamics, bed level change, and salinity. The model has been applied to
reproduce mangrove extent development and its canopy height along with the prograding
delta features in Porong Delta, Indonesia (Beselly et al., 2023).

We apply the DFMFON model to an open, near-equilibrium accreting muddy coast
setting (Winterwerp et al., 2013), characterized by a typical mudflat slope of 1:1000
below mean sea level (MSL) and convex upward profile in the upper elevation (Friedrichs
and Aubrey, 1996). A spring-neap tidal water level cycle, constant wave forcing, and
constant sediment concentration at the seaward boundary force the open coast profile.
These forcing conditions generate a near-equilibrium, landward sloping profile where
high suspended sediment concentrations prevail at the intertidal flat, but tide-residual
sediment transports remain negligible (Wegen et al., 2019). This cross-sectional profile
is a characteristic of mudflat. Seedlings, consisting of Avicennia marina and Rhizophora
apiculata, two pioneering species commonly planted in restoration activities in Indonesia
(Beselly et al., 2021; Sasmito et al., 2023; Sidik et al., 2018) are planted at 3m distance
intervals (Asian Development Bank, 2018; Hideki Miyakawa et al., 2014) with a similar
diameter at breast height positioned 130cm above the bed level ( D,,, ), resembling

reforestation or afforestation approach (Song et al., 2023). As the existing guidelines
(Beeston et al., 2023; Lewis and Brown, 2014; Teutli-Hernandez et al., 2020) do not
feature a specific configuration of mangrove planting, we apply various configurations of
mangrove placements (Table 4.1 and Figure 4.1), including single (200m) and multiple
(100m with 160m gap) patches to observe the results on ecological and morphological
development. In each configuration, we place mangroves at a particular vertical level
related to the tide (mean sea level, mean high water spring, and mean high water neap).
Scenarios run for 20 morphological years during which mangroves grow and generate
propagules that are dispersed, settle and develop into new mangroves, in a feedback
process with associated hydrodynamic and morphodynamic developments. We
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investigate hydrodynamic characteristics, morphological development, mangrove extent
and biomass development to quantify the carbon sequestration potential. Detailed model
configurations and process descriptions are available in the method section.

Table 4.1. Summary of the scenarios undertaken in this study

Mangrove

Scenario Mangrove placement _ _
Configuration
A Single patch: Above mean sea level 200m x 200m
B Single patch: Below mean high water spring 200m x 200m
C Single patch: Above mean high water neap 200m x 200m
D Single patch: Below mean high water neap 200m x 200m
Two patches: below mean high water spring and 200m x 100m,

E

above mean high water neap with a 160m gap

Two patches: above mean high water neap and 200m x 100m,

below mean high water neap with a 160m gap

Figure 4.1. Model setup in DFM model and mangrove placement scenarios. DFM
model domain consists of flow and wave models in an online coupling. The illustration
of the scenarios is not to scale. Details of the simulations are available in supplement®.

8 Supplementary materials can be accessed from: https://edu.nl/37a3r
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4.2. RESULTS AND DISCUSSIONS

4.2.1.Hydrodynamic characteristics and morphodynamic
evolution

In the absence of mangroves, the mud profile continues to develop and accretes sediment
with clear spring-neap tidal depositional signals near the boundary (Figure 4.2), albeit at
a very low rate. The introduction of mangroves has a clear impact on coastal morphology.
The presence of mangroves promotes sediment deposition in the patch interior and
erosion at the seaward fringe, to a greater extent in scenarios B, C F, and to a lesser extent
in scenarios D and G. Scenario B even traps some sediment landward from the mangrove
patch. Interestingly, the mangrove forests in the upper intertidal (above MHWN) promote
a relatively high depositional rate in the interior. As shown in Figure 4.3b, the presence
of mangroves facilitates vertical accretion rate in the forest interior by up to two times
compared to the no-vegetation scenario. The modelled mean accumulation rate in the
mangrove interior is found to nearly correspond to the global average for undisturbed
conserved mangroves (Pérez et al., 2018), about 3.6+£0.4 mm yr! (Figure 4.3b). It displays,
despite the schematization the model provides a realistic rate. Drag induced by mangroves
can have an extended influence on reaching the seaward boundary close to the lowest
tidal water level. The scenario with mangroves near MSL shows profound erosion at the
seaward fringe and deposition in the mangrove interior towards its landward surroundings.
Higher, more landward mangrove planting decreases erosion near the fringe and tends to
deposit sediment within the interior. Under those circumstances, mangroves drive the
redistribution of sediment over the profile, causing the bed level to be near the boundary
seaward (Figure 4.3b). For that reason, it indicates the extent of mangrove influences on
morphology in this system. The morphodynamic patterns from scenarios with multiple
vegetation patches resemble the single-patch scenarios matching the lower patch (Figure
4.2). In most cases, the deposited volume in the mangrove patch located in the lower
intertidal is even less than the eroded volume at the seaward portion of the fringe,
suggesting the possibility of a negative impact on bare mudflat sediment stock by the
introduction of mangroves.
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Figure 4.2. Simulated alongshore averaged bed-level development. Panels a-g show the
spatiotemporal cumulative bed level development in each scenario. The mangrove
extent is shown as black hatches overlaying the bed level. Panel h shows the ocean

boundary with morphological spring-neap tide forcing.
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Figure 4.3. Initial profile, mangrove planting scenarios, and annual vertical erosion/
sedimentation rate. Panel a describes the initial profile, tidal levels, and scenario
placement. The observation stations represent the seaward, fringe, and mangrove patch
interior. The observation stations are arranged as follows: sta 1 at y-dir=1000m
represents the offshore; sta 2 at y-dir=1800m represents the fringe for above MSL
(scenario B), sta 3 at y-dir=2000m represents the forest interior of scenario B and
fringe for below MHWN scenario C and F; sta 4 at y-dir=2500m represents forest
interior for (scenario C and F) and fringe for above MHWN (scenario D and G), and
sta 5 at y-dir=3000m represents the fringe for below MHWS (scenario E). We do not
consider the forest interior of scenario E because it is close to MHWS and less
frequently inundated. Panel b shows the annual alongshore average
erosion/sedimentation rate (y-direction), mm/yr. The alongshore annual average rate is
calculated over the entire 20-year simulation period. Coloured lines above the graphs
represent the extent of the mangrove forest after 20 years. Scenario line colours are
consistent throughout the article.

The drag-inducing effect of the growing mangrove community is apparent and, therefore,
influences the tidal asymmetry and the associated transport capacity. Together with fine
sediment erosion and deposition lag effects, tidal asymmetry of water levels and velocities
influences tide-residual sediment transport, where a slight asymmetry can result in a large
net influx of sediment into the forest over a tidal cycle (Friedrichs, 2011; Hunt et al.,
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2015). To explore these effects, Figure 4.4 shows tidal stage versus velocity plots for the
entire 20-year simulation period. The observation stations are selected to represent the
tidal stages at the mudflat, the fringe, and the mangrove patch interior of each scenario.

We observe near-equilibrium conditions in the bare mudflat scenario A (Figure 4.4a),
where the velocities are similar along the entire profile during the tidal cycle, with a
slightly larger flood velocity, indicating an accretive system. Figure 4.4b-g clearly
exhibits the reinforcing effect of drag induced by growing mangroves on the tidal
asymmetry. The systems become flood-dominated (larger flood velocity) in the mangrove
forest interior and ebb-dominated (larger ebb velocity) at and seaward of the fringes.
Water levels and velocities are lower in and landward of the mangrove patches. These
effects become stronger when mangroves grow in size and colonize more areas. On
average, mangroves start to substantially affect the hydrodynamics once they have passed
an age of 10 years.

Mangroves induced drag that limits flow and attenuates waves favouring sediment
deposition in the forest interior (Horstman et al., 2018; Temmerman et al., 2023). Larger
pressure gradients drive larger sediment fluxes during the flood. During ebb, a pressure
gradient develops when water levels at the mudflat drop faster than in and landward of
the mangrove patches. High friction delays the flow when ebb water drains, maintaining
relatively high water levels in the patch interior. Turbulence from breaking waves
enhances sediment resuspension, particularly during the low water near the fringe in the
seaward direction. At the fringes, the increased bed slope and pressure gradient lead to
larger ebb velocities, favouring further offshore sediment transport. This pattern is
consistent with previous observations and modelling studies, e.g., Gijsman et al., (2023),
van Maanen et al., (2015), and Bryan et al., (2017). Denser and larger-diameter mangrove
populations enhance this effect. The effect of mangrove-induced drag on tidal asymmetry
is valid in all scenarios regardless of the relative position of mangrove forests to MSL. In
the case of multiple patches, the most seaward-located patch governs the mechanism.
Under similar conditions, mangroves situated at higher elevations have less pronounced
effects. Particularly for patches above MHWN, the transition from peak flood in the
interior to lower ebb in the seaward or the other way around during flood is relatively
short. Thus, the findings in our simulations support previous studies, which show that the
sediment accumulation rate was greater near the fringe than in the interior.

The model results show a strong correlation between the position of mangroves relative
to MSL and sediment deposition. Mangroves located between the mean high-water spring
(MHWS) and the mean high-water neap tidal elevation (MHWN) tend to favour
deposition. In contrast, mangroves between MHWN and mean sea level (MSL) tend to
induce scarp erosion at the seaward fringe edge. In contrast, scenarios featuring patches
closer to MSL have a more pronounced scarping effect. This is attributed (a) to a larger,
landward-located water volume that needs to be drained, (b) to faster-lowering water
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levels during ebb at elevations closer to MSL, and (c) to associated larger pressure
gradients within the mangrove interior. The pronounced modelled fringe edge erosion
was also observed in field studies of mangrove environments (De Dominicis et al., 2023;
Pelckmans et al., 2023). The supplement presents additional numerical experiments on
morphostatic profiles, that explain this effect in more detail.

Figure 4.4. Tidal stage plots extracted from numerical modelling results. Panels a-g
show the evolution of the cross-shore averaged tidal stage over simulation time, where
water velocity (m/s) is plotted against water level (m) at 5 different observation stations

of each scenario during spring tide. Observation stations are described in Figure 4.3.

Velocities are positive in the landward (flood) direction.
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4.2.2.Mangrove biomass development

Planting scenarios in two patches with gap and higher than high water neap result in the
highest biomass and widest extent. We observed a pronounced sensitivity of the canopy
cover area (Figure 4.5) and number of trees (Figure 4.6) to mangrove placement. The
final cover area can vary by a factor of two between mangroves located at the low water
level and those placed at the high water spring level. This striking difference is attributed
solely to the initial mangrove patch position relative to MSL. The maximum cover area
is achieved in scenario G (patches below MHWS+above MHWN) followed by scenario
F (patches below MHWN-+above MHWN) (Figure 4.5). The canopy area evolution can
be divided into three distinct phases: During the first period, until year 5,
patched scenarios cover slightly larger areas than the single block scenarios. Next,
between year 5 and 10, trajectories diverge, depending on bed elevation within each of
the two types of planting scenarios (single vs. multiple patches). As the community
grows older, the higher bed level provides a shorter hydroperiod and less energetic wave
conditions, enhancing the probability of seedling establishment. Since the competition
remains low, mangroves grow optimally, resulting in a larger extent compared to those
located lower on the profile, featuring less favourable conditions for establishment and
growth. After 12.5 years of growth, leveraging the advantage of being in a higher
topographical position, the canopy area in scenario C, located below MHWN, surpasses
that in scenario B, where the patch is located above MSL. The slightly better window of
opportunity due to lower inundation frequency in scenario C provides a relative
advantage, which becomes more apparent when the species initiate propagule
production. The improved window of opportunity increases the probability of
stranded propagules to survive and grow into saplings. Therefore, scenario C
contains a higher number of trees (Figure 4.6) and a wider canopy cover than scenario
B. Overall, mangrove placement at particular levels on the topographic profile
exerts a strong influence on the number of trees in the community after 20 years.
Mangroves located below MHWS have the largest communities, and community
sizes tend to decline in the order: scenario above MHWN, below MHWN, and above
MSL. Patchiness offers a clear advantage as tree numbers in those planting scenarios
surpass those in single block scenarios after year 12.5-15.
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Figure 4.5. Canopy cover area development. Development of canopy cover area over
20 years in different planting scenarios .

Canopy cover area development represents the top of the canopy and, therefore,
corresponds to the tallest stands (Beselly et al., 2023). The species-specific number of
tree development, as shown in Figure 4.6a provides additional insight into whether the
mangrove community is declining, expanding, or heading towards (dynamic) equilibrium
by including all life stages in the community.

Until generative reproduction commences within the first 5 years, the number of trees
remains constant across all scenarios (Figure 4.6a). Although Avicennia marina grows
more slowly in biomass production than Rhizophora apiculata (Berger and
Hildenbrandt, 2000), it has a higher seedling production rate (Grueters et al.,
2019). Additionally, Rhizophora apiculata propagules require a longer inundation-free
period than Avicennia marina to settle. This causes the Avicennia marina population to
dominate the forest in terms of the number of trees.

As illustrated in Figure 4.6a and b, after 15 years, the mangrove community in all single-
patch scenarios stabilizes gradually. An exception is the scenario above MSL (scenario
B), which shows a decline after year 12 in the Avicennia marina population and a
transition to a steady number of Rhizophora apiculata trees. In contrast, the number of
trees in the two-patches scenarios continues to rise. The increase in the number of trees
in Figure 4.6a reflects an expanding mangrove forest or a less competitive environment
with more younger mangrove trees established. Conversely, a decrease in tree numbers
indicates a more competitive mangrove forest, with high juvenile mortality and more
growth of the mature trees or a stronger signature of the self-thinning mechanism. Despite
the slower growth rate of the Rhizophora apiculata population, the increasing trend for
all species is quite similar. Seedling mortality in the mangrove community is mainly
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controlled by the inundation period, where the hydro-morphodynamic feedback by the
expanding and denser forest lowers the WoO. In the first 10 years, the biophysical
properties (surface area, density, and D,,,) of the mangrove forest have only a minor

effect on hydrodynamics leading to a negligible influence on morphodynamic
development (Figure 4.2 and Figure 4.4). Under these conditions, the WoO is lower at
the seaward fringe and higher towards the interior and landward fringe. After 10 years,
the increased mangrove density and D,;, cause higher friction leading to tidal asymmetry

and pressure gradient. This tidal asymmetry delays the interior water level, extending the
inundation period and preventing propagule establishment. The increased velocity
induced by the pressure gradient moves propagules from the seaward fringe offshore,
reducing seedling establishment. As a result, the number of trees remains static with no
colonization occurring at neither the seaward fringe or the interior. In contrast, scenarios
with multiple patches continue to produce viable saplings in both colonization areas: the
seaward fringe at the upper patch and the landward fringe at the lower patch. Plots of
WoO and propagule production on observation plots are provided in the supplement.

Although Rhizophora apiculata has a smaller population size, the mean diameter of
mature trees at the upper end of the diameter distribution is substantially larger for
Rhizophora apiculata than that for Avicennia marina (Figure 4.6b). We observe a
dominance of the large Rhizophora apiculata population after year 10. However, given
that Avicennia marina produces more propagules, we find an equivalent number of
juveniles across all scenarios. In years 15 and 20, the dominant distribution of D,;, <5cm

trees in Avicennia marina demonstrates its dominance in seedling production. During this
period, the surviving population from year 15 shifts into the D,;, >30cm category in year

20. This histogram illustrates that two-patches scenarios consistently have a wider
distribution of tree diameters. All single-block scenarios experienced a decreasing
number of juveniles, with scenario B having the lowest compared to the patched
scenarios. This indicates that the community will be dominated by mature trees with high
competition.

Rhizophora apiculata (dashed lines) has developed a considerably larger biomass from
year 2 onwards (Figure 4.6¢ ), similar to the observation by Berger and Hildenbrandt,
(2000). However, this is less pronounced for Avicennia marina, as juveniles dominate the
diameter distribution (Figure 4.6b). Once again, scenarios with multiple patches and gap
produce more biomass due to their wider extent (Figure 4.2) and higher number of trees
(Figure 4.6a). Beyond 20 years, the higher WoO in multiple patches scenarios leads to
lateral expansion due to colonisation, higher survivability of juveniles progressing into
mature trees, and ultimately higher biomass capacity.
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Figure 4.6. Mangrove populations' development (a) Mangrove populations' (number of
trees) development in space-available case. This plot captures aggregated mangrove
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tree population for each species over the simulation period. (b) distribution of
mangrove diameter at breast height (D,,,) in cm at every 5 years for Rhizophora

apiculata (red bars) and Avicennia marina (blue bars). Propagules are produced when
the tree has reached the flowering stage, with species-specific propagule density per
crown surface area. (c) Overall biomass over the 20 years simulation period for the

two-competing species Avicennia marina (solid line) and Rhizophora apiculata (dashed

line). Biomass (kg) was calculated following the approximation by Comley and
McGuinness, (2005) for Avicennia marina, Kauffman and Cole, (2010) and Ong et al.,
(2004) for Rhizophora apiculata as in Murdiyarso et al., (2015). Biomass content in the
plot is the sum of all mangrove species individuals on each time stamp.

4.2.3.Carbon mitigation capability and potential

We estimate potential mangrove carbon (C) stock in three carbon pools: a) aboveground
biomass carbon (AGC) represents all living parts of vegetation above the soil, including
stem, branches, and foliage, b) belowground biomass carbon (BGC) represents biomass
of belowground roots below the soil surface (Adame et al., 2017), and c) soil organic
carbon (SOC) which is the change in carbon accumulation due to the modelled cumulative
erosion/sedimentation. We assume that sediment imported from the seaward boundary
contains organic matter with 10% carbon content, in accordance with values reported for
observation projects in Indonesia (Kusumaningtyas et al., 2022; Murdiyarso et al., 2015).
The schematized domain corresponds to an accreting coastal system that feeds on mud of
riverine origin transported alongshore; where the allochthonous sediment dominates in-
situ carbon burial. The methods section explains the estimation of AGC, BGC, and SOC.

Figure 4.7 shows that, in line with findings in the previous section, all scenarios below
the level of MHWN show a reduced soil organic carbon accumulation compared to the
no vegetation case (scenario A). Scenarios with all combinations situated above MHWN
(scenarios D, E, G) accumulate more sediment than scenario A. Scenario D
(below MHWS) surpasses scenario A after year 10. At the end of the simulation, the
two-patches scenario with a combination above MHWN and below MHWS
(scenario G) has the highest SOC. Interestingly, although all two-patches scenarios
have the largest canopy area, scenarios with a combination situated below MHWN
(scenario F) feature less SOC than scenario A. Scenario B (above MSL) has the
smallest amount of net SOC accumulation, almost vanishing near the end of the
simulation. The SOC accumulation rate is quite similar in all scenarios. However, all
scenarios below MHWN reverse their response pattern in year 10 and regain sediment
afterward (Figure 4.7), whereas only SOC in scenario B keeps decreasing.

We calculate carbon stock changes for the carbon pools modelled above. All scenarios
show an increase in carbon stock over time. However, scenario B has reached its limit
within 20 years for the SOC. In comparison, scenarios below MHWN are shown to have
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reached optimum density for ecology (AGB-BGB contribution) after 20 years.
Interestingly, two patches scenarios are still in an expanding trend, where they have a
chance to sequester more carbon until the forest reaches maximum mangrove community
density, depending on the forest composition (Berger and Hildenbrandt, 2000). It shows
the benefit of strategically providing a less competitive environment and gap (space) to
allow for higher successful landward seedling establishment.

Our simulations suggest that SOC is the highest contributor among the carbon pools for
all scenarios. Recent studies (Macreadie et al., 2021; Murdiyarso et al., 2021; Sasmito et
al., 2020; Song et al., 2023) mention SOC is the highest contributor to the total ecosystem
carbon stock. However, it is essential to note that the SOC's source in those studies is
majorly of autochthonous origin, where we assume the availability is still limited within
our domain. Additionally, our modelling exercise resembles mangrove afforestation
within 20 years after planting, in which allochthonous carbon prevails (Chen et al., 2023;
Song et al., 2023). Scenario B represents an exception due to its deep scarp erosion pattern
and the reversal of the rising SOC trend after year 10.

Consistent with Figure 4.6¢, there is no substantial difference in the biomass carbon pools
among scenarios as shown in Figure 4.7. The finding in biomass carbon seems
inconsistent with the findings of the previous section, i.e., a twofold increase in canopy
cover (Figure 4.5) and a clear rise in tree number (Figure 4.6a). This phenomenon can be
explained by the number of trees-diameter histograms in Figure 4.6b. The community of
the forest is dominated by the younger trees with D,;, <5cm. This is particularly evident
when the community exceeds the age of 10 years. Although the younger trees are
dominant in number, the total biomass is dominated by the contribution of surviving first-
generation trees. On the other hand, the accumulated SOC exhibits a significant difference,
benefiting from sediment trapping efficiency.
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Figure 4.7. Carbon stock changes. Simulated carbon stock changes from three carbon
pools (living vegetation above- belowground and soil organic carbon). The y-axis
shows the value of carbon stocks changes (in 10° kg) with positive values in both
directions, where a value above zero represents aboveground carbon and below zero
represents belowground and soil organic carbon. Above and belowground biomass
carbon are estimated based on the mangrove species properties. Soil organic carbon is
estimated from cumulative sediment volume changes from the whole model domain.

4.2.4.Implications for mangrove restoration management

Most studies link tree species to carbon sequestration potential (Aye et al., 2023; Sahu
and Kathiresan, 2019) or focus on optimisation of restoration strategies in terms of
ecology (Lewis and Brown, 2014; SER (Society for Ecological Restoration Science and
Policy Working Group), 2002), intervention approach (Primavera et al., 2011), species
type(s) (Bai et al., 2021), geomorphic settings (Hatje et al., 2023), or planting density
(Guo et al., 2018). These studies typically cover a large spatiotemporal scale, i.e.,
minimum at the forest scale, where gradual and slow changes occur. However, the
restoration success and potential carbon sequestration are also related to the successful
establishment (Shih et al., 2022; Van der Stocken et al.,, 2019), tied to a short
spatiotemporal scale (Balke and Friess, 2016). This implies that smaller-scale processes
need to be included to understand the system's behaviour on a larger scale (Pretzsch,
2009). Our modelling results show that a fractional modification, such as strategic
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placement on a specific elevation with respect to tidal levels, provides a disparate
outcome. The knowledge gained in this modelling exercise can offer guidelines to
restoration attempts.

The simulations reveal that assessing restoration success may not only be evaluated in
terms of large mangrove extent or the potential biomass, particularly if the monitoring
period after restoration is limited in time. In this case, we assume the monitoring period
is similar to a typical engineering time scale (20 years). As such, morphological
development, referred to as SOC accumulation, is the sensitive yet potentially influential
parameter demonstrated in this work. For instance, scenario B (above MSL) indeed has
the lowest extent (Figure 4.5) and the smallest number of trees (Figure 4.6a). Nevertheless,
the simulated biomass carbon does not significantly differ from other scenarios (Figure
4.6¢). Our study suggests successful mangrove restoration may not be seen exclusively
from biomass carbon accumulation. However, the total carbon stock can be even lower
than the no vegetation scenario (Figure 4.7) due to soil loss and the associated soil organic
carbon stock. The results indicate the importance of efficient mangrove placement in
restoration works to avoid counterintuitive results.

It is notable that mangrove restoration is now becoming a global movement, followed by
the slowing down of forest loss (Global Mangrove Alliance, 2021; Lopez-Portillo et al.,
2017). Mangrove restoration can be a potential solution in climate change mitigation
when the restoration failures are minimized. In this study, we demonstrate the possibility
of conducting predictive behaviour of mangrove forests following their placement and
the changes in carbon stocks. From the perspective of mangrove restoration projects, it
can potentially reduce the cost by strategically planting the seedlings and excessive trial-
and-error, making it predictable and affordable.

The findings suggest practically focusing on mangrove restoration in the high water neap
elevation in the initial project. We observed stable tree-number distribution and a
consistent pattern of biomass production after year 15. Although a mangrove's lifetime
can take more than a century, we suggest monitoring in an undisturbed restoration project
that can be conducted within 20 years. Make it reasonably practical and easy to implement,
following the current standard in engineering projects.

4.3. METHODS

4.3.1.Coupled mangrove-hydro-morphodynamic model

Mangroves thrive in a dynamic coastal environment at the wedge of high and low water.
In response, mangroves need to interact and provide feedback with multiple physical-
environmental drivers, i.e., nutrient availability, salinity, and sea level / hydroperiod
(Grueters et al., 2014; Krauss et al., 2014). The interactions with these drivers will affect
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their growth, dieback, and species distribution, determining the productivity and the
extent of the mangrove ecosystem. The interactions occur at different spatiotemporal
(habitat, ecological, and geomorphological scales) and life stages (propagule, seedling,
sapling, and mature). Any disturbances at each hierarchy would alter the higher hierarchy
and cascade into the ecosystem level (Twilley et al., 1999). In turn, it affects the
interactions and traits of the abiotic-biotic factors at the lower level. For instance, the rise
of ecosystem-scale sea levels affects the hydroperiod and the related morphological
development. The changes in bed level variation will alter seedlings' establishment and
thus affect the mangrove stands competition, changing the mangrove community
structure (Rivera-Monroy et al., 2017). Therefore, we apply a hierarchical approach
(Twilley et al., 1999) to describe mangrove dynamics and the feedback loop based on
their ecological (local) and geomorphological factors.

The spatially explicit interactions between hydro-morphological processes and mangrove
dynamics are simulated with DFMFON (Beselly et al., 2023), a coupled individual-based
mangrove MesoFON (Grueters et al., 2014) (MFON) and landscape-scale hydro-
morphodynamic Delft3D-Flexible Mesh (Deltares, 2021) (DFM) model, resolving local-
scale to landscape-scale, respectively. The coupled model resolves the feedback loop
between the short-term changes in local abiotic factors (i.e., flow, sediment availability,
waves, and salinity) and the long-term bio-geomorphic mangrove forest dynamics. These
interactions occur and are modelled within each life-stage of the mangrove tree
(propagule, seedling, sapling, and mature), including short-/long distance propagule
dispersal. DFM translates mangrove biophysical characteristics as the bulk drag
coefficient at each time step, affecting the hydro-morphodynamics. The simulated DFM
variables (water level, salinity, and bed level) are defined as mangrove stressors to update
mangrove stands in MFON every 90 morphological days. The 90-day interval was chosen
to realistically incorporate mangrove reproduction (e.g., flowering, fruiting, and seedling
production) while keeping the wet and dry seasonal climate forcings.

Mangrove individual-based model

The individual-based mangrove model MFON aims to simulate individual mangrove
development based on the tree-to-tree competition and variation of environmental
conditions, i.e., salinity and nutrient availability. The competition routine is based on the
Field of Neighbourhood (FON) approach (Berger and Hildenbrandt, 2000), which defines
the strength of influence of one tree upon another as dependent on the radius of
competition, either above or below ground, related to the tree's stem diameter. Mangrove
growth is governed by the level of competition for resources and is limited by salinity.
Mortality will occur in case of no growth in D,,, for 5 years and local disturbance events.

Tree recruitment and establishment are processed by the DFMFON routines, which take
into account the physical stresses from hydrodynamics simulated in DFM. During the
seedlings' production period, the two-week averaged flow pattern is captured and used to
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estimate propagule dispersal. The selected period is in line with the generally observed
obligatory two-week dispersal period (Beselly et al., 2023). The successful establishment
of the dispersed propagules is evaluated following the local inundation frequency,
applying the conceptual model termed Window of Opportunity (WoO) (Balke et al.,
2011), while also taking into account seedlings' burial and toppling due to hydrodynamics
(van Hespen et al., 2022b). WoO is parameterised from species-specific inundation-free
days as the critical period to let the root securely anchor in the soil. The WoO threshold
for Avicennia sp. is defined as 3 inundation-free days, based on an experiment conducted
by Balke et al., (2015). For Rhizophora sp., we used Watson's hydrological classification
(Watson, 1928) that was derived for Malaysian mangroves and has been improved for
varied tidal regimes based on studies in South East Asian Mangroves (Indonesia and
Vietnam) in the study by Van Loon et al., (2016). Rhizophora sp. is classified as
hydrological class 3 with 100-200 minutes per inundation, while Avicennia sp. is in
successional class 2* with 200-450 minutes per inundation for successful anchoring of a
seedling. Therefore, Rhizophora sp. requires an inundation-free duration of up to 2 times
longer than Avicennia sp. Hence, we assume the WoO value for Rhizophora sp. is 5 days.

Hydro-morphodynamic model

An open-source hydro-morphodynamic DFM model is used in the study to simulate flow,
sediment dynamics, and morphological processes. This model is set to solve two-
dimensionally (depth-averaged) shallow water equations on an unstructured grid and is
widely used in coastal and estuarine environment (Best et al., 2018; Bryan et al., 2017;
Wegen et al., 2019). Wind-wave propagation is simulated using D-Waves module in
DFM (Deltares, 2021). D-Waves is based on the SWAN spectral wave model, capable of
simulating the evolution of short-crested, random wind-waves in coastal areas. D-
Morphology (Deltares, 2021) module in DFM 1is activated to solve the suspended
sediment transport in the muddy coast by solving the advection-diffusion equation,
applying the Partheniades-Krone formulation to estimate erosion and deposition.

The mangrove resistance on hydrodynamics is represented in DFM using modified
Baptist predictor (Baptist et al., 2007) by separating vegetation-induced resistance 4 and
bare bed roughness C in momentum equation (Deltares, 2021) (Eq. 4.1 and Eq. 4.2). The
Baptist equation is implemented considering the relations of vegetation height A, (m),
density » (number of trees/m?), bulk drag coefficient C,, and unvegetated bed roughness
C, to water depth 4. With «is the dimensionless von Karméan constant and D is stem

diameter (m).
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2
. i
K X 2g
1 h, C}

The C,, coefficient is assumed to be equal to the drag force exerted on mangroves, which
is a function of the projected area ( 4 ) and the submerged mangrove biomass (/},) in a
control volume (¥ ). The C,, predictor, following the formulation by van Maanen et al.,
(2015) is defined in Eq. 4.4. C, is calculated as the sum of the total drag coefficient on

the bare surface C p.o» With a value of 0.005 and the ratio between the dimensional

constant e set as Sm and the vegetation length (L). These coefficients were defined to
attain a realistic bulk drag coefficient. Vegetation length depends on species-specific
mangrove root geometries varying over the water depth.

V-r,
L= M
y (4.3)
e
CD = CD,no + z (44)

The obstacle volume depends on species-specific geometry and water depth. For instance,
even at the same water depth and with the same D,,,, /; of Avicennia sp. is different

from that of Rhizophora sp. Primarily, the distinct root system of Avicennia sp. and
Rhizophora sp., characterized by pneumatophore and stilt roots, respectively, account for

this difference. Therefore, we partition /,, contribution of the stem and roots. The stem is

simplified as a truncated cone, with diameter at the bed level D, and diameter at each
water depth D, following species-specific diameter-height allometric relationship. The

contribution of mangrove rooting systems for Avicennia sp. for single pneumatophore is
simplified as cones (Du et al., 2021) and multiplied by the maximum number of
pneumatophopore 1, derived from the tree’s D,,,. Rhizophora sp. stilt roots morphology
is characterised following the Ohira stilt root model (Ohira et al., 2013), considering the
tree shape factors, i.e., D,;,, root height ( H, ), number of roots ( N, ), root diameter (D),

118



4.3 Methods

angle between the root and the level line at shoot point (&), and root-spread distance from

the trunk to the root edge ( x, ). The details on V), calculation can be found in supplement.

4.3.2.Model Configurations

The muddy open coast setting is employed as a basis of the bio-geomorphic topology. In
restoration efforts, this open coast topology is considered to have medium opportunity
and less land-ownership conflict (Sasmito et al., 2023). The scenario represents an active
restoration approach (Teutli-Hernandez et al., 2020). It is assumed no abundant
propagules are available in the surroundings, and a proactive attempt (Zimmer et al., 2022)
has been made to establish mangroves in previously unvegetated areas. The scenarios also
take into account the use of mangroves as nature-based solutions for climate adaptation
along with hybrid engineering applications. We schematised the domain as a seawall or
levee in located at the landward end at an elevation higher than the MHWS, demarcating
a clear landward limit of accommodation space and a mangrove greenbelt seaward of it.

The overarching goal of the study is to investigate the optimum configurations of
mangroves to achieve the maximum carbon stock accumulation. To this end, the
simulation should ideally be carried out over the life span of the mangroves, which can
be centuries (Berger and Hildenbrandt, 2000). However, the simulation period is set to be
20 years in order to consider any time-related organizational limits in the observation and
monitoring of the restoration success and to enable a fair comparison with the application
of hard structures.

Intertidal mudflat

Here, the model is employed in a schematized way as the process-based model DFM
retains the explicit causal mechanism in representing reality. We recognise that a
schematised model may not ideally capture all processes and may simplify the system.
However, the important and predominant variables included in the model reflect and
reproduce the important features in the real system, as described in van der Wegen and
Roelvink, (2008). The idealised model (Figure 4.1) is constructed on a homogenous
10x10m grid to capture the variation in a mangrove stand changes to match the plot
dimension commonly used for mangrove surveys (Beselly et al., 2021; Best et al., 2022).
This grid is arranged in a rectangular flow- and morphology-related domain with a width
of 200m in the x-direction and a length of 4000m in the y-direction. The wave-related
rectangular domain consists of a 20mx20m grid and is dimensioned at 600mx4100m (x-
and y-direction). It is built coarser and wider to prevent boundary effects in the flow
direction.
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The bare intertidal flat in a degraded environment needs a long time to be recolonised
naturally (Ren et al., 2008). Human assistance in an attempt to improve hydrological
conditions in mangrove wetlands by restoring the sediment fluxes is being applied for
instance in restoration projects in South East Asia (Winterwerp et al., 2013). Therefore,
in the model, we parameterised it as an open coast with a typical mangrove mudflat
(Winterwerp et al., 2013), on a 2D depth-averaged domain with a mudflat slope of 1:1000
below mean sea level, forced by spring-neap tides and single wave climate. The spring-
neap tides are constructed with the morfacTide toolbox (Schrijvershof et al., 2023) and
are represented through fortnightly modulation of the semidiurnal tide of typical tidal
forcing (Winterwerp et al., 2013) with MHWN of 0.8m and MHWS of 1.2m. A consistent
narrow band of wind waves directed perpendicular to the shoreline is forced with a wave
module in DFM, attaining a significant wave height of 0.2m and wave period of 6s. A
sediment concentration of 0.03kg/m? is constantly supplied during the simulation period.
The wave parameters and sediment concentration are typical of the muddy coast in the
north of Java, Indonesia. The morphological update is accelerated with the morphological
factor (MorFac) in DFM, which ranges from 30 to 100 in mangrove-salt marsh wetlands
(Beselly et al., 2023; Best et al., 2018; van Maanen et al., 2015). We run the initial linear
intertidal profile for 120 years until it reaches the quasi-equilibrium profile, meaning the
erosion-deposition rate is almost identical along the course of the simulation period.
Following the series of sensitivity analyses, we applied a MorFac of 90 with a settling
velocity of 0.0009m/s, erosion parameter of 0.00007 kg/m?s, and critical shear stress for
erosion (7., ) 0.24 N/m?. Detailed grid configuration and the complete set of model

variables are presented in supplement.

Mangrove restoration scenarios

In order to replicate assisted rehabilitation/ planting attempts, we assume that only the
initial seedlings survive the first planting phase and develop into saplings with
homogenous D,;,. The initially planted mangroves have a tree height of 1.418 m

(Avicennia marina) and 1.447 m (Rhizophora apiculata), in allometry to their biophysical
characteristics (D5, ). Once a propagule has been successfully established, the seedling
always survives and develops into a sapling, with the tree height approaching breast
height by the end of their first 2 years. This is in accordance with the mangrove growth
function that is based on the D,;, and the associated parameters. The restoration is
defined on 200mx200m and 200mx100m grids, for single and multiple patches,
respectively (Table 4.1). A widely applied technique in restoration by planting is to
combine pioneering species, that are reported to have higher survivability (van
Bijsterveldt et al., 2022) and help increase diversity (Sidik et al., 2013). Therefore, the
MFON model was calibrated for Avicennia marina and Rhizophora apiculata, two
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common pioneering species for planting distributed in Porong Delta, Indonesia and South
East Asia, respectively (Sidik et al., 2013; Song et al., 2023). The seedlings are planted
on top of the barren intertidal flat soil, assuming to have a consistent optimum nutrient
content. This is the limitation of the model, as the plantation age progresses, the organic
matter, clay proportion, and salinity content in the unvegetated intertidal flats are likely
to increasingly improve (Ren et al., 2008).

4.3.3.Carbon stocks estimation

The C stocks presented here reflect the carbon accumulation or carbon stock changes
from the initial state. Mangrove litter and deadwood are also important carbon pools in
this ecosystem. However, we did not count these components in the estimation because
their contribution is relatively small (Murdiyarso et al., 2021) due to the limited
availability in our system, and no empirical relationship to determine the magnitude in a
dynamic way was found. Therefore, we assume a consistent organic carbon (OC)
content across space and time. We employed an allometric relationship of species-
specific aboveground biomass (AGB) and belowground biomass (BGB) for
Southeast-Asian mangroves following Murdiyarso et al., (2015) and estimated carbon
(C) with a multiplier of 0.47 and 0.39 for AGB and BGB, respectively (Murdiyarso et
al., 2015). We estimated SOC as a product of dry bulk density (kg m>), cumulative
change in soil volume (m?), and OC content. Although the bulk density and OC content
vary with depth (Donato et al., 2011), for practical estimation, we assume they do not
vary across depth and horizontal space. We used dry bulk density consistent with the
hydro-morphodynamic model parameter (500 kg m™), whereas we applied a median
OC content of 10%. Both values are within the range reported in Murdiyarso et al.,
(2015) and Donato et al., (2011). With the assumption of the reduced carbon density
in the seaward direction, the SOC is calculated from the point of mean sea level to the
landward limit of the model domain. Additionally, the substantial sediment loss in
Scenario B resulted in negative carbon stocks, not allowing comparative analysis.
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CONCLUSIONS AND
RECOMMENDATIONS

This chapter provides the outcomes of the dissertation by discussing the answers to the
research questions and their implications. The chapter concludes with recommendations
for future research.



5. Conclusions and Recommendations

This study aims to assess the importance of complex eco-geomorphic interactions and
feedback processes of physical-environmental drivers in coastal mangrove environments
to the benefit of developing trustworthy tools for predicting mangrove forest dynamics,
to be used, for example, in the design of mangrove restoration strategies.

The outcomes of the research are formulated as the answer to the research questions,
providing the main conclusions and their implications. This chapter ends by giving
reflections and recommendations for future research.

5.1. RESEARCH OUTPUTS

Below, we answer the research questions formulated in chapter 1 based on research
results described in chapters 2 to 4.

Question 1: What are the various timescales of mangrove dynamics on a prograding
delta?

The high fluvial influx of mud to the Porong Estuary, Indonesia, significantly contributes
to the accelerated development of the delta in the river mouth. The resulting annual and
decadal landscape scale development clearly shows that mangrove forests expand
following continuous delta development. However, isolating the mangrove extent
detection to a finer seasonal time scale, we found a clear spatiotemporal variation of
mangrove extent in correlation with seasonal (6-monthly) forcings and their dependency
on the development of intertidal morphology. We observed a recession of the mangrove
extent during the transition of the dry-to-wet season and regrowth during the wet-to-dry
season, particularly the regrowth marked by the flowering period. The main driver for the
Porong Delta expansion is the excessive mud supply from the mud volcanic eruption in
the hinterland, stimulating the rapid growth of the delta lobes compared to before the
eruption. Observation showed evidence, replicated in the model, of dependency of
spatiotemporal mangrove regrowth-dieback on the wet-dry seasonal fluvial discharge and
variation of sediment fluxes. The high freshwater river discharge during the wet season
promoted mangroves to rejuvenate and disperse the propagules, while the deposited
sediment fluxes increased the bed level, assisting the propagules to establish. On the
contrary, in the dry season, the dry and saline environment increased competition,
hindered growth, and enhanced mortality, particularly among juveniles.

We detected the spatiotemporal changes in mangrove extent by integrating multiple
sources of satellite imagery and Unoccupied Aerial Vehicles (UAVs). A high-frequency
mangrove extent map was created from a combination of multiple sources of satellite
imagery (Landsat 7, Landsat 8, Sentinel 1, and Sentinel 2) in Google Earth Engine. The
combination of multiple sources of satellite imagery allowed the development of 3-
monthly mangrove extent maps that emphasize the sensitivity of mangrove extent to
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seasonal forcings. The spatial distribution of mangrove height and population density
coupled with the age map derived from the Unoccupied Aerial Vehicle (UAV) confirms
multiple timescales of mangrove development.

Mangrove forests in Porong adapt to physical forces (river discharge and sediment supply)
and, more importantly, benefit from the available accommodation space as a result of
morphological development. This emphasizes the need to consider multiple time scales
(ecology/ mangrove and morphology) to have a system understanding of the mangrove
ecosystem. The frequent monitoring of mangrove forests is deemed necessary not only
for the high sediment influx system as in the Porong Delta but also, for instance, in
mangrove restoration activities. Integration of earth observation systems such as very
high-resolution UAV and medium resolution from satellite observation can be a solution
to achieve a cheap, fast, robust, and accurate understanding of mangrove ecosystems.

Question 2: What is the skill of a mangrove-morphodynamic model that explicitly
represents biocomplex interactions of individual mangroves and physical-
environmental stressors?

We modelled complex eco-geomorphic interactions with a bottom-up hierarchical
approach. Within this approach, we parameterized the multi-spatiotemporal variations of
mangrove ecological and hydro-morphological processes, solved at every life-stage scale,
cascading from low (local level) to higher (landscape level) hierarchy. To address this,
we explicitly complete the feedback loop of the physical-environmental drivers (water
level, flow, waves, bed level, and salinity) and full mangrove tree life stages (propagule,
seedling, sapling, and mature). Finally, we coupled a process-based hydro-morphological
model (DFM) that accepts the presence of mangroves to influence friction, while the
spatiotemporal outputs of DFM (water level, flow, bed level, and salinity) affect
propagule dispersal, seedlings establishment, and tree competition in MFON.

The model qualitatively reflects the deltaic development and mangrove belt expansion
for a case study in the Porong Delta, Indonesia. The model can simulate delta
progradation, mangrove forests' seasonal dieback, regrowth, and intertidal flat
colonization as observed in the study area. The model agrees well with the modeled
mangrove stand height development and can reproduce the mangrove extent pattern,
albeit that performance with respect to the expansion rate was less. The difference in
expansion rate is expected, considering that the mangrove species are represented by one
dominant species and neglects other sources of propagules from the vicinity.

Simulation results indicate the spatiotemporal shift in the role of mangroves acting as
colonizers to functioning as ecosystem engineers. In a young and sparse forest, hydro-
morphodynamic is controlled by local topography, with mangroves playing a limited role.
During this time, mangrove growth depends on the availability of accommodation space.
The population is sensitive to physical-environmental changes, where limited propagule
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dispersal and high inundation frequency trigger the dieback of the younger stands. By the
time the population becomes denser and more mature, reduced flow velocities in the
forest stimulate sedimentation and a lower inundation frequency, resulting in a higher
probability of seedling establishment of more abundant propagules, thus stimulating the
mangrove’s ecosystem engineer function. This process ultimately results in an optimal
number of established trees stands enforced by self-thinning.

Further development of this model may lead to the improved prediction of mangrove
forest structure and species development, albeit with the uncertainty of physical-
environmental drivers and anthropogenic pressure. The mechanistic relationship provided
in the model may be useful to investigate small and large-scale and long-term mangrove
forest expansion/dieback in different detailed scenarios. For instance, we can apply the
model to investigate habitat segregation leading to the collapse of the mangrove
ecosystem; due to anthropogenic activities such as mangrove forest conversion to fish
ponds or road construction. Another application would be assessing the persistence and
protection level for the application for coastal protection under changes in storm
intensities, with spatiotemporal variation of species composition, tree height, density, and
man-made construction.

Question 3: Can we optimize the design of mangrove restoration strategies in
support of carbon sequestration optimization?

The currently available approaches to estimating carbon sequestration potential typically
cover large spatiotemporal scales (minimum at forest scale), which indicate gradual and
slow changes. Research literature indicates that restoration success and correlated
potential carbon sequestration are tightly coupled with successful mangrove
establishment. However, the bottom-up traditional approaches that segregate ecology and
hydro-geomorphology overlook the processes that control mangrove succession.

Our modelling results indicate that optimizing plantation zonation may promote favorable
outcomes on morphology, ecology, and thus carbon stock accumulation. Our model
outcomes further explain erosional trends resulting from ill-defined mangrove plantation
schemes also observed in several case studies. Mangroves planted between mean high
water neap and mean high water spring deposit more sediment and have a significant
mangrove extent. In addition to having the highest deposition, scenarios with multiple
patches plantation stimulate mangrove area expansion.

An important finding is that the restoration success from the perspective of carbon
sequestration function may not only be evaluated from the resulting mangrove extent or
potential biomass. We showed that soil organic carbon, having the largest contribution to
carbon pools, is also sensitive to a simple planting placement. However, given the
restoration projects with a 20 years time horizon, our study suggests successful mangrove
restoration may not be seen exclusively from biomass carbon accumulation. Inefficient
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planting strategies may lead to low total carbon stock accumulation even lower than the
scenario without planting, due to soil loss and the associated soil organic carbon.

5.2. RECOMMENDATIONS AND FURTHER RESEARCH

Our modeling attempts have contributed to an ongoing exploration on the important
parameters of mudflat-mangrove system dynamics. Currently, our knowledge of
important trait-based parameters is limited to a few species; extending it to other species
and different regions is deemed necessary. An example is the window of opportunity
approach to describe seedling establishment that is valid for Avicennia alba in
Singaporean Mangroves (Balke et al., 2011) and Avicennia marina in Firth of Thames,
New Zealand (Balke et al., 2015). Interest in investigating this parameter has increased,
for instance, as shown in the study of hydro-morphodynamics factors in seedling
establishment for 8 mangrove species in China (van Hespen et al., 2022b). Replicating
such a study for an extended database of mangroves and regions is possible. Current
growth functions such as the one in (Berger and Hildenbrandt, 2000) initiates the growth
parameter when the mangroves have reached the sapling stage, equal to breast height
(137cm). It is worth investigating the mangrove's growth after a successful seedling
establishment into the sapling stage.

Mangrove presence has important impacts on hydrodynamics, e.g., attenuating waves and
altering the flow. This is a relevant reseach topic, considering mangroves function as
sustainable solution in disaster risk reduction. However, mangrove capacity in attenuating
waves, for example, varies between locations. It depends on the mangroves' biophysical
characteristics (frontal area, density, and composition) and wave conditions (wave height
and wave period). To approximate wave propagation, formulations require a function of
mangrove projected area and volume on different water depth. Idealized vegetation
configurations are commonly applied, such as for Avicennia sp. (van Maanen et al., 2015)
and Rhizophora sp. (Ohira et al., 2013), all of these assume water depth will inundate the
whole mangrove structure below the canopy. The hydrodynamic estimation will benefit
most if such a database describing the function of (prop, pencil, cone, butrress) root, stem,
and canopy exists. The corelations would be better to be built based on the commonly
used key parameters such as trunk diameter at breast height.

While the current study focuses more on the primary production and surface contributions,
the contribution of below ground biomass to bed level is noticed, especially in the
capability of mangrove areas to adjust to sea level rise (Krauss et al., 2014). Similar to
that, the role of e.g., mangrove litter and detritus to sediment accumulation in the forest
interior is considerable (Ding and Fu, 2021). However, the challenge remains how to
estimate their contribution and the relationship to determine the magnitude in a dynamic
way in the model.
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Mortality in the model is controlled by the competition between sapling-mature trees and
during seedling establishment stage. Limited literature is available investigating
mechanical tree damage, for instance due to the exposure to extreme wind and waves.
This will be relevant, especially to understand the role of mangrove as coastal protection
(Morris et al., 2019; World Bank, 2017). Such a mechanistic limit on the extreme
conditions leading to tree mortality, once it is known will be useful to investigate
mangroves’ persistence.

The process-based mangrove-hydro-morphodynamic model presented in this research is
validated, focusing on Porong Delta, Indonesia. As of any other models, for site- or
species-specific use, this coupled model requires to be validated with field datasets, with
the emphasis on mangrove attributes trajectories, particularly, the growth parameter and
seedlings production. More efforts are needed to gather local to forest scale dataset in
mangrove wetland, as these available datasets will be useful to further validate the model.
There are increasing remotely-sensed monitoring efforts in mangrove ecosystems, such
as Global Mangrove Watch (Bunting et al., 2022), and several field-based observations,
e.g., in Guyana (Best et al., 2022) and New Zealand (Gijsman et al., 2023). While
remotely-sensed observation can provide a larger extent in understanding the dynamics
of mangrove forests in their area development or vegetation phenology, a field-based
dataset is limited to its temporal period and location. Additionally, as mentioned
previously, the field dataset collected in the study area requires state-of-the-art equipment
that needs trained experts to operate and can be costly — considering the remoteness of
the mangrove forests. Off-the-shelf tools such as UAV, demonstrated in Chapter 2, can
be a promising solution to provide very high-resolution imagery to complement satellite-
based tools with lower resolution (10-30m). Remotely sensed datasets in this way can
only detect changes above the canopy and, hence, estimate the dynamics with canopy
height or leaf index as a proxy; observing processes occurring under the canopy remains
a challenge to investigate. Innovative low cost and autonomous monitoring tools are being
developed, such as LSED (Laser based Surface Elevation Dynamics) sensor (Z. Hu et al.,
2020) to monitor daily bed level changes and Mini Buoy (Balke et al., 2021) to observe
water level and current velocity in the wetland. Such low-cost observation equipment can
potentially provide an extended period and a larger extent of the study.

There are roughly two types of process-based, eco-hydro-morphodynamic models (see
Chapter 1). Each type of model serves the specific needs of simulations. The question
remains, how much complexity should we include in the models? Such as to what extent
does including the effect of light availability, precipitation, or including interactions with
subsurface hydrodynamics in the model affect the accuracy. Applying these tools requires
more considerations than just adding physical and ecological processes. While more
datasets will provide opportunities to improve and include more processes in the model,
the type of model applied depends also on the study objectives and research questions. In
future research, a systematic comparison between individual-based and population
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dynamic vegetation models coupled with hydro-morphodynamics can be conducted,
considering, e.g., geomorphic and sedimentary settings, single or multiple species, or
based on short- or long-term physical-environmental changes.
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