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Abstract
Impacts of Mangrove Dieback and Recovery on Coastal Wetland: A Case Study in

the Gulf of Carpentaria, Australia.

by Sarah DZIMBALLA

Mangrove forests are valuable ecosystems, offering socioeconomic and ecological ser-
vices and thereby supporting the livelihood of millions of people. However, man-
grove areas are declining due to various threats. These include coastal development,
increasing extreme weather events (e.g. droughts and cyclones) and sea level rise.
One recent example of a mass mangrove area loss is the dieback event in the Gulf of
Carpentaria, Queensland Australia. With the loss of the mangrove trees, their valu-
able ecosystem services such as coastal protection and carbon sequestration are lost.
Therefore, a need to further understand these valuable ecosystems and their morpho-
and hydrodynamic interactions becomes apparent. In order to mitigate such dieback
events and identify recovery projections.

The aim of this study is to gain insights into the causes of the dieback event and project
the possible recovery of the mangrove characteristics within an estuary, by conducting
numerical simulations with a biomorphodynamic model. Thereby, the hydromorpho-
dynamic model, Delft3D is coupled to a dynamic mangrove vegetation model. The
model was used to simulate the development of mangrove trees within an estuary, de-
pendent on inundation and competition. Thereby the effects of tides, river discharge
and sediment availability are included. The model input parameter and boundary
conditions were chosen to resemble the case study of the Leichhardt estuary in the
Gulf of Carpentaria. In five phases, the estuary development, mangrove establish-
ment (with and without fluvial mud supply), mangrove dieback due to sea level drop
and river discharge decrease and mangrove recovery were modelled.

The results indicate that, during the mangrove colonization, the inclusion of fluvial
mud supply lead to lower mangrove area coverage in the estuary. This was found to
originate from sedimentation and mud accumulation on bars, elevating the bed to a
level that no inundation can reach these areas. Therefore, not enough water is avail-
able in those areas for mangrove growth. During the mangrove dieback simulation,
the results further show that mangrove dieback can be provoked within the model
by a sea level drop and river discharge decrease. Thus, the hypothesis of sea level
drop and drought conditions causing the large-scale dieback was validated within the
model. But at the same time some differences in dieback pattern suggest that further
factors could have potentially played a role in the dieback in certain areas. The man-
grove dieback has effects on the morphology and hydrodynamics of the estuary. The
absence of mangrove vegetation leads to an increased flow velocity in the area of man-
grove loss and decreased flow velocity in the channels and thereby, channel infilling,
channel shifting, and decreased sedimentation in the previously vegetated areas. This
was found to be based on the reduced flow resistance in the dieback areas. While
this leads to a decrease in flow velocities in the channels causing the channel infilling.
Channel shifting is on the one hand caused by reduced vegetation bank stabilization
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and vertical velocity increase due to the vegetation cover. During the simulation of the
recovery it was found, that these hydromorphodynamic changes due to the decreased
mangrove cover have effects on the mangrove recovery, leading to a hysteresis effect.
It was seen in the different scenarios that mangrove recovery depends on the location
where the dieback occurs, specifically the local hydro- and morphodynamic processes
and changes. Furthermore, the recovery rates depend on the extend of morphological
change which occurred during the dieback. Additionally, the simulations of the re-
covery suggest that the recovery of the mangrove tree characteristics (e.g., basal area,
stem diameter, etc.) are slower, compared to the mangrove growth during the ini-
tial colonization. Therefore, the mangrove area dieback leads to morphological and
hydrodynamic change within the estuary which in turn has a negative effect in the re-
settlement of mangroves in the dieback area. For the natural system, it was therefore
concluded that considering the likelihood of further disturbance events (e.g., sea level
rise, droughts, cyclones) during the recovery process a full recovery seems unlikely.

The coupled numerical model used in this study was found to give insights into
the processes governing mangrove vegetation characteristics and their feedback with
morpho- and hydrodynamic processes. The pattern of mangrove colonization and
dieback seen in the case study were produced in the model. Therefore, the model pro-
vided valuable information on the interaction of mangrove vegetation and morphody-
namics on an estuary scale, which understanding is crucial for mangrove conversation
and restoration efforts. This stresses the importance of further studies to understand
the processes in more detail and to mitigate future dieback events as well as support
restoration. For that, models can represent a valuable tool to further understand the
processes governing mangrove coverage in estuaries.
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Chapter 1

Introduction

Estuaries are water bodies located where the freshwater from rivers meets the ocean
and thereby are defined by brackish water. The morphological development in an
estuary is controlled by the intricate interplay of hydrodynamics and morphology.
Hydrodynamic factors like tidal currents, wave processes, density currents, storms
and river discharge and morphodynamic processes such as sediment transport, bed
level changes, the presence and distribution of cohesive and non-cohesive sediment
and their characteristics, interact with each other non-linearly on different time and
spatial scales (van der Wegen & Roelvink, 2012). Determined by geomorphological
settings estuarine systems are further influenced by climate events such as droughts
or cyclones (Prandle, 2009).

Despite these dynamic conditions, estuaries are important ecosystems as many nutri-
ents and detritus for their aquatic inhabitants accumulate in estuaries (National Geo-
graphic Society, 2012). Also humans have discovered the values offered by estuaries
early on. Estuaries provide freshwater for different uses such as drinking water and it
provides access to the river as well as the ocean, and thus it represents a perfect posi-
tion for trading (Prandle, 2009). These might have been some of the reasons why the
earliest civilization developed around estuaries. Around 3800 BCE, Ur (now Tall al-
Muqayyar or Tell el-Muqayyar, Iraq) was built near the estuary where the Euphrates
River meets the Persian Gulf (National Geographic Society, 2012). Cities next to es-
tuaries are thus often densely populated, with nearly 70 percent of world’s largest
cities being closely surrounded by estuaries (Ashworth et al., 2015). The wetlands sur-
rounding estuaries provide a natural protection from storm events, tsunamis and sea
level rise.

However, these wetlands and flooding plains are often disturbed by humans with a
desire for extra land space by converting the land resources to agricultural or aqua-
cultural area (Kirwan and Megonigal, 2013, Goldberg et al., 2020). This has led to a
process called ’land reclamation’, the gain of land from the wetlands. Land reclama-
tion and dredging can be seen in estuaries all over the world, influencing the wetland
function of coastal protection (Kirwan and Megonigal, 2013). The protection offered
by the wetlands is compromised when the wetlands are claimed for human use. Ad-
ditionally, the population around estuaries leads to pollution, over fishing and subsi-
dence (FAO, 2007, National Geographic Society, 2012, Brown and Nicholls, 2015). Cur-
rent developments of climate change are further increasing the pressure on estuaries,
with sea level rise, rising mean ocean temperatures, changing precipitation patterns,
increasing frequency and intensity of coastal storms (Mehvar et al., 2019, IPCC, 2021).
Furthermore, the interplay between sea level rise and coastal storm surges are pre-
dicted to lead to an increase in coastal flooding (IPCC, 2021). Therefore, it can be seen
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that estuary systems are socio-economically and ecologically important. However,
they are also determined by complex dynamics and under stress due to human inter-
ventions and climatic change, stressing the importance to investigate wetland changes
under changing environment

Given the severe changes in climate and increasing pressure from humans, the im-
portance of the vegetation on stabilizing estuaries against erosion and providing at-
tenuation capacity has gradually obtained global recognition (Schuerch et al., 2018).
Mangroves are one of the vegetation restricted to estuaries, in particular along the
(sub)tropical shorelines. They offer important ecological and socio-economic func-
tions, for example, due to their root system and stems, they stabilize the coastline and
elevate the surface to withstand flooding from sea level rise (Mehvar et al., 2019, IPCC,
2021). Under the current conditions of sea level rise and increasing extreme weather
events leading to coastal erosion and flooding, the services offered by mangrove forest
gain importance (Duke et al., 2021). This has led to an interest in the use of mangroves
for flood risk reduction as hybrid-engineering solutions (Gijsman et al., 2021) and as
so called nature based solutions (NbS 1 ) (Van Coppenolle et al., 2018, Amrit et al.,
2021).

Events in the recent years however have shown, that the increasing stresses on the
mangroves have effects on the mangrove resilience and growth. Mangroves are vul-
nerable to the changes in inundation, temperature and droughts (Duke et al., 2021).
Thus, diebacks and a general decline in mangrove vegetation was observed in re-
cent decades (FAO, 2007). As a recent example, unprecedented mangrove dieback
with nearly 7400 ha of mangroves loss occurred in the Australian Gulf of Carpentaria,
Queensland (Duke et al., 2017, Harris et al., 2017, Accad et al., 2019, Sippo, 2019, Duke
et al., 2021, Abhik et al., 2021). However, the causes and consequences of such a large-
scale mangrove dieback are barely investigated, particularly on the long-term impacts
of morphological changes and vegetation recovery. This suggests a need to under-
stand these ecosystems and their development to manage and conserve mangrove
forests together with their valuable services. The processes governing establishment,
growth and development of mangrove wetlands need to be further defined and quan-
tified (Duke et al., 2021). Commonly used methods in mangrove research such as field
studies and remote sensing are limited regarding the prediction of long-term develop-
ment. However, the application of models is promising, as mangrove modelling has
been applied in recent studies.

The aim of this research is to project the morphological and hydrodynamic changes
caused by a large area of mangrove dieback as well as the subsequent mangrove recov-
ery within an estuary. A numerical model is used to simulate mangrove colonization,
dieback due to sea level drop and river discharge decrease and recovery within an es-
tuary. Specifically, a process-based morphodynamic model is coupled to a vegetation
model. The Leichhardt estuary in the Gulf of Carpentaria (Queensland, Australia) is
used as a case study. The model domain and boundary conditions are based on this
estuary. Thereby, this study aims to gain further insights into the conditions which
led to the dieback as well as the recovery process of the mangroves in the decades to
century following the dieback. Furthermore, the proposed model is validated in re-
gards to the suitability for the use of simulating mangrove dieback and recovery by
comparison to the case study.

1Nature-based Solutions (NbS) are defined by IUCN as “actions to protect, sustainably manage, and
restore natural or modified ecosystems, that address societal challenges effectively and adaptively, si-
multaneously providing human well-being and biodiversity benefits”.



Chapter 1. Introduction 3

This thesis is structured as follows. Firstly, a literature background about mangroves
in general and their services, values and conservation is given in Chapter 2. In this
chapter, the interactions of mangroves with morphology and hydrodynamics, as in-
vestigated in previous studies, are summarized. Furthermore, the morphodynamic
model and the vegetation model, their application in previous studies and the cou-
pling of the models is outlined. This serves as an introduction in the topics of this the-
sis and gives background information, which later serve as validation of the results.
Secondly, in Chapter 3 the case study of the Leichhardt river is introduced regard-
ing its location, climatic conditions and the mangrove characteristics. Particularly, the
dieback event in the Gulf of Carpentaria of 2015/2016 is described, including a hy-
pothesis on the causes of this event. Thirdly, the research approach is outlined includ-
ing the research questions and hypothesis in Chapter 4. In Chapter 5, the methodology
of this study is described in detail. Thereby, both the morphodynamic model, as well
as the vegetation model are described on the basis of their governing equations. The
parameters and initial conditions used in both models are summarized. Chapter 5
further includes a description of the modelling phases conducted during the study.
Chapter 6 then outlines the results according to the four modelling phases. These re-
sults are subsequently discussed in Chapter 7. Here, the mangrove colonization under
the influence of mud is discussed, the model dieback is compared to the dieback in the
case study, the effects of the dieback on the estuary morphology and the mangrove re-
covery are discussed and the modelling approach is evaluated. Chapter 8 summarizes
the conclusions from this research.
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Chapter 2

Literature Review

This chapter serves as an introduction to the topic of mangroves as well as mangrove
and hydro-morphodynamic modelling approaches. Firstly, background information
about mangroves in general and their ecosystem services are compiled. Following,
estuary morphology and the interactions of mangrove trees with their surrounding
environmental factors is explained. Finally, previous studies of mangrove modelling
and hydrodynamic modelling are summarized.

2.1 Mangrove Habitat and Their Functions

In this section, knowledge about mangrove distribution and the importance of man-
grove ecosystems are first summarized (Section 2.1.1); next, the potential risk to man-
groves from both climates and humans is addressed (Section 2.1.2); in the end of this
section, mangrove conservation and restorations is reviewed with an emphasis on the
natural recovery of mangrove characteristics (Section 2.1.3).

2.1.1 Mangroves Distribution and Economic and Ecological Functions

Mangroves are woody halophytes growing at the interface of land and sea along
(sub)tropical shorelines (Asbridge et al., 2018). Estimates from the period of 1980 -
2005, suggest that mangrove forests cover a range of 12 to 20 million hectares world-
wide (FAO, 2007). The majority of mangrove forests distributes in the Indo-Pacific
regions, with a study by Giri et al. (2011) suggesting nearly 42 percent of global man-
groves colonizing in Asia. Globally, mangroves can be found in about 124 countries
with a varying total number of species due to differences in species definition (FAO,
2007). But the total number of ’true’ mangroves was found to be a maximum of 80 taxa
(including hybrids) (Shing et al., 2017). The highest species diversity, with 54 different
species, can be found in the Indo-West-Pacific (Shing et al., 2017). Due to their specific
distribution along the coastlines, mangroves are regarded as ’coast guards’.

In order to thrive in a highly transitional zone between land and sea, mangroves must
adapt to their environment on a constant basis, which affects the mangrove forests in
different ways. On the one hand, the physiological capability to adapt to varying envi-
ronmental conditions such as fluctuations in tides, waves, varying salinity and oxygen
conditions is required (Alongi, 2014). These adaptation include: 1) strong stems to re-
sist water scouring, 2) small, streamlined leaves, thick or waxy leaves to reduce water
loss, 3) salt excretion to persist in the saline water, 4) an above-ground root system to
sustain oxygen uptake, 5) viviparous embryos to increase seedling survival rate, and
6) efficient nutrient-retention mechanisms to promote vegetation growth (Feller et al.,
2010, Alongi, 2014, Naskar and Palit, 2015). Figure 2.1 , shows an example of the salt
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FIGURE 2.1: Salt excretion of A. marina. a Salt secretion through the
leaves of A. marina. b Salt crystals under electron microscope (Naskar

and Palit, 2015)

secretion of the mangrove species A. marina. The excess salt is excreted though pores
or salt glands on the leaf surface (Naskar and Palit, 2015). Another possible adap-
tation is the uptake of oxygen through the pneumatophores or roots systems of the
mangroves. Figure 2.2 shows root systems of different mangrove species.

FIGURE 2.2: Root systems of (1) A. marina, (2) Bruguiera, (3) Sonneratia
and (4) Rhizophora (from: Marchand (2008))

On the other hand, the varying environmental conditions have an influence on the
productivity of the mangrove forest. Berger et al. (2008) identified different control-
ling factors for mangrove productivity, which are based on varying environmental
conditions in the mangrove forests. These factors are divided into ’regulators’, which
are non-resource variables (including salinity, sulfide, pH and redox potential), and
resource variables (including light, space and nutrients). A third influencing factor
is the hydroperiod (Berger et al., 2008). These variables affect mangrove life traits.
Mangroves that are exposed to prolonged periods of inundation for example grow
slower and a densely populated forest enhances the competition and thereby de-
creases growth rates (Chapman, 1976, Ball, 1980, Berger and Hildenbrandt, 2000). Due
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to the variations in mangrove species characteristics across the shorelines, a zonation
in mangrove establishment can be observed, with mono-specific bands parallel to the
shore, which are determined by the specific topography, soil composition, tidal ranges
and salinity (FAO, 2007, Fagherazzi et al., 2017).

Furthermore, mangroves provide multiple ecosystem services. Thereby, they offer
immense value not only for coastal population but for humanity in general. These
ecosystem services include: the mitigation of water quality, shoreline protection, pro-
tection against coastal hazards, the creation of an ecologically important habitat, pro-
viding of natural resources (e.g. wood), as well as recreation, education and spiritual
relevance (FAO, 2007, Horstman et al., 2013b, Duke et al., 2021). Furthermore, man-
groves play an important role in small-scale local fisheries supporting food security
and thereby achieving the first Sustainable Development Goal (SDG) ’No Poverty’ as
well as SDG 2 ’Zero Hunger’ (zu Ermgassen et al., 2021). Additionally, mangrove
ecosystem gain increasing significance as blue carbon drivers 1. Mangrove forests are
able to capture and preserve a high amount of carbon and thereby play an important
role in climate change mitigation (Alongi, 2014). Even though mangroves cover only
about 0.5 percent of the global coastal area, they are responsible for approximately 10
to 15 percent of the global marine carbon burial (Alongi, 2014, Mullarney and Hen-
derson, 2018). An extensive summary of the mangrove forest services of is given in
Table 2.1. Based on the described ecosystem services, the total value of a mangrove
ecosystems has been evaluated by Costanza et al. (2014) to be about USD 194,000 per
hectare per year. Considering the total mangrove area estimated by Giri et al. (2011),
the total value of mangrove ecosystems globally sums up to USD 2.7 trillion per year.
This highlights the value of mangroves also from an economical viewpoint.

1blue carbon describes the burial of carbon within aquatic ecosystems (Alongi, 2014).
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TABLE 2.1: Summary of Mangrove Services (adopted from: FAO
(2007))

Category Uses

Fuel Fuelwood
Charcoal

Construction

Timber, scaffolding
Heavy construction

Railway sleepers
Mining props
Boat-building
Dock pilings

Beams an poles
Flooring, panelling
Thatch or matting

Fence posts, chipboards

Fishing

Fishing stakes
Fishing boats

Wood for smoking fish
Tannin for nets/lines

Fish-attracting shelters

Textile, leather
Synthetic fibres (rayon)

Dye for cloth
Tannin for leather preservation

Other natural products

Fish
Crustaceans

Honey
Wax
Birds

Mammals
Reptiles

Other fauna

Food, drugs and beverages

Sugar
Alcohol

Cooking oil
Vinegar

Tea substitute
Fermented drinks
Dessert toppings

Condiments (bark)
Sweetmeats (propagules)
Vegetables (fruit/leaves)

Agriculture Fodder

Household items

Glue
Hairdressing oil

Tool handles
Rice mortar

Toys
Match sticks

Incense

Other forest products
Packing boxes

Wood for smoking sheet rubber
Medicines

Paper products Paper - various

2.1.2 Threats to Mangrove Forests

However, in recent years, the stresses on mangrove forests have increased, mainly due
to climate change induced processes of sea level rise, increasing coastal hazards and
extreme weather events (IPCC, 2021). Considering mangrove landscapes are transi-
tion zones between different ecosystems (ecotones), which connect ocean ecosystem,
periodically inundated by tidal currents, with terrestrial ecosystems, continually dis-
turbed by human activity. Mangroves are affected by both natural processes and hu-
man activity. That makes mangroves a naturally stressed ecosystem and changing
climatic conditions (e.g. increase in hurricanes and sea level rise) have a particular in-
fluence on the distribution of mangroves along environmental gradients (Twilley et al.,
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1999). Additionally, with the increase in population of coastal areas and the destruc-
tion of mangrove forests for human use, further stresses and destruction is exerted on
this high yielding ecosystems. For example, the construction of dams and reservoirs
has led to changes in sediment transport, the extraction of oil in coastal areas leads to
subsidence of deltas and aquaculture destructs mangrove forest area. All this causes
further stress on mangrove forests (Mullarney and Henderson, 2018, Goswami, 2021).
Thus, human activity has been identified as the main cause of mangrove forest loss,
however, its impact has decreased since the year 2000, indicating the rising awareness
for the values offered by mangrove forests (Goldberg et al., 2020). The combination
of human activity and natural drivers of mangrove loss has led to mangroves being
particularly threatened. Compared to pre-industrial times, half of the area covered by
mangroves worldwide has already been lost (Mullarney and Henderson, 2018) and
the mangrove coverage decreased at an average rate of 0.11 percent per year between
2010 and 2016 (Spalding and Leal, 2021). The loss of mangroves will in turn affect
their ecological and economic functions, thus, assessing mangrove vulnerability is a
global priority.

2.1.3 Mangrove Conservation and Recovery

Therefore, the conservation and restoration of this highly valuable ecosystem becomes
increasingly important. However, mangrove ecosystems are highly complex systems,
due to different physiological capabilities in species (e.g. tolerance to salinity (Joshi
and Ghose, 2003)), environmental gradients as well as a highly variable environments,
especially in face of climate change (IPCC, 2021). This makes it difficult to determine
the optimal conditions for a healthy mangrove forest. Despite these uncertainties,
studies have highlighted main recovery processes for the successful conservation and
recovery of mangrove forests. Duke et al. (2021) defined the following recovery pro-
cesses of importance - flowering and germination, production of mature propagules,
dispersal to suitable sites, establishment despite tidal flushing, waves and predators,
and finally, growth into mature individuals in preferably closed forest stands. Accord-
ingly, management strategies have been pointed out, which include among others the
development of models for restoration prediction. Additionally, Twilley et al. (1999)
has shown that trajectories of mangrove restoration efforts depend on several factors.
These are - the conditions of the initial disturbance, site modifications, the recruitment
of new individuals, and environmental constraints of ecogeomorphic settings (e.g.
wet versus dry climate, presence of river inflow and tidal amplitude) as well as local
ecological factors such as nutrient resources and abiotic stressors. However, restora-
tion and regrowth of mangroves is still subject to many uncertainties and is influenced
by different factors whose interactions is not yet fully understood.

The recovery investigated in this thesis is based solely on the natural recovery of the
mangrove characteristics such as mangrove area coverage and stem diameter. No
restoration efforts are taken into account and other biotic or abiotic factors of ecosys-
tem recovery are not considered.

2.2 Estuary Morphology and Mangrove Interaction

As pointed out in the above section, in order to protect and conserve mangrove forests,
it is important to understand mechanisms underlying the relationships between man-
grove dynamics and coastal environments. Below, previous studies on the interactions



Chapter 2. Literature Review 9

between mangroves and their environment are reviewed. More specifically, the mor-
phodynamic and hydrodynamic processes in estuaries are described, followed by an
overview of what is known about the effects of mangrove vegetation on estuary sys-
tems and vise versa.

2.2.1 Morphology and Sediment in Estuarine Systems

Estuaries are characterized by a mix of fresh river water and saline sea water (Prandle,
2009). Describing the environmental and ecological factors influencing an estuarine
system in detail, with their physical laws and equations would exceed the scope of
this thesis. Therefore, this section merely serves as an overview of the morphological
and hydrodynamic processes in an estuary as they represent the basis of the mod-
elling approach adopted in this study. Figure 2.3 shows the hydro-morphodynamic
interactions in estuaries with the flow influencing the sediment transport, this affects
the morphology, which affects the flow. Therefore, this figure shows the feedback that
underlies the hydro-morphodynamic system of estuaries.

FIGURE 2.3: Concept of a Hydro-morphodynamic System

Estuaries are shaped and influenced by many factors. Hydrodynamic factors such
as river discharge and fluvial load. The major sources of energy input are generally
tides, river discharges, surges and waves (Prandle, 2009). Thereby, for example in-
creased river discharge leads to erosion along the main channel and channel deep-
ening (Luan et al., 2019). Along the estuary, the relative contribution of tides and
waves as well as riverine contribution to the hydrodynamic energy gradually changes
(Fig. 2.4) (Lokhorst et al., 2018). Furthermore, estuaries are influenced by morpho-
logical factors such as sediment sources and sinks, underlying geology, surficial sed-
iments, as well as bank and marsh exchange. Additionally, they are influenced by
anthropogenic influences such as dredging, land reclamation, coring and upstream
damming (Prandle, 2009, Mullarney and Henderson, 2018). Lastly, estuaries are in-
creasingly influences by sea level rise. Estuaries in general are deepening due to sea
level rise, while large estuaries are exposed to the loss of intertidal area due to sedi-
ment limitation, small estuaries are subject to an increased risk for flooding (Leuven
et al., 2019) due to sea level rise. Some of these factors are illustrated in Figure 2.5. All
these factors lead to a highly variable ecosystems, with spatially and temporally vary-
ing conditions of flow, erosion, sedimentation and salinity. These conditions of high
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FIGURE 2.4: Longitudinal variation of the intensity of the three main
physical processes, river currents, tidal currents and waves (Dalrymple

and Choi, 2007).

FIGURE 2.5: Schematic of major factors influencing estuarine
bathymetry (Prandle, 2009).

variability and constant change, leads to the question of the resistance and influence
of vegetation in estuaries.

2.2.2 Interactions of Mangroves with Hydrodynamics and Morphology

The full complexity of the dynamic processes governing estuaries becomes evident
when considering the influence of vegetation on the morphology and hydrodynamics.
Therefore, understanding the effects of vegetation on the geomorphological system as
well as the hydrodynamic processes is an emerging field of research. In isolation, the
effects of vegetation in general are fairly understood (Lokhorst et al., 2018). How-
ever, hydromorphodynamic and ecological processes interact across several spatial
and temporal scales (Gijsman et al., 2021), and when it comes to consequences and
effects at the scale of the entire system, they are rather poorly understood so far. For
example, vegetation is known to increase bank stability, flow resistance and sedimen-
tation. However, it is still mostly unknown, how these processes affect the whole



Chapter 2. Literature Review 11

system of the estuary (Lokhorst et al., 2018). An overview of those processes is il-
lustrated in Figure 2.6. Figure 2.6 shows how mangroves are interacting with hydro-
dynamic, morphological processes and how that affects the mangrove’s functionality
and persistence (Gijsman et al., 2021). These processes will be further described in the
following paragraphs.

FIGURE 2.6: Interaction of hydrodynamic, morphological and ecologi-
cal processes in mangroves (adopted from: Gijsman et al. (2021)).

Impacts on Hydrodynamic Processes

Mangroves interact with hydrodynamic processes to the extent that the magnitude as
well as the direction of the flow is affected by their presence. In previous modelling
studies, it was concluded that the magnitude of the flow in the vegetated areas is re-
duced due to the extra drag force. The drag force is caused by the stems as well as their
pneumatophores acting as an obstacle forcing the flow to work against their friction.
This leads to the dissipation of wave energy which results in wave height damping
(Horstman et al., 2014, Amma and Bhaskaran, 2020). It was further observed that flow
velocities decrease when mangrove vegetation becomes denser (Xie et al., 2020). Fur-
thermore, the friction caused by the vegetation counteracts the alongshore velocity
component leading flow velocities within the vegetated area to be mainly along the
cross-shore water level gradients (Horstman et al., 2013c). On the other hand, in the
unvegetated areas between the vegetated areas (e.g. within the channel), the flow is
concentrated which leads to sediment erosion instead, and thereby to channel forma-
tion or channel deepening (Nardin and Edmonds, 2014). Further, it was found that
flow velocities within the creeks have a noticeable peak during ebb tides with higher
velocities than during the incoming flood tides (Willemsen et al., 2016). Based on the
capacity of mangroves to attenuate surge levels and wind wave, it was concluded that
mangroves have the potential to contribute to the reduction of coastal flood risk in
coastal zones with a low elevation (Samiksha et al., 2019, Gijsman et al., 2021). In
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Figure 2.6 these processes are summarized as flow attenuation capacity within the
mangrove forest.

Impacts on Morphological Processes

Mangrove vegetation has several effects on its surrounding morphology. The above
described attenuation of the hydrodynamics by mangrove vegetation initiates sedi-
ment deposition in the mangrove forest, as mangroves change the erosion threshold.
Therefore, mangroves stabilize sediment, such as mud and lead to mud sedimenta-
tion. Firstly, when the flow encounters the mangroves, their presence leads to a reduc-
tion in sediment transport fluxes which causes net sediment deposition in the man-
grove forest (Van Maanen et al., 2015). When studying the sediment deposition pro-
cesses, Willemsen et al. (2016) found that there is a cross-shore decrease of deposition
throughout the mangrove forest. Therefore, the largest deposition occurs on the mud-
flat. Furthermore, it was found that the cross-sections of the channels are influenced
by the reduced erosion due to the vegetation. Mangroves increase bank stability and
therefore steeper banks can develop in channels which are lined by mangrove trees.
Due to the vertical growth of the vegetated areas, the volume of water stored in the
vegetated platforms decreased, which lead to a reduction of the tidal prism and the
current velocities within the platform (Van Maanen et al., 2015). In a long-term, the
increased sediment depositions together with biogenic input especially due to organic
matter production, leads to positive elevation change in the vegetated areas (Van San-
ten et al., 2007, Willemsen et al., 2016).

Studies further included the effects of a rising sea level due to climate change and
the potential of mangrove forests to mitigate flooding (Mcivor et al., 2013). It was
found that mangrove forests have the capacity to counteract sea-level rise. The ver-
tical sediment accretion allows mangroves to avoid inundation and thereby keep the
habitat suitable for their growth (Mcivor et al., 2013, Lovelock et al., 2015). Asbridge
et al. (2016) for example observed seaward and landward migration of mangroves in
the Gulf of Carpentaria prior to the dieback. However, there are limits to these pro-
cesses. The decline in sediment supply due to for example upstream damming as well
as the restriction of the mangrove habitat due to anthropogenic developments and
structures, create limitations in the bed level increase and landward retreat of man-
grove forests (Schuerch et al., 2018, Xie et al., 2020). Due to the outlined effects of
mangroves on the morphodynamic system, they offer immense value. This results in
an increasing interest to apply mangroves in flood risk engineering along with ’hard’
engineering structures, forming "hybrid-engineering solutions" and as nature-based
solutions (Gijsman et al., 2021, Kumar et al., 2021, van Zelst et al., 2021). However,
these processes need to be further understood on an estuary scale, in order to utilise
the full potential of this resilient ecosystem and profit from their values.

Impacts of Environmental Factors on Mangroves

The mangroves in turn are also influenced by the morpho- and hydrodynamics in dif-
ferent ways, such as for example their seedling recruitment. Mangrove propagules go
through three phases which are influenced by different hydrodynamics and sediment
dynamics (Balke et al., 2011). Initially, an inundation free period is needed for the
propagules to develop sufficient roots to withstand displacement (Balke et al., 2011,
Oh et al., 2017). Following, the roots growth must be fast enough to withstand hydro-
dynamic forces, and finally, sediment dynamics such as erosion and mixing can lead
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to dislodgement of the seedling (Balke et al., 2011). Additionally, hydrodynamic fac-
tors such as the inundation period determines the mangrove growth rate and species-
specific distribution (Chapman, 1976). Figure 2.7 shows that mangroves characteristi-
cally colonize the areas between mean tide level and high tide level.

FIGURE 2.7: Mangrove colonization due to hydroperiod in cross-shore
direction (from: Mcivor et al. (2013)).

In summary, it can be seen that external, hydrodynamic, and morphological factors
have substantial impacts on mangrove forests. The mangrove vegetation on the other
hand influences the hydro-and morphodynamics due to flow resistance and attenua-
tion capacity. However, the question remains, on how this interaction influences the
processes on an estuary scale and how the presence and absence of mangroves influ-
ence the long term processes in such a system. Further investigations are required to
assess the effects of mangrove vegetation on a whole estuary, quantitatively and qual-
itatively. Furthermore, studies are needed to understand the potential of recovery of
a mangrove forest after a perturbation event as well as the long term effects of such
a event, in order to be able to quantify their resistance to future changes and their
recovery potential.

2.3 Previous Modelling Approaches

In recent decades, modelling has proven to be a useful tool. It has been extensively
used in the past decades to understand morphological and hydrodynamic processes
as well as vegetation pattern (Broekema, 2013, Horstman et al., 2013a, Peters et al.,
2014, Van Maanen et al., 2015, Kleinhans et al., 2018, Peters et al., 2018, Le Minor et al.,
2019, Boechat Albernaz et al., 2020, Brückner et al., 2021, Brückner et al., 2020, Xie et al.,
2020, van Veelen et al., 2021, Chen et al., 2021). Lesser et al. (2004) described morpho-
dynamic models as "indispensable tools that hydraulic engineers working in coastal,
river, and estuarine systems use to analyze erosion problems, assess morphological
impacts of human interference (at several scales), and to aid the design of coastal de-
fenses".

However, some considerations need to be made when simulating natural processes in
a model. The model is not able to fully reflect the natural systems behaviour. There are
uncertainties regarding initial conditions and applicable laws, which limits the veri-
fication of the model. Furthermore, models rarely predict well without calibration,
and the question of the model boundaries needs to be considered. Additionally, the
question of the scale arises. Since it is computationally impossible to include the pro-
cesses on all scales in the system, the concept of separation of scales is important. For
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example, it is virtually impossible to describe the processes of every single grain of
sand in an entire estuary for every wave and tide over decades (Lesser, 2009). There-
fore, modelling comes with uncertainties and limitations which need to be considered
when analysing the results (Murray, 2003).

However, modelling helps to understand trends and behaviour of processes. This im-
plies that models can help in comprehending results of complicated equations, and it
can provide information about the sensitivity of different parameters, by manipula-
tion of those parameters. Models can be further used to mediate between the theo-
retical laws of physics and the observations made in nature. And finally, models can
offer long-term projections. To understand the early motivations to use modelling in
ecology, Chen and Twilley (1998) pointed out the difficulty to capture both time and
environmental gradients in experiments, which can be solved by using models to un-
derstand landscape patterns of forest dynamics. Furthermore, with regards to restora-
tion of ecosystems it was pointed out that for rehabilitation processes, due to their time
dependency (long-term), ecological modelling can determine the success and outcome
of the restoration efforts (Twilley et al., 1999). Therefore, Twilley et al. (1999) recom-
mend the development of interactive, spatially explicit models to simulate manage-
ment scenarios and to evaluate their success. These previous studies are suggesting a
modelling approach to simulate the (long-term) interactions between vegetation, hy-
drodynamic and morphological processes.. To put the modelling approach taken here
in context, in the following subsections, a literature introduction into a state-of-the-art
hydromorphodynamic model (Delft3D) and mangrove modelling is given.

2.3.1 Morphological and Hydrodynamic Modelling

The previously mentioned problem of scaling in the modelling of morphodynamic
systems, leads to the fact that coastal morphological modelling must resort to some
level of process aggregation (Lesser, 2009). ’Behaviour-oriented’ models were devel-
oped as described by Stive and de Vriend (1995), in which a high level of process ag-
gregation was incorporated. These models represent the general behaviour of large-
scale morphological processes rather than modelling physical processes at a lower
scale. ’Processes-based’ modelling approaches on the other hand, rely on a lesser
amount of process aggregation. In process-based models, it is attempted to represent
all important physical processes influencing the sediment in a coastal environment.
The process based models have been developed over the last century, from analyti-
cal models to one-dimensional-network, coastline, multiline and coastal profile mod-
els. These models simplify the occurring processes by integrating in two dimension
and leaving one dimension free to respond, which leads to a certain amount of av-
eraging (Lesser, 2009). Depth-averaging two-dimensional (2DH) models were devel-
oped in the 1980s and 1990s, which integrate solely the vertical dimensional, leaving
two dimensions free to respond. This allows for the description of two-dimensional
spatial patters of morphological change. de Vriend et al. (1993) reviewed some of
those medium-term morphodynamic models and concluded that these models are
applicable to certain problem classes. However, the complex nature of the natural
system leads to processes that are fully-three dimensional and to a velocity profiles
which deviate from the logarithmic one (e.g. channel curvature, current accelera-
tion/deceleration, Coriolis force, wind- and wave-driven currents and density gra-
dients) (Lesser, 2009). These conditions commonly occur near the river mouth, in
estuaries and close to structures and obstacles.
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In order to be able to predict and model such behaviour, a numerical model system
was needed, which is "able to simulate arbitrary combinations of processes within
broad classes of problems" (Lesser et al., 2004). This was realized in the DELFT3D
package, which was developed by WLjDelft Hydraulics together with Delft University
of Technology (Lesser et al., 2004). Due to the inclusion of integrated model, it allows
for the simulation of different aspects within coastal systems. Thereby, hydrodynamic
flow under the shallow water assumption, transport of water-borne constituents (e.g.
heat or salinity), short wave generation and propagation, sediment transport, morpho-
logical changes, ecological processes and water quality parameters can be simulated
within Delft3D (Lesser et al., 2004).

Delft3D was widely applied in previous studies as well as engineering constructions.
Besides applications in rivers and tidal flats, it was also validated for different es-
tuarine systems (Hu et al., 2009, Van Der Wegen et al., 2011a, van der Wegen and
Roelvink, 2012, Lu et al., 2015). For example, to study the effect of tides on mouth
bar morphology and hydrodynamics (Leonardi et al., 2013), to assess water quality
and to study the controls on the evolution in a Yangtze Estuary Reservoir (Xu et al.,
2017, Luan et al., 2017). It was further used to evaluate the effects of large-scale river
diversions on fish and fisheries (de Mutsert et al., 2017), to evaluate the effects of mud
supply on large-scale estuary morphology and development (Braat et al., 2017), and to
improve the understanding of the hydrodynamics and morphodynamics of the tidal-
influenced fluvial zone using a case study of the Columbia River Estuary (CRE), USA
(Sandbach et al., 2018). Additionally, DELFT3D was used to investigate the effects of
Shoal Margin Collapses and the impact of wind-waves and sea level rise on the mor-
phodynamics of a sandy estuarine within the case of the Western Scheldt (van Dijk
et al., 2019, Zheng et al., 2021, Elmilady et al., 2020), to determine the dominant Cli-
mate Change event for salinity intrusion in the GBM delta (Akter et al., 2019) and
to investigate the influence of seasonal river discharge on tidal propagation in the
Ganges-Brahmaputra-Meghna Delta, Bangladesh (Elahi et al., 2020). Most recently
it has been utilized to study levee evolution under vegetation influence (Boechat Al-
bernaz et al., 2020), to investigate pathways of micro plastic (Sousa et al., 2021) and
marine debris (Juliandri, M. R., Radjawane, I. M., Tarya, 2020) within an estuary and
to study salt marsh resilience to SLR (Pannozzo et al., 2021). This exemplary list shows
that the DELFT3D package was extensively used for scientific research within estuar-
ies and has produced results, which were validated on the basis of for example field
observations. DELFT3D therefore provides a reliable tool for this study.

2.3.2 Mangrove Modelling

There are different approaches to investigate and monitor mangrove vegetation. A
commonly used approach to monitor forest dynamics and document changes in veg-
etation cover is remote sensing imagery (e.g. Younes et al., 2020, Parida and Kumari,
2021). However, remote sensing cannot give information about ecological processes
and processes that cause changes (Berger et al., 2008). Therefore, another approach
which has provided insights in mangrove forest dynamics in the past and is gaining
attention, is modelling (Doyle and Girod, 1997, Chen and Twilley, 1998, Doyle et al.,
2003, Berger and Hildenbrandt, 2000, Berger et al., 2008). The use of models makes
it possible to investigate the effects of environmental changes and disturbances on
the recruitment, establishment, growth, productivity, and mortality of mangrove trees
(Berger et al., 2008). Furthermore, models make it possible to understand rehabilita-
tion processes and potential outcomes of such efforts (Peters et al., 2020).
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In the past, different models were developed to capture the development of mangrove
forests due to environmental effects. Early modelling approaches were made by Lugo
et al. (1976) using a process-based model to simulate the effects of upland run-off and
tidal flushing on the biomass production of a mangrove wetland. Further, a Leslie-
Matrix was used by Burns and Ogden (1985) in order to simulate the development
of a mangrove monoculture (Avicennia marina) under exponential population growth.
And finally, a Lefkovich matrix, was used by Clarke (1995) to predict the recovery
of a mangrove species (Avicennia germinans) after disturbances of different strengths
(Berger et al., 2008). Furthermore, static trophic models were used to estimate the
matter and energy flow in mangrove ecosystems (Berger et al., 2008). However, re-
cently, individual based models (IBM) became most popular for mangrove modelling.
IBM regard the trees autonomously with their varying characteristics, their interaction
with neighbouring trees and their environment (Peters et al., 2020). Presently, differ-
ent types of IBM for mangrove forests have been developed. A group of IBM take
the effect of different abiotic factors on the tree growth into account, as species spe-
cific growth reducing factors. The growth-reducing factors include parameters such
as salinity, nutrients, temperature, hydroperiod and competition of neighbooring trees
(e.g. Chen and Twilley, 1998, Doyle et al., 2003, Berger et al., 2008, Grueters et al., 2014,
Van Maanen et al., 2015 and Xie et al., 2020).

The descriptions of a single tree allometry and the tree growth, most commonly imple-
mented in the mangrove models is based on the JABOWA model (Botkin et al., 1972).
The empirical formula introduced by Botkin et al. (1972), describes the tree stem diam-
eter at breast height (DBH) converging asymptotically to a species-specific maximum
value. The further plant characteristics such as tree height or projected canopy area
are then empirically related to the stem diameter. Furthermore, a dependency of the
trees on water or nutrient availability as well as the increased stress due to salinity is
implemented through a reducing factor (Peters et al., 2020). The following Table 2.2
summarizes IBM, developed in previous studies, concentrating on the used mecha-
nism for tree establishment, the factors considered in tree growth, how the competi-
tion between neighbouring trees is considered, the process implemented to describe
the mangrove mortality as well as the model application in a coupled model. Table 2.2
therefore serves as an overview of existing mangrove models.



TABLE 2.2: Mangrove Models Summary in Recent Decades

Model (Reference) Use Seedling Establishment Tree Growth Factors Competition
Concept

Mortality Coupling

FORMAN (Chen
and Twilley, 1998

Simulate demographic pro-
cesses of mangroves

Sapling number depending on light,
flooding and seed consumption

Salinity, nutrient and light
availability and tempera-
ture

- - -

KiWi (Berger and
Hildenbrandt, 2000)

Study process of self-thinning
by competition among individ-
ual trees

Random distribution, establishment
dependent on competition strength

salinity and nutrient avail-
ability

FON ’memory function’ -

MANGRO (Doyle
and Girod, 1997,
Doyle et al., 2003)

Multi-species landscape dynam-
ics of mangroves on a large spa-
tial scale

1plant/m2/year with equal proba-
bility for all species

Size (empirical growth
curve) and light (shade
tolerance)

- Stochastic process of growth
suppression, and hurricane
impact

-

MANHAM (Stern-
berg et al., 2007)

Simulate sharp boundaries be-
tween mangrove stands and
hammocks in costal economies
of South Florida

- Feedback between salinity
and plants

Competition
for space of
mangroves and
hammocks

Hard switch between man-
groves and hammocks de-
pending on fixed salinity
threshold in soil porewater

In MANTRA
model (Teh et
al., 2013)

SEHM (Jiang et al.,
2012)

Simulate spatial patterns of eco-
tone between mangroves and
hammocks (intra- and inter-
specific competition)

Recruits produced monthly by ma-
ture trees, establishment depends on
salinity and competition

Neighbourhood competi-
tion and salinity

FON Mortality due to size-
dependent factors or from
reduced growth rate caused
by competition or salinity

With a grid-
based hydro-
dynamics sub-
model

mesoFON (Grueters
et al., 2014)

Simulate Mangrove forest
dynamics with including the
crown plasticity of mangrove
trees

Annual production by mature trees,
number depends on reduction factor
and offspring density per crown sur-
face area

Salinity, nutrient availability
and neighbourhood compe-
tition

2 FONs per tree
(above- and
below-ground)

Natural (dependent on dbh)
and disturbance-related tree
death (hurricane return pe-
riod)

-

BETTINA (ibm) (Pe-
ters et al., 2014; Pe-
ters et al., 2018)

Investigate the biomass alloca-
tion patterns of mangrove trees
to environmental conditions

New biomass allocation in locations
to improve uptake of limiting re-
source

Growth allocation is fo-
cused on improving the
uptake of the limited re-
source (water uptake and
light interception)

ZOI for above-
and below-
ground pro-
cesses

Death threshold: If growth
falls below a certain propor-
tion of the tree volume, the
individual dies

In MANGRA
(Bathmann et
al. (2020))

Van Maanen et al.
(2015), Xie et al.
(2020), Xie et al.
(2022)

Simulate long-term morpholog-
ical evolution of tidal basins due
to interactions between hydro-
dynamics, sediment transport
and evolving morphology

Initial establishment in bare cell
with 5 percent probability, establish-
ment only in grid cells inundated
less than half of the time

Inundation (hydroperiod)
and competition

Maximum
density of 125
mature trees/ha
with ZOI

Mortality occurs after con-
tinuous periods of growth
depression

With ELCOM
or DELFT3D
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Additionally to the models summarized in Table 2.2, further efforts have been made
in modelling the vegetation impact on tidal dynamics along with wave and storm
surge attenuation (Horstman et al., 2013b, van Veelen et al., 2021, Chen et al., 2021).
Furthermore, a recent approach was made to model the wave dissipation of mangrove
vegetation using a neural network modelling (Malvin et al., 2020).

The comprehensive overview given in Table 2.2 points out the gaps, which still exist in
modelling the interaction of mangrove vegetation and their geomorphic environment.
The past modelling approaches do not sufficiently consider the two way interaction
between abiotic environmental conditions and the mangrove forest dynamics. The
influencing factors such as salinity, nutrient and water availability are assumed to be
constant over space and time in almost all of the past modelling approaches. The
transport processes horizontally and vertically of water or nutrients are barely consid-
ered. Furthermore, it can be seen that the majority of the models listed in Table 2.2
predominantly focus on mangroves and the impact on mangroves of various factors
such as light, salinity, nutrient abundance, temperature, water availability and compe-
tition (inter and intra-species), as well as the impact of hurricanes. While the studies
listed below the table ((Horstman et al., 2013b, van Veelen et al., 2021, Chen et al.,
2021), Malvin et al., 2020) focus on the effect of the mangroves on the flow and do not
include the feedback on the mangrove establishment and growth.

2.3.3 Coupling of Morphology and Vegetation

To fill this gap, coupling of the mangrove vegetation model to flow and transport
model was proposed and investigated (Peters et al., 2020, Xie et al., 2020). The cou-
pled model used here from Xie et al. (2020), incorporates the interactions between
mangroves and their environment instead of solely the influence of the environment
on mangroves or vice versa. The coupling of the vegetation model with a flow or sed-
iment transport model to account for feedback along with spatial as well as temporal
variation of the relevant parameter, has shown promising results in previous studies
(see Van Maanen et al., 2015, Brückner et al., 2020, Peters et al., 2020, Xie et al., 2020,
Brückner et al., 2021, Xie et al., 2022).

Not many studies however have investigated these interactions on an estuary scale.
A recent example is Brückner et al. (2020), where a model reflecting spatiotempo-
ral growth of biostabilizers, saltmarsh and microphytobenthos is coupled with a 2-D
hydro-morphodynamic model in Delft3D. Thereby, the interaction of mud, saltmarsh
and microphytobenthos with morphology in an estuary was simulated. This previous
study conducted in an estuarine system using the coupled vegetation model, shows
that the method is suitable to model the eco-morphodynamic feedback on an estuary
scale. In coupled modelling with mangroves as vegetation, two previous studies have
been conducted. Van Maanen et al. (2015) modelled the evolution of tidal channel net-
works under the influence of A. marina mangroves in tidal sandy embayments. Fur-
thermore, Xie et al. (2020) simulate the interactions between various mangrove species
and hydro-morphodynamic processes in a coastal profile by extending the mangrove
model (by Van Maanen et al., 2015, Xie et al., 2022) with comprehensive sediment
transport processes (i.e. Delft3D).

This literature review shows a clear direction for further studies. Mangroves are an im-
portant ecosystem for coastal protection and carbon sequestration, whose interaction
with hydro- and morphodynamics on an estuary scale need to be further understood.
Additionally, considering restoration purposes and to preserve the valuable services
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mangrove forests offer, it is important to find ways to understand the system in a way
to increase their resilience. As previous studies have shown, filling these knowledge
gaps can be archived using a modelling approach. The comprehensive summary of
existing models has shown that a coupled model used by Xie et al. (2020) and Xie et al.
(2022), is promising to investigate the processes in mangrove forests on an estuarine
scale and the feedback with the morphological development.
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Chapter 3

Research Region and Background

The purpose of this chapter is to provide an overview of the research region, the Le-
ichhardt estuary in the Gulf of Carpentaria, Queenslands, Australia. In late 2015, a
large-scale mangrove dieback event occurred in the Gulf of Carpentaria. This man-
grove dieback event will be described and the information about the causes and con-
sequences of this dieback event from recent studies will be recapped.

3.1 The Leichhardt River Estuary in the Gulf of Carpentaria

The Gulf of Carpentaria (hereafter also referred to as ’the Gulf’), situated in the North-
ern Territory and northern Queensland, Australia, is a U-shaped shallow gulf, which
encompasses an area of 300,000 km2 (Fig. 3.1). It is composed of three shores: the Arn-
hem Land coast, a southern shore and the Cape York Peninsula. The rather irregular
Arnhem Land coast represents the eastern part of the gulf, while the southern shore
has a low-gradient sediment-rich, rather low energy environment. Finally, the Cape
York Peninsula is relatively straight and represents the west coast of the gulf (Short,
2020). With 280 creeks and rivers draining into the gulf, it represents a major catch-
ment in Northeast Australia. Sediment is transported toward the coast through the
river systems. In total, the rivers drain a relatively low-lying watershed with the size
of about 0.5 million km2 (Asbridge et al., 2016). In the estuaries tide-dominated deltas
have formed (Short, 2020). Figure 3.1 shows a map of Australia with the Gulf in the
North East, between Cape York and Cape Wessel. Overall, the Gulf is a diverse sys-
tem with intertidal flats comprised of sand and mud, tidal creeks, salt marshes and
beaches, island bars as well as mangrove forests (Short, 2020).

One of the biggest river flushing into the Gulf is the Leichhardt river with a catchment
of about 33,000 km2 (Short, 2020). An annually-average discharge of 2179 gigalitres
is transported to the Gulf (Jaensch and George, 2019) and the Leichhardt estuary has
an average tidal range of 2-3 m (Asbridge et al., 2016). The section of the Gulf ad-
jacent to the Leichhardt estuary is dominated by extremely low near-shore gradients
as well as especially low gradients across the supratidal salt flats. These salt flats can
extend up to 50 km inland (Short, 2020). Regarding the catchment of the Leichhardt
estuary, the main land-use in the catchment is rangelands for cattle. Several mines
can be found upstream including the mining town of Mount Isa. Human population
within the catchment is rare (Jaensch and George, 2019). In the upstream parts of the
river, two major dams are impacting river discharge and sediment load (since 1958
and 1976). However, the ecological impact of the dams on the Leichhardt river are
currently unknown (Jaensch and George, 2019). Nonetheless, the remoteness and the
absence of human population result in the ecosystem of the Leichhardt estuary being
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FIGURE 3.1: Map showing the location of the Gulf of Carpentaria,
Queensland Australia (from Heap et al. (2006)).

hardly influenced by human interactions (Jaensch and George, 2019). Furthermore,
designated conservation areas and marine national park zones are protecting the Gulf
ecosystems (Asbridge et al., 2016). The undisturbed nature of the ecosystems as well
as the numerous tidal wetlands around the river mouths provide an ideal substrate
for mangrove growth (Asbridge et al., 2016).

3.2 Mangroves in the Gulf of Carpentaria

In 2005, 10 percent of the world mangrove area was found in Australia, with a species
variety of more than 30 mangrove species (FAO, 2007). In total, Australia had an area
of more than 1.4 million hectares of mangroves which equals to about 0.1 percent of
its total land area (FAO, 2007). In the Gulf, mangrove forests can be found at most
of the Gulf’s shores and in all creeks and rivers. The eastern Gulf shore is home to
about 20 mangrove species, while this number increases to more than 30 different
species along the western shore (Short, 2020). The total area of mangroves in the Gulf
sums up to 2440 km2 which equals to about 21 percent of Australia’s total area of
mangroves (Short, 2020). Of this mangrove coverage, about 1600 km2 can be found in
the eastern Gulf (Asbridge et al., 2016). It was further found by Asbridge et al. (2016)
that mangroves in the gulf were expanding both landward and seawards prior to the
dieback event in 2015. The dominant species of mangroves in the Gulf of Carpentaria
is Avicennia marina (A. marina, or: grey mangrove) (Duke et al., 2021). Furthermore,
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the species Rhizophora stylosa, and Sonneratia alba are among the species thriving in
the Gulf (Asbridge et al., 2016). In Figure 3.2, a photograph of the grey mangroves (A.
marina) is shown.

FIGURE 3.2: Grey mangrove (Avicennia marina), Towra Point Nature
Reserve.

Mangroves thrive in the Gulf especially along the coastlines of Leichhardt, Nicholson,
Flinders River, and Mornington Inlet catchments (Asbridge et al., 2016). Around the
western part of the Gulf, mangroves show zonation patterns, with A. marina popu-
lating the most seaward area, followed by the taller Rhizophora and Bruguiera further
inland. In the most landward and saline zones, Ceriops are growing in some areas
(Jaensch and George, 2019). Even further inland, above the highest tide line, commu-
nities of grasses, vines, shrubs and low trees are dominating the vegetation (Jaensch
and George, 2019). The salt flats, enclosed by vegetation are itself quite bare. However,
in some of the salt flats, algal mats, seawards of marine couch Sporobolus virginicus
and short chenopod (samphire) plants can be found (Jaensch and George, 2019). As
described in section 2.1, mangroves provide numerous, valuable ecosystem services.
In the Gulf specifically, mangroves support the fish, crab and prawn resources which
provide valuable resources for commercial fisheries and indigenous and recreational
fisherman. In addition to the economic function, mangroves in the Gulf also provide
coastal protection, act as carbon sink and protect the coast against the unpredictable
weather conditions (Jaensch and George, 2019).

3.3 Climatic Conditions

The Gulf’s climate is influenced by different factors. It is a hot and humid, tropic mon-
soonal climate, with dry and wet seasons (Short, 2020, Asbridge et al., 2016). There-
fore, rainfall mainly occurs during the wet seasons of approximately four months (De-
cember to March), owing to the northwest monsoon being drawn by the ITCZ/Cloncurry
heat low delivering heavy rains (Short, 2020). These rains produce runoff which often
exceeds the capacity of the local river channels (Asbridge et al., 2016). Furthermore,
during the wet season, tropical cyclones can occur, with an annual average of two to
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three cyclonic events (Asbridge et al., 2016, Duke et al., 2021). The winters are rather
warm and dry due to the sub-tropical high-pressure systems bringing drier south-
east trade winds (Short, 2020). The annual rainfall is decreasing from the north to
the south of the Gulf, with about 2000 mm of rainfall per year in the northern and
800 mm per year in the southern Gulf (Asbridge et al., 2016). The lowest rainfall oc-
curs in Karumba at the southeast corner of the Gulf. The mean daily temperature in
summer is approximately 30 °C, while in the winter an average temperature of about
25°C is reached (Short, 2020). Regarding climate change, the impacts on the Gulf are
not sufficiently understood (Jaensch and George, 2019). However, it is known that
the Gulf is impacted by a long term sea level rise of about 3.65 mm per year on av-
erage (Duke et al., 2021). Additionally, the Gulf is influenced by El Niño–Southern
Oscillation (ENSO) events. The ENSO has an influence on sea surface and air tem-
perature, rainfall, evaporation stress and reduces the sea level along the coast (Abhik
et al., 2021,Hickey et al., 2021). A severe ENSO event occurred in 2015/2016 with an
immense impact on the vegetation in the Gulf. The El Niño event is believed to be the
strongest to have occurred within the past 145 years with an unprecedented warmth
at the central equatorial Pacific (IPCC, 2021).
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3.4 The Mangrove Dieback Event in the Gulf of Carpentaria

Figure 3.3 illustrated the consequences of the ENSO event 2015-2016 on the mangroves
in the Gulf. The severe El Niño event of 2015/2016 led to a sea level drop, a lengthy

FIGURE 3.3: The mangrove dieback in the southern Gulf of Carpen-
taria in five different locations (A-E) as indicated in the map (bottom
right). (A) Roper River shoreline, (B) Limmen Bight River shoreline
(images taken by Tony Griffiths, 9.06.2016), (C) Gangalidda shoreline
(image taken by Roger Jaensch, 13–14.04.2016), (D) Leichhardt River
mouth (on 17.11.2016), and (E) Karumba, Queensland, Norman River
shoreline (on 27.10.2016) (images from surveys reported in Duke et al.

(2021)).

drought, low rainfall and a heatwave in the Gulf. All these factors resulted in a com-
plex interplay, which created an extreme pulse event (Harris et al., 2017). The climatic
anamolies in the Gulf due to the El Niño event compared to previous years are illus-
trated in Figure 3.4. Figure 3.4 shows an exceptionally (a) high temperature anomaly,
(b) a low rainfall and (c) an unprecedented low sea level anomaly during the El Niño
event in 2015-2016. Therefore, this event severely amplified the long-term stress in
the mangrove forests (e.g. rising sea level due to climate change). The climatic stress
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FIGURE 3.4: The condition of climate and environmental factors up to
and after the 2015/2016 mangrove dieback event (from: Duke et al.

(2021))

on the mangroves was increased in this short-term to such an extent, that the phys-
iological and ecological tolerance and adaptability of the plants was exceeded. The
mangroves were therefore forced into a degraded state which, according to Duke et
al. (2021), might not be reversible.

Figure 3.5 shows the dieback of mangroves (in red) in the Leichhardt river catchment.
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It can be seen that mostly the shoreline fringing zone of mangroves were affected by
the dieback. Furthermore, a loss of mangroves bordering saltpans and saltmarshes
in the upper margin occurred, while along the river channel, dieback occurred rarely.
However, when looking at other sides within the Gulf, some dieback can also be ob-
served along the river channels (Fig. 3.6).

FIGURE 3.5: Leichhardt River Dieback Map (Accad et al., 2019).

This dieback had consequences for the ecosystems in the Gulf. These include for exam-
ple, that the benefits of buffering and shoreline protection are lacking with the disap-
pearance of mangroves, leading to more mobilized sediment and potential long-term
influences on the adjacent reef systems (Duke et al., 2021). Furthermore, Sippo (2019)
found consequences of the mangrove loss on the coastal carbon cycle. However, so far,
there is little knowledge on the impacts of such a massive mangrove dieback on the es-
tuary processes. It is therefore important to understand the causes of the dieback and
how this situation affects estuary evolution in the future. Attempts to understand the
processes leading to the dieback have been previously made (Duke et al., 2017,Harris
et al., 2017, Accad et al., 2019, Sippo, 2019, Duke et al., 2021 and Abhik et al., 2021).
These approaches mainly utilise satellite imagery, historic climate recordings and cli-
mate data of the 2015/2016 event to understand the causes of the dieback. However,
according to Duke et al. (2021), one question still remains: "Was the drop in sea level
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FIGURE 3.6: Nicholson River Catchment Dieback Map (Accad et al.,
2019).

alone sufficient to have triggered the event? Or, had the impact of the temporary drop
in sea level been enhanced by the extreme climatic conditions at the time?" (Duke et
al., 2021). Furthermore, it is just as important to understand the mangrove recovery
and predict changes and development of the mangrove characteristics as well as the
whole estuary systems. Therefore, Duke et al. (2021) proposed, among other things,
the development of forest growth and recovery models for the prediction of recov-
ery and future events. They proposed the mapping of sediment elevation to simulate
the mobilization of sediment as well as local erosion and deposition. Additionally, it
was proposed to integrate climate factors such as temperature, rainfall, drought condi-
tions, sea level and ENSO index, as well as evapotranspiration in order to understand
their influence on forest development (Duke et al., 2021). In this study, the focus will
lie on the influence of the sea level drop and drought conditions (i.e. decreased river
discharge) on the mangrove forest development.
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Chapter 4

Research Questions and Hypotheses

In this chapter, the research objectives and the research questions be outlined. Addi-
tionally, a hypothesis of the results will be presented.

4.1 Objectives and Research Questions

This thesis will investigate the processes of mangrove establishment, dieback and re-
covery within an estuary, to test the hypothesis of the causes as well as possible effects
of the decreased mangrove coverage due to the dieback event. As highlighted during
the literature review, mangrove modelling studies in the past have a limited inclu-
sion of the two-way interaction between the mangrove trees and the morpho- and
hydrodynamics on an estuary scale. In this study, a coupled modelling approach, to
simulate the dieback based on sea level drop and river discharge decrease as well as
the recovery of mangrove characteristics is used. As mangrove modelling on the scale
of an estuary and the modelling of mangrove dieback due to changes in boundary
conditions is not incorporated in previous studies, this will give new insights in the
field of mangrove modelling and processes governing the eco-morphodynamic feed-
back. The coupled model developed by Xie et al. (2020) is used here to simulate the
processes in the Leichhardt estuary. Thereby, the 2015 massive dieback event will be
modelled and the results will be compared to the case study. Based on the literature re-
view and the events occurring in the study area, the research questions are composed.
Specifically, the focus lies on the biogeomorphic feedback and how the bio and mor-
phological change is important relative to the physical forcing. Therefore, this study
is guided by the following research questions.

• Does mangrove area dieback occur in the model due to the change in boundary conditions
of decreased sea level and river discharge?

• Which effects does the dieback have on the morphological and hydrodynamic factors (such
as sedimentation, bed elevation, channel pattern and flow velocity) and which effects do
the changed hydromorphology have on the mangrove resettlement?

• How suitable is the modelling approach to reflect the mangrove coverage during man-
grove colonization, growth, dieback and recovery as compared to the case study?

4.2 Hypothesis

Previous studies might already give an indication of the results which will be ob-
tained in this study. It is hypothesised that mangrove loss is driven by sea level drop
and river discharge decrease based on the observations made during a field study
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(Duke et al., 2021). The effect of mangrove trees on morphology and hydrodynamics
which are outlined in Section 2.2.2, are expected to be reversed with the dieback of
the mangroves, as the flow resistance effect of the mangroves will be lost. Therefore,
higher velocities in as well as lower sedimentation rates are hypothesised to occur in
the dieback area compared to prior to the dieback.

Furthermore, within field studies, it was observed that the recovery of mangrove for-
est from disturbances in the Gulf is rather slow (Duke et al., 2021). This slow recovery
could be possibly related to the hydrogeomorphic changes occurring due to dieback of
mangrove area. As the presence of vegetation increase the relief and traps further sedi-
ment, removing the mangrove trees reduces relief. This feedback is expected to be seen
from the model results, giving insights into the interactions of eco-morphodynamics
during the recovery. Therefore, it is expected to see hydromorphodynamic changes
in the dieback area affecting mangrove recovery. This possibly causes unfavorable
conditions for the mangrove recovery, as they have to re-engineer a suitable habitat.
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Chapter 5

Methodology

In this study, an existing hydro-morphodynamic model is coupled with a vegeta-
tion model. The vegetation model was designed to model mangrove colonization,
growth and mortality (Xie et al., 2020, Xie et al., 2022). Using this method, the feed-
back between mangrove vegetation, morphological and hydrodynamic factors such as
bed level, flow velocities, and inundation regime within an estuary are investigated.
Therefore, the considered factors influencing mangrove growth, in this case inunda-
tion and competition, vary across location within the estuary and time. This allows
for the simulation of the conditions occurring within the natural system. The model
estuary is idealised, to avoid that local complexities in the natural system (e.g. inher-
ited geology) hinder the comparison between model and case study. Furthermore, the
inclusion of the hydrodynamics allows for the modelling of sea-level drop and a re-
duced river discharge to simulate the conditions which occurred during the dieback
event. Thus, the coupled model is used to test the hypotheses of mangrove mortality
and recovery after a disturbance. Undisturbed control runs allow for the quantifica-
tion of the effects.

In the following sections, the hydro-morphodynamic model will be described by sum-
marizing the main equations. Secondly, the dynamic vegetation model will be de-
scribed. Following that, the coupling of the two models is summarized. Finally, the
overall model set-up will be outlined.

5.1 Hydro-Morphodynamic Model

The Delft3D package was used to process the hydro-morphodynmaic simulations,
specifically the Delft3D – Flow module. Delft3D is a hydrodynamic and morphody-
namic numerical model (Lesser et al., 2004). Delft3D was used in this study to simulate
the hydrodynamic and morphological processes in the estuary. In the following sub-
sections the model is described on the basis of the main equations used, along with an
explanation on the parameter and boundary condition choices.

5.1.1 Governing Equations

Delft3D is a process based model with open-source code and has been widely used
and validated in previous studies (Chapter 2). The model can incorporate the main
physical processes dominating coasts and estuaries, such as astronomic tides and
wind waves, river discharge, salinity mixing, sediment transport (cohesive, non-cohesive
sediment and interactions), as well as bed-level updating (online) based on mass con-
servation (Luan et al., 2017). The Reynolds-averaged Navier–Stokes equations is solved
and the sediment load is calculated based on the generated flow field (Van Der Wegen
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et al., 2011b). The hydrodynamics are calculated by solving the depth-averaged shal-
low water equations under assumption of hydrostatic pressure (Lesser et al., 2004). In
the following, the main equations used in Delft3D will be summarized.

Mainly, the model relies on two hydrodynamic equations. Firstly, the conservation of
mass (eq. 5.1), which describes a variation in water depth resulting form a discharge
gradient.

dη

dt
+
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dx

+
dhv
dy

= 0 (5.1)

where η is the water level [m], h is the water depth [m], u is the depth average flow
velocity in x direction [m/s] and v is the depth average flow velocity in y direction
[m/s]. Secondly, the model solves the momentum equations 5.2 and 5.3 (Braat et al.,
2017, Xie et al., 2020).

du
dt

+ u
du
dx

+ v
du
dy

+ g
dη

dx
+

gu
√

u2 + v2

C2h
− vw

(
d2u
dx2 +

d2u
dy2

)
+ Mx = 0 (5.2)

dv
dt

+ u
dv
dx

+ v
dv
dy

+ g
dη

dy
+

gv
√

u2 + v2

C2h
− vw

(
d2v
dx2 +

d2v
dy2

)
+ My = 0 (5.3)

where C is the Chézy roughness [
√

m/s]; g is the gravitational acceleration (g = 9.81
m/s2); vw is the eddy viscosity [m2/s] (Table 5.1) and Mx,y is an extra momentum term
linked to vegetation effects explained below. These three equations (5.1, 5.2, 5.3) com-
bined describe the velocity variations in one grid cell over time under the influence
of eddy diffusivity, friction and changing water depth. In the case of vegetation being
present, an additional hydraulic resistance is included. This is incorporated through

the Chézy friction coefficient and the additional resistance term: Mx = −λ

2
u2 and

My = −λ

2
v2. The Chézy coefficient C and λ [1/m] are obtained from vegetation char-

acteristics such as diameter, height and density of the vegetation objects (e.g. stems or
roots) and the water depth (h) (Baptist et al., 2007):

λ =

CDn
hv

h
C2

b
C2 , if h ≥ hv

CDn, if h < hv

(5.4)

C =

Cb +

√
g

κ
ln

(
h
hv

)√
1 +

CDnhvC2
b

2g
, if h ≥ hv

Cb, if h < hv

(5.5)

where Cb, the Chézy coefficient for the bare bed without vegetation, is set to 65 [
√

m/s];
the Karman constant κ is constant with κ = 0.41 [-]; CD is the drag coefficient; hv is
the vegetation height [m] and n = Dm, with m being the number of vegetation objects
per m2 and D being the respective stem diameter (Xie et al., 2020).

The sediment transport computed in Delft3D is induced by the flow, the sediment de-
flection due to the bed slope, bank erosion and the bed level update (Schuurman et al.,
2018). The transport of the non-cohesive sediment and bed load is calculated in this
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study using the equation by Van Rijn (1993). In the Van Rijn (1993) formula, it is distin-
guished between sediment transport below a reference height and above the reference
height which are then handled as bedload transport and suspended load respectively
(Deltares, 2021). This allows for the calculation of the non-cohesive sediment transport
within the defined domain. In the calculation, bed slopes are considered as influence
on the sediment transport. The influences of the bed slope on the magnitude and the
direction of the bed-slope sediment transport are considered, resulting in an adjusted
sediment transport vector (

−→
Sr ) (van der Wegen and Roelvink, 2012). The magnitude

of the adjusted sediment transport is calculated according to the subsequent equations
(eq. 5.6, 5.7, 5.8).

−→
S′ = αS

−→
S (5.6)

with:

αS = 1 + αbs

 tan(ϕ)

cos
(

tan−1

(
dzb

ds

))(
tan(ϕ)− dzb

ds

) − 1

 (5.7)

and (
dzb

ds

)
max

= 0.9tan−1(ϕ) (5.8)

where
−→
S is the initial sediment transport vector [m3/m/s];

−→
S′ is the magnitude ad-

justed sediment transport vector [m3/m/s]; αbs is the longitudinal bed gradient factor
for bedload transport with a default value of 1 [ - ]; ϕ is the internal angle of fric-

tion [ ° ] and
dzb

ds
is the bed slope in longitudinal direction [ - ] (van der Wegen and

Roelvink, 2012). The direction of the bed-slope transport vector is adjusted calculat-
ing a further sediment transport vector which is perpendicular to the initial sediment
transport vector (Sn) according to Ikeda (1982) (Islope = 2, compare Table 5.1) (eq. 5.9).

Sn = |
−→
S′ |αbn

ucr

|−→u |
dzb

dn
(5.9)

where Sn is the transport vector perpendicular to the initial transport vector [m3/m/s];
αbn is the transverse bed gradient factor for the bedload transport, which is set to 1.5 [
- ]; ucr is the critical, depth-average flow velocity [m/s], −→u is the depth average flow

velocity vector [m/s] and
dzb

dn
is the bed slope with a direction normal to the initial

sediment transport vector [-] ((van der Wegen and Roelvink, 2012)). This results in
the adjusted (with respect to magnitude and direction) sediment transport vector (

−→
Sr )

(eq. 5.10) (van der Wegen and Roelvink, 2012).

−→
Sr =

−→
S′ +

−→
Sn (5.10)

The sediment transport of the mud fraction (cohesive sediment) is calculated using the
Partheniades–Krone equations (Partheniades, 1965) with the erosion flux Em (eq. 5.11)
and the deposition flux Dm (eq. 5.12).

Em = Mm

(
τcw

τcr,e
− 1

)
(5.11)
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for τcw > τcr,e.

Dm = ωscb

(
1 − τcw

τcr,d

)
(5.12)

for τcw > τcr,d, with τcw being the maximum bed shear stress due to currents [Pa], τcr,e
being the critical erosion shear stress and τcr,d being the critical deposition shear stress,
Mm is an erosion parameter, ωs is the mud settling velocity [m/s] and cb the depth
average sediment concentration [kg/m3] (Xie et al., 2020). Subsequently, the transport
of suspended cohesive sediment is calculated on the basis of the advection-diffusion
equation (eq. 5.13).

d(ch)
dt

+
d(uch)

dx
+

d(vch)
dy

= Qmud,e − Qmud,d, (5.13)

where c is the depth-averaged sediment concentration [kg/m3].

Subsequently, the bed level update due to cohesive and non-cohesive sediment trans-
port for every hydrodynamic time-step is based on the mass conservation (eq. 5.14).

(1 − ε)
dzb

dt
+

1
ρs,S

(
dSsand,x

dx
+

dSsand,y

dy

)
=

1
ρs,m

(Qmud,d − Qmud,e) (5.14)

where ε is the bed porosity with a default value of 0.4 [ - ], zb is the bed level [m], Sx/y

is the sediment transport in x and y direction [m3/m/s], and ρs is the density of the
sediment (Table 5.1).

Furthermore, the bedlevel change which was calculated, is multiplied by a time vary-
ing or constant morphological scale factor (MorFac) for every hydrodynamic time
step (Fig. 5.1). The MorFac is used to enhance the morphodynamic development and
thereby also the morphodynamic computations (Van Der Wegen et al., 2011b, Duong
et al., 2018). A constant MorFac of 180 is chosen in this study (Table 5.1), considering
that Van Der Wegen and Roelvink (2008) concluded, that a morphological scale factor
of up to 400 leads to acceptable results. Additionally, during a tidal cycle, the inter-
tidal area is flooded and dries depending on the location due to water level change.
Therefore, in order to avoid time-consuming hydrodynamic calculations, a threshold
depth for flooding and drying is included in the computation. The threshold depth
in this study is set as specified in Table 5.1. In dry cells, no sediment transport occurs
since the velocity in those cells is zero. However, erosion can occur in the adjacent
wet cell. Therefore, in order to create lateral bed lowering, the dry bank erosion was
implemented. The dry bank erosion links the erosion of a dry cell to the erosion occur-
ring in the adjacent wet cell using a user-defined factor (Table 5.1)(Braat et al., 2017).
In order to illustrate the processes mentioned and considered in Delft3D as well as
their interactions, Figure 5.1 shows a schematic model structure of Delft3D.

5.1.2 Boundary Conditions and Initial Bed

The initial domain and boundary conditions for Delft3D were created and set up to
loosely resembles the Leichhardt estuary in Queensland, Australia (Fig. 5.2). There-
fore, the most relevant boundary conditions from the Leichhardt estuary are consid-
ered. Those include the upstream river inflow, the tidal frequency and tidal amplitude,
elevation characteristics (as estimated from Google Earth) and the overall dimensions
of the estuary system (as estimated from Google Earth). Figure 5.2 shows the Leich-
hardt river estuary (the system on the right) on satellite imagery (Google, n.d.).
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FIGURE 5.1: Delft3D Model Structure (from: Duong et al. (2018)).

FIGURE 5.2: Leichhardt River Top View.

The choice of this specific estuary was made based on several considerations. Firstly,
the dieback event of 2015 and the recovery over the years are well monitored (As-
bridge et al., 2016, Duke et al., 2017, Harris et al., 2017, Accad et al., 2019, Sippo, 2019,
Duke et al., 2021). Furthermore, it was based on the severe impact that the dieback had
on this estuary (Accad et al., 2019). Another factor considered is that the Leichhardt
river is relatively natural with a low anthropogenic influence due to the remote loca-
tion, which allows for the exclusion of anthropogenic factors when considering this
estuary (Short, 2020). However, limitations arose during the creation of the domain
due to the choice of estuary. The remote location and the low anthropogenic influence
in this location meant, that little hydrological and morphological data is available for
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this system. Therefore, some assumptions regarding the estuary bathymetry, the av-
erage river discharge, sediment supply by the river and tidal conditions had to be
made. Subsequently, the different initial conditions, input parameter and boundary
conditions chosen in this study will be outlined.

Grid The grid is rectilinear with a grid cell size of 50 x 50 m to 50 x 100 m (Fig. 5.3).
The smaller grid size is used in the area of the river basin, while for the offshore part of
the domain a coarser grid size of 50 x 100 m is implemented. This decision was made
in order to reduce the computational time and simultaneously increase the resolution
for the region of interest.

FIGURE 5.3: Delft3D Model Grid.

Initial Bathymetry It was decided to start with an idealised meandering estuary and
let this domain develop over 400 years in an incipient phase (a detailed description of
the model runs will be given in section 5.6), rather than starting of with a bathymetry
which closely resembles the case study. This decision was made in order to determine
and validate the input parameters. Due to the mentioned lack of data for the Leich-
hardt estuary, the initial formation was utilized as a validation of the chosen parame-
ters. The aim was to elicit a similar morphological behaviour as seen in the Leichhardt
estuary. But, as mentioned previously, this decision was also made to avoid that local
complexities in the natural system and not in the model hinder the comparability.

The upstream width of the river is determined based on satellite imagery of the case
study. The upstream boundary therefore has a width of 200 m (Fig. 5.2). According
to previously determined characteristic meander dimensions, the upstream channel
width correlates with the convergence length as following: y = 81x1 (with R2 = 0.69)
(Leuven et al., 2018). Implementing this formula for the estuary results in an exponen-
tial increase of channel width for the last 16.2 km of the channel. The channel width
at the seaward boundary is 1.5 km. Furthermore, Leuven et al. (2018) found a correla-
tion between the local channel width and the meander length (25x0.88) as well as the
meandering amplitude (2.5x1.1). These correlations are applied here to determine an
initial idealized meandering of the estuary. The bed level has a linearly increasing el-
evation from -1m at the mouth to 1m at the upstream boundary and on dry land from
2m to 3m. The sea has a maximum depth of 50m. Figures 5.4 and 5.5 show the initial
bathymetry and depth profile.

Boundary Conditions The domain has four boundaries, three at the seawards side
and one upstream river boundary. For the eastward sea boundary, a harmonic water
level is used with a tidal frequency of 30 degrees per hour (semi-diurnal) and a tidal
amplitude of 1.5 m (Table 5.1). The northwards and southwards sea boundaries are
defined as harmonic with the Neumann formulation. No wind-waves are included as
the focus in this study lies on the impacts of tides and for reasons of computational
cost. The river boundary is defined with a total discharge [m3/s], which is set to a
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FIGURE 5.4: Initial bathymetry as input to the Delft3D model.

FIGURE 5.5: Depth profile of the initial domain.

constant value through time of 300 m3/s (Table 5.1). Despite the strong seasonal vari-
ations of river discharge in the case study (i.e. wet and dry seasons), it was decided to
include a constant river discharge based on the study carried out by Guo et al. (2015).
Guo et al. (2015) concluded that the assumption of a constant river discharge is rea-
sonable if the river discharge is small compared to the tidal discharge. It is assumed
that this is the case for this study throughout most of the year. Regarding the sed-
iment supply, the sand supply is determined by equilibrium conditions1. While the
mud supply (SSC) is set to 10 mg/L (for the scenarios where mud is considered) at
the river boundary. This decision was made based on the global satelite sediment con-
centration2 within the estuary, due to lack of field data. The initial bed composition in
the entire domain consists of sand. Mud is then supplied from the river boundary (in
form of SSC) after the incipient phase. Thereby, the mass of mud transport depends
on the hydrodynamic conditions. The parameters mentioned in section 5.1 as well as
further parameters used in Delft3D are summarized in Table 5.1. These include the
Delft3D input parameters describes in section 5.1.1, the initial bed settings as well as
the boundary conditions.

1Meaning that the capacity of the flow to transport sand (eq. 4) at the boundary determines the sand
supply rate. This therefore prevents erosion and deposition at the boundaries (Braat et al., 2017)

2GlobColour data (http://globcolour.info) used in this study has been developed, validated, and
distributed by ACRI-ST, France
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TABLE 5.1: Delft3D Input Parameter

Parameter Value Reference
Numerical Parameter
Grid cell size 50x50 m, 50x100 m Fig. 5.3
Time step 0.2 - 1 min
Boundary conditions
Tidal amplitude 1.5 m (mesotidal) Asbridge et al. (2016)
Principle tidal period 12 h (semidiurnal) model design
Tidal Frequency 30 deg/hour model design
River discharge 300 m3/s (strong sea-

sonal variation
Mud input at river (SCC) 10 mg/L Global satellite sed-

iment concentration
(ACRI-ST)

Viscosity
Horizontal eddy viscosity 1 m2/s Leonardi et al. (2013)
Horizontal eddy diffusivity 10 m2/s
Sand Properties
Median sand diameter 250 µm Brückner et al. (2021)
Dry bed density 1600 kg/m3 Brückner et al. (2021)
Mud Properties
Settling velocity 0.25 mm/s Brückner et al. (2021)
Critical bed shear stress for
deposition

1000 N/m2 Braat et al. (2017)

Critical bed shear stress for
erosion

0.25 N/m2 Xie et al. (2020)

Dry bed density 500 kg/m3 Brückner et al. (2021)
Morphology settings
Active layer thickness 5 cm Brückner et al. (2021)
Max. Storage layer thickness 5 cm Brückner et al. (2021)
Morphological Scale Factor
(MorFac)

180 [-]

Factor for erosion of adjacent
dry cells (ThetSD)

0.5 [-]

Max depth for variable
THETSD (HMaxTH)

0 m

Islope 2 (Ikeda) model design
Ashld 100 Baar et al. (2019)

5.1.3 Model Design

In this study, hydrodynamic and morphological parameters are determined so that
the created domain shows similar characteristics compared to the Leichhardt estuary.
Therefore, different test were performed to obtain properties sufficiently similar to
the natural system. There are different parameters in Delft3D which can be changed
for the model design. These include: choosing a roughness predictor, adding coarser
grain sizes or a layer which is non-erodible in the channel to limit channel depth, in-
cluding overtides at the seaward boundary, performing 3D instead of 2D calculations,
increasing the river discharge and by modifying the transverse bed slope parameter
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(van der Wegen and Roelvink, 2012, Baar et al., 2019). On the other hand, it was
found that a change in mud characteristics (e.g. settling velocity or erosion param-
eter), modifying grain sizes, introducing different salt and fresh water densities and
changes in the morphological scale factor will not greatly affect the general trends in
the morphological development of the estuary (Van Der Wegen and Roelvink, 2008,
van der Wegen and Roelvink, 2012, Baar et al., 2019). Based on these considerations
the model design was conducted by modifying the initial bed elevations and channel
outline, the bed slope parameter and by changing river discharge and tidal frequency.
The formed estuary (after the initial phase of 400 years) was compared to the nat-
ural system. Specifically, the structure and patterns such as meandering and delta
characteristics was compared. An important criteria for the choice of the bed slope
parametrization was the bar formation 3, as it was needed for the later establishment
of mangroves.

Firstly the initial bathymetry of the domain was varied in order to achieve meandering
patterns which resemble the pattern seen in the case study. Using a straight channel
the desired results were not achieved (Fig. A.1, A.3, A.2). Therefore, the channel was
modified to an ideal meandering channel based on previous studies (compare section
5.1.2). Secondly, the transverse bed slope effect was varied. The transverse bed slope
is commonly used for the calibration of morphological models. It is an important pa-
rameter which influences the bar dimensions and behaviour (Schuurman et al., 2018).
Baar et al. (2019) found that for estuaries and rivers, a very high slope effect must be
implemented to create a realistic morphology as the channel depth and braiding in-
dex are often over-predicted within Delft3D. The bed slope effect was one of the main
parameter used for the model design. After several test runs with different Islope and
Ashld parameters, it was decided on the bed slope formulation of Bagnold (1966) for
longitudinal slope and Ikeda (1982, 1988) for transverse slope (Deltares, 2021) with an
Ashld parameter of 100 (Table 5.1). This decision was made based on the recommen-
dation by Baar et al. (2019) to use the Ikeda formulation for rivers with a relatively
high Ashld parameter. With the specified parameters, the delta of the formed estuary
showed a suitable reflection of the case study as a formation of channels and bars oc-
curred which resemble the patterns observed in the case study. Especially, well formed
meanders are established in the more downstream part of the estuary.

After adding the mangroves (compare section 5.5), some differences between the case
study and the model behaviour were noted. Therefore, adoptions in river discharge
and tidal frequency were made. The river discharge was increased to 300 m3/s (ini-
tially 50 m3/s), which was found to reflect the processes of the case study more accu-
rately and the tidal frequency was increased to 30 deg/hour (semi-diurnal) instead of
15 deg/hour (diurnal). The later decision was made because it was seen in the model
domain that the diurnal tidal flow reached the upstream boundary which can cause
problems within the model since no outflow of sediment or water at the boundaries is
allowed. Therefore, a semi-diurnal tidal cycle was implemented as the flow would not
reach the upstream boundary then. Furthermore, the results have shown a higher re-
semblance of the estuary morphology to the natural system for the semi-diurnal tidal
cycle simulation (Fig. 5.6).

Despite the design efforts, some limitations remain in this modelling approach. The
hydrodynamic model is limited by the low data availability, such as local bathymetry
and sediment compositions, which in this research the spin-up period is included to

3Bars are defined by Leuven et al. (2016) as: "discrete recognisable elements on what is essentially a
continuous field of bed elevation that changes over time."
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FIGURE 5.6: Bathymetry of the model estuary after 400 years of spin-up
period.

attain an initial modelling environment. Some assumptions had to be made due to the
lack of field data on hydrodynamics and morphology of the case study (e.g. SSC, river
discharge, channel and dry bed depths and elevations). Furthermore, it should be
noted, that in this study, the effects of wind, waves, storm events, salinity, 3D velocity
patterns, temperature and Coriolis forces are neglected. As it is the aim to qualitatively
capture the mangrove responses under the changes in external signals of sea level and
river discharge.

5.2 Vegetation Model

The vegetation model includes the processes of mangrove (including their roots) col-
onization, growth, and mortality. These processes are based on competition and inun-
dation stress (hydroperiod as determined by Delft3D), which is closely related to the
bed elevation. The model is literature-based to study the response of the local man-
grove species A. marina. In the following subsections, the governing equations of the
vegetation model and the parameters characterizing the mangroves are described.

5.2.1 Governing Equations

Tree Growth The optimal growth of the mangrove trees is described by equation
5.15 (Chen and Twilley, 1998, Berger and Hildenbrandt, 2000, Van Maanen et al., 2015,
Xie et al., 2020, Xie et al., 2022).

dD
dt

=
GD (1 − (DH) / (Dmax Hmax))

(274 + 3b2D − 4b3D2)
(5.15)

where D is the stem diameter [cm], Dmax is the maximum stem diameter [cm] (Table
5.2) and H is the tree height [cm]. The physical settings of these vegetation parameters
are based on local observations (Comley and McGuinness, 2005, Asbridge et al., 2016).
G, b2 and b3 are species-specific growth parameters (Table 5.2). The growth param-
eters were determined, such that the maximum increase in stem diameter is 1cm/yr
(Fig. 5.7b). The relation between the tree height and stem diameter is given in equa-
tion 5.16. It is assumed that when the stem diameter is 0 cm, the tree has a height of
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137 cm (Fig. 5.7a).
H = 137 + b2D − b3D2 (5.16)

This assumption is made based on the fact that the diameter is usually measured at
breast height (dbh) and breast height is set to be 137 cm above ground (Van Maanen
et al., 2015).

(A) Tree height over stem diameter. (B) Mangrove growth rate over stem diameter.

(C) Root number over stem diameter.

FIGURE 5.7: Growth Parameter for Mangrove Model over Stem Diam-
eter.

Equation 5.15 reflects the growth of mangroves under optimal conditions. However,
in reality the growth is limited by different stresses. In this model, the stresses of
inundation (I) and competition (C) are considered (Fig. 5.8) (Xie et al., 2020, Xie et
al., 2022), ranging from 0 to 1, from no growth to unlimited growth. Therefore, the
resulting growth function includes the stress multipliers I and C (eq. 5.17) (Chen and
Twilley, 1998, Berger and Hildenbrandt, 2000).

dD
dt

=
GD (1 − (DH) / (Dmax Hmax))

(274 + 3b2D − 4b3D2)
× I × C (5.17)

with I and C being the inundation and competition stress respectively. The stress
factors are described in equation 5.18 and equation 5.19.

I = a × P + b × P2 + c, (5.18)
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FIGURE 5.8: Mangrove Stress Factors with a) inundation stress over
relative hydroperiod and b) competition stress over mangrove biomass

(from Xie et al., 2020).

where P is the relative hydroperiod (supplied by Delft3D); a, b and c are the inunda-
tion stress factor constants (Table 5.2). The factors were chosen, that I=0.5 when the
mangroves are inundated half the time (P=0.5) and when they are not inundated at
all (P=0) (Fig. 5.8). The competition stress (C) is related to the total biomass B by a
sigmoid function (eq. 5.19).

C =
1

1 + exp [d (B0.5 − B)]
(5.19)

where d is a constant, set to −0.0002 (Table 5.2) and B0.5 is the value for B when C =
0.5. In order to calculate the value for B0.5, the total number of mangrove trees per
grid cell as well as the weight of each single tree (Wtree), which is the sum of the above-
(Wtree,a) and below-ground (Wtree,b) tree weight, is used (eq. 5.20).

Wtree = Wtree,a + Wtree,b (5.20)

In order to calculate the above-ground and below-ground tree weight for A. marina,
equations 5.21 and 5.22 are used (Van Maanen et al., 2015).

Wtree,a = 0.308D2.11 (5.21)

Wtree,b = 1.28D1.17 (5.22)

where D reflects the stem diameter [cm]. In order to estimate the number of trees
that can be present in one grid cell, the ‘zone of influence’ (ZOI) concept (Berger and
Hildenbrandt, 2000) was applied. The radius of this zone is described by equation
5.23.

R = 10

√
0.5

D
100

(5.23)

where D is equal to Dmax = 40 cm. Using the equations 5.20, 5.21 and 5.22, B0.5 was
calculated to be 25,894 kg per grid cell (2500 m2).
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Tree Mortality After a continuous period of growth depression, trees die (Van Maa-
nen et al., 2015). Every year, the mangrove growth is evaluated. When the growth is
less than 50 percent of the optimal growth rate for five consecutive years, the man-
grove tree dies. In practice this means that when the product of I and C (eq. 5.14) is
below 0.5 for five consecutive years, the mangrove tree dies and thereby the mangrove
density in that grid cell decreases. When competition is the limiting stress factor, the
resulting mangrove death leads to an increase in C and more favourable conditions for
the growth of the remaining mangroves result. However, when mangrove die due to
the prolonged or absence of inundation, mangroves within the area will be completely
removed as the product of I and C will be below 0.5 for all trees. Furthermore, in case
of inundation stress, the trees cannot reach the maximum density of trees possible for
the grid cell. Such mortality process will be terminated when the product of I and C
reach 0.5 again or there are no mangroves left within the cell.

Tree Colonization New mangrove trees can enter the domain either due to mortality
of trees in a grid cell which reduces the density and therefore the competition stress
in that grid cell reduces, or they can establish in a initially bare cell (Xie et al., 2020,
Xie et al., 2022). Mangrove can colonize when a suitable hydroperiod (0 - 0.5) and
simultaneously low bed shear stress (below 0.2 N/m2) are prevalent. The number
of mangrove seedlings establish in the grid cell depends on the number of existing
mangrove trees. When mangroves trees are already present there, the inclusion of new
mangrove seedlings cannot exceed the initial density and cannot lead to the product of
I and C lower than 0.5. When there are no mangroves in the cell, an initial vegetation
density will be assigned (3000 individuals per ha, Van Maanen et al. (2015)). When
new mangroves enter the grid cell, they enter as young trees with a stem diameter of
1 cm (Van Maanen et al., 2015).

Roots Besides the mangrove stems, also the aerial roots of mangroves provide hy-
draulic resistance (Asbridge et al., 2016). Different mangrove species have different
root system. However, due to the limitations in the model, the roots are added as
cylindrical objects with a fixed diameter (1 cm) and height (15 cm) (Table 5.2). The
number of roots of each tree is related to the tree diameter following equation 5.24
(Xie et al., 2020, Xie et al., 2022). The graph of the function is displayed in Figure 5.7c.

Nroots = m
1

1 + exp
[

f
(

Dmax,i

2
− D

)] (5.24)

where m is the maximum number of roots per tree (1000 roots per tree) and f is a
constant describing the rate of increase (Table 5.2). The parameters used within the
equations as well as the characteristic parameters of the mangrove species A. marina
are summarized in Table 5.2.
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TABLE 5.2: Mangrove Input Parameter

Parameter Value Unit Reference
Vegetation Parameters
Initial stem diameter 1 cm
Maximum root number 1000 -
Root diameter 1 cm Van Maanen et al.

(2015), Xie et al. (2020)
Root height 15 cm Van Maanen et al.

(2015), Xie et al. (2020)
Roots function coefficient, f 0.3 -
Drag coefficient of vegeta-
tion, CD

1 - Xie et al. (2020)

Growth Parameter
Maximum stem diameter 40 cm Comley and McGuin-

ness (2005)
Maximum tree height 1600 cm Asbridge et al. (2016)
Growth constant, G 254 cm/yr max. growth rate: 1

cm/yr
Growth constant, b2 2Dmaxb3 = 80 -
Growth constant, b3 1 -
Inundation stress factor con-
stant, a

-8 -

Inundation stress factor con-
stant, b

4 -

Inundation stress factor con-
stant, c

0.5 -

Competition stress function
B0.5

2.5894104 kg Van Maanen et al.
(2015), Xie et al. (2020),
Xie et al. (2022)

Competition stress factor co-
efficient, d

-0.0002 - Van Maanen et al.
(2015), Xie et al. (2020),
Xie et al. (2022)

Biomass above-ground
index, inda

2.11 -

Biomass above-ground con-
stant, bioa

0.308 -

Biomass below-ground in-
dex, indb

1.17 -

Biomass below-ground con-
stant, biob

1.28 -
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5.3 Coupling between Delft3D and Vegetation Model

The coupling of the hydro-morphodynamic model (Section 5.1) with the vegetation
model (Section 5.2), allows for the modelling of the feedback between the tidal flow
and river discharge, sediment motion, morphological change and mangrove vegeta-
tion (Xie et al., 2020, Xie et al., 2022).

Within the modelling approach chosen in this study, the mangroves influence the sed-
iment transport in two ways. Firstly, there is a direct influence due to an increase
in the erosion threshold. Secondly, there is an indirect effect due to a reduction in
strength of the flow (tidal flow and river discharge). Mangrove trees add to the fric-
tion and roughness of the morphology and are thereby influencing the hydrodynamic
processes. Specifically, mangroves increase the drag coefficient (CD) due to their hy-
draulic resistance to the flow which influences the flow velocity and thereby also the
sediment transport. At the same time, information on the inundation regime calcu-
lated in Delft3D are returned to the vegetation model. The inundation regime then
influences the colonization, growth and mortality of mangrove trees through the in-
undation stress factor (Van Maanen et al., 2015, Xie et al., 2020, Xie et al., 2022). When
the relative hydroperiod is suitable and the bed shear stress is not too large, mangroves
are able to settle within the grid cell. In subsequent years, mangroves can grow based
on the described growth function and under consideration of the growth reducing fac-
tors (I, C). These interactions within the model are summarized in a conceptual model
in Figure 5.9.

FIGURE 5.9: Coupling of vegetation and hydromorphodynamics in the
model.

5.4 Model Scenarios

This section describes the planning of the individual model runs. The modelling con-
sists of five phases, including the preliminary phase 0 for model design. The different
phases are summarized in Figure 5.11.
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Phase 0: Model Design During this model design phase, a suitable initial domain
was created which reflects the main characteristics of the case study. The parameter
choices made are described in detail in Section 5.1.3. In total 15 test runs were carried
out with varying initial channel outline (straight, sinus and meandering), ISlope and
Aschld as well as river discharge and tidal frequency (diurnal and semidiurnal).

Phase 1: Initialisation Phase 1 consists of the initial formation of the estuary (Fig. 5.11).
The hydro-morphodynamic model was run over 400 years with the parametrization
described in sections 5.1.1 and 5.1.2. Due to the assumption that sandy channels gov-
ern the development of the main morphological characteristics (van der Wegen and
Roelvink, 2012), at this stage, only sand was included in the domain. This phase does
not include mangrove vegetation nor mud inflow.

Phase 2: Vegetation Development In phase 2, vegetation was added to the model.
Therefore, the coupling between the hydro-morphodynamic and the dynamic vegeta-
tion model was activated and mangroves were allowed to establish within the domain
for a period of 200 years (Fig. 5.11). Here, different scenarios were considered, one
scenario with solely non-cohesive sediment (sand) and mangrove vegetation and sec-
ond scenario scenario with mud (cohesive sediment) inflow and mangrove vegetation
(compare Table 5.1). These scenarios were selected in order to study the difference in
vegetation establishment with and without the presence of cohesive sediment.

Phase 3: Disturbance In phase 3, the ’mud and mangroves scenario’ from the pre-
vious phase was used as the starting domain to simulate the dieback event (compare
Section 3.4). Two different methods were selected in order to describe the dieback
(Fig. 5.11).

Firstly, the dieback was simulated by modifying the boundary conditions according to
the condition which occurred during the 2015/2016 dieback event in the Gulf (Duke
et al., 2021). Three different simulations were chosen for this method. The sea level
was dropped by 20 cm, the river discharge was decreased to 10 m3/s (Duke et al.,
2021) and both sea level drop (SLD) and river discharge decrease (RDD) were consid-
ered to occur simultaneously. The SLD was implemented by adding a further tidal
component in the bch file. Thereby, a smaller tidal frequency was used to create a near
constant tidal amplitude. The combination of this additional tidal amplitude with the
initial one leads to a drop in the tidal level. This is illustrated in Figure 5.10, with the
black graph representing the initial tidal signal and the red graph representing the re-
sulting tidal signal including the 20 cm sea level drop. The decrease in river discharge
was included by reducing the discharge at the river boundary from 300 m3/s (Table
5.1) to 10 m3/s. Even though the dieback event in the natural system occurred within
a period of a couple of months (Duke et al., 2021), the simulations were run for 10
years. This decision was based on the model set-up. As described in Section 5.2., a
mortality state is assigned to every mangrove and only if the mangroves are in un-
favourable conditions for five consecutive years, mortality occurs. Therefore, a period
of 10 years was chosen to sufficiently model the dieback. However, in order to reflect
the natural system dieback despite this limitation, the morphological change within
the domain was turned off. This results in a domain after 10 years, having the same
morphological features as before.

Secondly, a manual removal of mangroves was conducted after it was concluded that
there are some differences between the model dieback simulations and the patterns
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FIGURE 5.10: Implementation of the sea level drop with an additional
tidal component.

observed in the natural system. Therefore, mangroves in specific areas were removed
manually from the vegetation files. Three different scenarios were considered, the
removal from all mangrove vegetation from 16 km, 18 km and 20 km seawards. Addi-
tionally, an undisturbed reference run was conducted for both methods, where where
the initial boundary conditions were maintained and no vegetation was removed.

Phase 4: Recovery Three of the simulations: SLD and RDD (10 m3/s), and manual
removal 16 km seawards (Fig. 5.11) and the undisturbed reference scenario were then
utilized as the starting point for phase 4. In phase 4, two different states were sim-
ulated: the recovery and the disturbed state (Fig. 5.11), over a period of 100 years.
The recovery included the restoration of the initial boundary conditions (no SLD and
river discharge of 300 m3/s) while the morphological change as well as the vegeta-
tion change were allowed. For the simulation of the disturbed state, the boundary
conditions were reset to the initial conditions and the morphological change was al-
lowed. However, the mangrove vegetation development was not allowed, meaning
that the mangroves were not able to colonize, grow or die within this simulation of 100
years. With the simulations in phase 4, it was intended to predict how the mangrove
vegetation will recovery after the dieback (recovery) and which long-term influences
the decrease in vegetation has on the morphology and hydrodynamics in the estuary
(disturbed state).

Analysis of Results The results of the model scenarios were then analysed on the
basis of bathymetry changes, changes in flow velocities, hydroperiod and mud depo-
sition. The hydroperiod is a rate of time representing the frequency of inundation.
Since mangroves mainly colonize between mean water level and mean high water
level, a hydroperiod between 0 and 0.6 is assigned for the growth of mangrove trees.
A hydroperiod higher than 0.6 leads to an inundation stress factor (I) of 0 (Fig. 5.8).
The mud thickness is taken as the thickness of mud in either the upper layer or of the
entire depth. In order to quantify the changes in bed level, the 5th and 95th percentile
of bedlevel are compared over time. Thereby, the percentiles of the bedlevel within the
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FIGURE 5.11: Overview of the conducted modelling phases (phase 1 -
4).

basin area is determined. For the same percentiles then the flood/ebb velocity ratio
is determined. Therefore, the flood/ebb ratios over the whole basin are determined
and then an average is taken from the ratios in those cells which represent the 5th
or 95th bedlevel percentile (+/- 0.05 m). Furthermore, the vegetation was analysed
based on the stem diameter and vegetation cover (basal area, eq. 5.25), geometry den-
sity (eq. 5.26), numeric density (eq. 5.27) and the hydraulic resistance of the vegetation,
in the form of λ (eq. 5.3).

ABasal =
n

∑
i=1

Astem,i × Ni (5.25)

where the area of a single stem is described as: Astem,i = (dstem,i/2)2 ∗ π

Densityi = (Ni × dstem,i) /Agridcell,i (5.26)

This geometric density is used in Delft3D for the Baptist equation and reflects the
friction exerted by the mangrove stems based on their diameter.

Densitytree,i = Ni/Agridcell,i (5.27)

where dstem,i is the stem diameter in cell i [cm], and Ni is the number of mangroves in
cell i [ - ]. This numeric density reflects the amount of trees being present in one grid
cell, regardless their maturity.

Additionally, to quantify the recovery of the mangroves regarding their stem diame-
ters, the recovery rate is determined. In literature, different approaches can be found
regarding the best ways to quantify an ecosystem recovery. In this study, it was de-
cided to follow the approach proposed by Jones et al. (2018). The recovery rate is thus
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defined as:

Recovery = 100 × (End − Start) / (Goal − Start) /Time (5.28)

with Start representing the average stem diameter at the start of the recovery, End rep-
resenting the average stem diameter at the end of the recovery, goal being the average
stem diameter of the undisturbed reference at the end of the recovery and Time repre-
senting the years of recovery (100 years). Further quantification provides the ratio of
the actual growth rate to the optimal growth (eq. 5.29)

Growth Ratio =
Actual Growth

Optimal Growth
(5.29)

The actual growth rate is here defined as the change of the average stem diameter
over time. The optimal growth is calculated based on equation 5.15, using the average
stem diameter. These parameters allowed for a conclusive analysis of the results from
the different phases of the model simulations. The results will be presented in the
subsequent chapter.
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Chapter 6

Results

The results are presented according to the scheme illustrated in Figure 5.11. The colo-
nization of mangroves in the 200 years of growth is firstly described, thereby the effect
of mud on the growth of mangroves within the domain is analysed. Secondly, the re-
sults of the mangrove dieback using the two different methods is presented. Thirdly,
the effects of the mangrove dieback on the morphology and the hydrodynamics of
the estuary are outlined within the disturbed state. And finally, the result of the 100-
year recovery of the different scenarios are presented. An overview of the different
bathymetries and mangrove cover (if applicable) resulting from the model runs is pre-
sented in Figure 6.1. In the following sections, it will be zoomed in to each of those
phases and detailed results regarding the hydrodynamic, morphological and vegeta-
tion change are presented.



FIGURE 6.1: Overview of the bathymetry and vegetation distribution for the four different phases of model runs.1

1The bathymetry of the model dieback runs is illustrated using a higher transparency solely to make the dieback visible. However the depth according to the colorbar is still
applicable.
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6.1 Impacts of Mud Supply on Mangrove Distribution

After a 400-year spin-up period, simulations were first conducted for 200 years with
fluvial mud supply and vegetation dynamics. For the 200 years of mangrove colo-
nization, the effect of mud on the mangrove colonization was investigated by com-
paring the mangrove growth within the ’no-mud scenario’ to the ’mud scenario’. An
overview of the bathymetry and mangrove cover is given in Fig. 6.2.

(A) Only sand scenario.

(B) Mud supply scenario.

FIGURE 6.2: Bathymetry and mangrove cover map after the 200 years
of mangrove colonization for (A) the only sand scenario and (B) the

scenario including fluvial mud supply.

In Fig. 6.2 and Fig. 6.3a, an overall lower mangrove coverage for the scenario includ-
ing mud can be seen. Initially, both scenarios show a similar pattern of mangrove
basal area. However, after 20 years of growth, the mangrove area as well as the geo-
metric density increase further for the scenario without mud, while including fluvial
mud supply leads to a smaller vegetation area and geometric density. The basal area
however reaches the one of the no mud scenario for some time from year 540 until
year 570. Then it decreases again. The geometric density of the mud scenario over
the years is constantly below the one of the ’no-mud scenario’. The numeric density
(Fig. 6.3c) however is higher for the scenario including mud from year 420 onward.
For both scenarios the numeric density is decreasing from 410 years onward after an
initial peak, indicating the maturation of tree over the years and therefore the thinning
out due to competition stress within the cells. However, the numeric density for the
mud supply scenario constantly lies above the one for the only sand scenario. This in-
dicates that on average more trees colonize one grid cell in the ’mud-scenario’, leading
to the conclusion that more smaller trees are present in this scenario and maturation is
limited compared to the scenario without mud. This leads to the conclusion that the
presence of mud here leads to a decrease in suitable area for mangrove colonization
and lower mangrove maturation.
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(A) Total area of mangrove coverage (excluding
roots) over the 200 years of mangrove growth.

(B) Average geometric density of mangroves over
the 200 years growth.

(C) Average numeric density of mangroves over the
200 years growth.

FIGURE 6.3: Comparison of (A) total mangrove basal area, (B) aver-
age geometric density and (C) average numeric density for the scenario

with (orange) and without (blue) fluvial mud supply.

To investigate these differences, the hydroperiod is mapped in Fig. 6.4. Figure 6.4
shows the hydroperiod over the whole domain in year 600. Less mangrove coverage
can be observed south of the main channel between approximately x = 8 km and x =
15 km (Fig. 6.2). When comparing this section within the hydroperiod plots (Fig. 6.4),
it becomes evident that in those areas the hydroperiod is smaller for the scenario in-
cluding mud compared to the scenario without mud. To quantify this observation,
Fig. 6.5 shows the mud thickness, the bed level as well as the relative hydroperiod at
a point within this section (x = 11 km and y = 0.8 km, marked in red circles in Fig. 6.4)
for both scenarios. The mud thickness for the ’mud-scenario’ increases constantly in
that location indicating a sedimentation process of mud. The mud accretion then re-
sults in bed level increase at that location over the 200 years (Fig. 6.5b), while for the
scenario without mud, the bed level is decreasing slightly (Fig. 6.5b). This mud accre-
tion and bed level increase then leads to the effect that the hydroperiod in the location
drops and reaches 0 for long periods for the mud supply scenario (Fig. 6.5c, orange).
In summary, the presence of mud within the domain leads to a mud accumulation
on bars which results in bed level increase to the extend that these locations are not
inundated enough for mangrove colonization. Therefore, the scenario which includes
mud shows an overall lower mangrove coverage and lower mangrove maturity but
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(A) Only sand scenario.

(B) Mud supply scenario.

FIGURE 6.4: Hydroperiod map after the 200 years of mangrove col-
onization for (A) the only sand scenario and (B) the scenario includ-
ing mud supply, with the red circle indicating the area of interest men-

tioned in the text.

higher bed elevation on the bars.

6.2 Mangrove Dieback

In phase 3, the mangrove dieback was modelled using two different methods. The
results for both methods are present in this section.

6.2.1 Dieback Induced by Model Boundary Conditions

The first approach is to model the dieback based on a change in boundary conditions
of both river discharge decrease (RDD) and sea level drop (SLD), implemented as
described in Section 5.5. The simultaneous decrease of river discharge (to 10 m3/s)
and drop of sea level (by 20 cm) has lead to a mangrove dieback over the 10-year
simulation as presented in Figure 6.6. The dieback area is marked in red and the alive
mangroves in shades of green, representing their maturity. It can be observed that
a majority of the dieback occurs along the main river channel and along the channels
between approximately 10 and 16 km x-distance. Some dieback can be seen within the
upper delta platform. However, the most seaward parts of the mangroves are intact.

In order to understand the cause of the dieback, the hydroperiod before and after the
dieback simulation is plotted (Fig. 6.7a, Fig. 6.7b). The white area represent the areas
within the domain which have a hydroperiod of zero (not inundated). The darkest
blue areas within the domain have a hydroperiod of 1 and are therefore inundated
constantly. The main channel, the sea basin and some side channels are constantly
inundated for both years. While the channel area, which is constantly inundated, is
more narrow after the dieback (Fig. 6.7b). Within the delta, different hydroperiods
can be observed. Fig. 6.7c shows the area which was initially suitable for mangrove
growth (0<HP<0.6) but then due to the SLD and RDD the hydroperiod drops to zero.
When comparing Fig. 6.6 to Fig. 6.7c, it can be observed that the hydroperiod dropped
to zero in the zones where the dieback occurred. In order to quantify this observation,
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(A) Mud thickness in all layers. (B) Bed level.

(C) Hydroperiod.

FIGURE 6.5: Comparison of (A) mud thickness, (B) bed level and (C)
hydroperiod between mud and no mud scenario at the point x = 11 km

and y = 0.8 km.

FIGURE 6.6: Bathymetry and mangrove coverage, including the
dieback (in red), over the whole domain. The circles are upstream and

downstream tidal flat locations discussed in the text.

Figure 6.8 shows the relative hydroperiod in two exemplary locations (as marked in
Fig. 6.6, black circles), along the channel (Fig. 6.8a) and within the upper delta plat-
form (Fig. 6.8b) over the 10 years of dieback. At both locations shown in Figure 6.8
the hydroperiod drops to zero within the first two years. In the following years, the
hydroperiod is constant at zero, meaning that the mangroves in those zones are not
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(A) Hydroperiod map before dieback.

(B) Hydroperiod map after dieback.

(C) Area of hydroperiod change from suitable for mangrove growth to unsuitable area (HP = 0).

FIGURE 6.7: Comparison of the hydroperiods over the whole domain
(A) before the dieback (600 years), (B) after the dieback (610 years) and
(C) the area where the hydroperiod drops from an initially suitable hy-

droperiod for mangrove growth to zero.

inundated and will die over time.

In order to quantify the mangrove dieback due to the sea level drop and river dis-
charge decrease, three extra simulations (next to the SLD & RDD scenario) were in-
corporated: 1) only river discharge decrease (RDD) to 10 m3/s, 2) only sea level drop
(SLD) by 20 cm and 3) an undisturbed reference run which retains the initial boundary
conditions without any sea level drop or river discharge decrease. Therefore, in total,
four simulations were conducted, three of which are modelling mangrove dieback un-
der different conditions, compared to the undisturbed reference scenario. Figure 6.9
shows a comparison of mangrove characteristics among these four simulations. The
sum of the basal area of the mangrove vegetation (Fig. 6.9a), the average numeric den-
sity (Fig. 6.9b), the average geometric density (Fig. 6.9c) and the hydraulic resistance
based on λ (Fig. 6.9d) over the 10 years of dieback simulation are shown. The total
mangrove basal area (Fig. 6.9a) decreases over time for all three dieback scenarios, in-
dicating the mangrove dieback in all scenarios. However, it is decreasing the most and
the fastest for the scenario which combines SLD & RDD. Furthermore, the scenario in-
cluding only SLD, has a higher dieback than the only RDD scenario. This leads to the
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(A) Hydroperiod in dieback area next to channel. (B) Hydroperiod in the dieback area at the upper
delta platform.

FIGURE 6.8: Comparison of the hydroperiods over time at two different
dieback locations: (A) along the channel upstream and (B) at the upper

delta platform.

(A) Total basal area. (B) Average numeric density.

(C) Average geometric density. (D) Hydraulic resistance of mangrove trees.

FIGURE 6.9: Comparison of mangrove vegetation parameters: (A) total
basal area, (B) average numeric density, (C) average geometric density
and (D) hydraulic resistance, over the 10 year dieback event for the dif-

ferent dieback scenarios and the undisturbed reference.
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conclusion that most mangroves die when the effect of both SLD and RDD are com-
bined, while more mangroves area dieback occurs from the effects of the SLD than
from RDD. The average numeric density over time increases initially for all 4 simu-
lations. It increases the most for the scenario which combines SLD & RDD (Fig. 6.9b,
blue graph) and it increases the least for the reference run (violet graph) and the only
SLD scenario (yellow graph). For the only RDD scenario it even decreases slightly in
the overall trend. Thus, the combined effects of SLD and RDD lead to an increase in
the average numeric density compared to the other scenarios. This leads to the con-
clusion that predominantly mangroves within less densely populated grid cells die,
as the average numeric density only considers vegetated cells. The dieback of more
mangroves in more sparsely populated grid cells therefore leads to an overall increase
of the average numeric density. Fig. 6.9c shows the same pattern with the geometric
density decreasing the most for the SLD & RDD scenario (blue graph) compared to
the other dieback scenarios. Therefore, it can be concluded that even though the aver-
age amount of trees per cell increase, the average geometric density is decreasing for
the scenario showing the highest dieback (SLD & RDD). Both observations combined
therefore indicate the dieback of more sparsely populated, more mature mangroves
within the scenario combining SLD and RDD. This is also reflected within the sum
of the hydraulic resistance exerted by all trees within the domain. The hydraulic re-
sistance (Fig. 6.9d) reflects the combined, complex effects of total basal area as well
as their density and thereby also maturity due to the competition stress and the root
number. For all three dieback scenarios, the hydraulic resistance overall decreases
over the 10 years dieback, reflecting the pattern of mangrove death, as the sum of all
present trees is considered here. However, the pattern of the sudden decreases (e.g.
year 606) reflects the patterns seen within the geometric density. Indicating that the
decrease in hydraulic density does not solely originate from the overall decrease in
mangrove coverage but also from the decrease in geometric density with the death of
more mature trees including their higher number of roots. For the reference scenario
however, the hydraulic resistance increases over the 10 years due to the increase in
mangrove coverage (Fig. 6.9a). In summary, the combined effects SLD & RDD are
most severe for the mangrove coverage as well as their hydraulic resistance with the
highest area dieback, the dieback of more mature trees and the lowest hydraulic resis-
tance after the dieback in this scenario.

Additionally, Figure 6.10 shows that even though the morphological change was not
allowed during the dieback simulation (Fig. 6.10, top row), the mud distribution and
relative flood ebb velocity ratio changed over the 10 years of dieback (Fig. 6.10, bottom
row). This can be explained by the changes in hydrodynamic forces due to the drop
in sea level and decrease in river discharge leading to a decreased ebb flow (Fig. 6.10,
second row). This leads to decreased sediment transport downstream and mud accu-
mulation in the upstream channel (Fig. 6.10, bottom row).
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FIGURE 6.10: Bed level, Mud thickness in top layer and flood/ebb ve-
locity ratio over the whole domain of the reference run and relative
bedlevel, mud thickness and flood/ebb velocity ratio of the SLD & RDD

dieback scenario compared to the reference run.

6.2.2 Dieback by Manual Removal

The second method to include the dieback within simulations was the manual removal
of mangrove trees in a certain area. Based on the case study, it was here decided to
simulate an extreme case and remove all the mangroves from 16 km seawards. Figure
6.11 shows the area where the mangroves were removed (red) and the mangroves
which remain in the estuary including their age (shades of green).

FIGURE 6.11: Map of bathymetry and mangrove coverage (green) in-
cluding the dieback area (red).

Figure 6.12 further shows the vegetation characteristics of the mangrove removal. It
can be seen that more than half of the total mangrove basal area was removed (blue
bars). Furthermore, the average geometric density decreases with the removal from
above 70 to approximately 50 stems per m. This leads to the conclusion that using this
method, a high amount of more mature trees (higher stem diameter) were removed,
as was also seen in the SLD & RDD (Fig. 6.9d) scenario.

The SLD & RDD dieback scenario and the 16 km seaward manual removal scenario
were then used as the initial states for the further simulations of the disturbed state
and the recovery (Fig. 5.11).
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FIGURE 6.12: Basal area (blue) and geometric density (orange) of man-
groves before (left) and after (right) the manual removal.

6.3 Influences of Dieback on Morphology - Disturbed State

FIGURE 6.13: Bed level of the two dieback scenarios (top and middle)
and the reference run (bottom).

During the disturbed state (phase 4), no mangroves were allowed to recolonize. There-
fore, the effect of the dieback on the morphology and hydrodynamics over 100 years
can be investigated. In order to do so, the undisturbed reference scenario (no dieback)
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is compared to the two different dieback scenarios (dieback 16 km seawards and SDL
& RDD). Regarding the bathymetry (Fig. 6.13), different observations can be made.
Firstly, differences in the upstream river boundary can be observed for the SLD & RDD
scenario. For this scenario, the upstream channel is wider and shallower than for the
other two simulations (Fig. 6.13). This can be attributed to sediment deposition in that
area, which is visible when comparing the mud thickness map (Fig. 6.16), showing an
increased mud thickness within the upstream channel. When comparing to Fig. 6.10
it can be seen that this can be attributed to the sediment deposition in this area during
the 10 year dieback simulation. Within the delta (near 17 - 20 km), it can be observed
that the main channels have different shapes and locations, which can be attributed to
the mangroves or missing mangroves in that area. Especially for the 16 km seawards
dieback scenario differences can be observed, with a channel mitigation seawards (at
x = 18 km) due to the absence of mangroves in that area. Thus, it can be seen that the
difference in mangrove cover have an impact on shaping the morphology.

FIGURE 6.14: Ebb and flood velocities (top and middle) of the two
dieback scenarios and the reference run (bottom).

Figure (Fig. 6.14) further shows differces in the ebb and flood flow velocities. It can be
seen that for the SLD & RDD scenario, the ebb flow (blue arrows) is reduced compared
to the other scenarios. This can be attributed to the above mentioned sediment infilling
of the upper channel area due to reduced river discharge. Therefore, the flow velocities
in teh channel upstream are lower and the ebb tidal currents mainly flush the bottom
channels (Fig. 6.14).

Additionally, it can be observed that the flow velocities in the delta area for both
dieback scenario are higher compared to the undisturbed reference scenario (Fig. 6.14).
This indicates that the absence or reduction in mangrove cover in this area has lead
to a higher flow velocity on the platform in the delta. To quantify this observation,
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Figure 6.15 shows the average flow velocities of a tidal cycle for the 100 years of recov-
ery in one point within the delta (x = 19 km, y = 2.5 km). It can be seen that for both
dieback scenarios, the average velocity is higher than the velocity seen in the undis-
turbed reference over the years in that point. The 16 km seawards scenario shows a
higher increase especially in the last 10 years of the simulation compared to the SLD
& RDD scenario.

(A) Average velocity over a tidal cycle at location x
= 19 km and y = 2.5 km over the 100 years of simu-

lation.

(B) Average velocity over a tidal cycle at location x =
18 km and y = 1.7 km over the 100 years of simula-

tion.

FIGURE 6.15: Average velocities over tidal cycle (A) in the channel and
(B) on the platform.

FIGURE 6.16: Mud thickness (in top layer) of the two dieback scenarios
(top and middle) and the reference run (bottom).
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Finally, the mud thickness shows different pattern within the delta for the three sce-
narios (Fig. 6.16). The reference run shows the highest mud thickness within the delta.
This can be attributed to the fact, that for both dieback scenarios the flow velocity
within the delta increase compared to the reference scenario (Fig. 6.16) leading to
lower sedimentation in this area. Furthermore, the absence of mangrove vegetation
leads to a decrease in erosion threshold compared to the vegetated area. This therefore
causes the lower mud deposition in the dieback area.

6.4 Mangrove Recovery

In the final simulations, the recovery process over 100 years was assessed. In this sim-
ulation mangroves development and morphological change occurs (Fig. 5.11). During
the mangrove recovery, changes in morphology and hydrodynamics are observed be-
tween the dieback scenarios and the undisturbed reference scenario. In order to illus-
trate these differences, Figure 6.17 shows the relative bed level, the relative flood/ebb
velocity ratio and the relative mud thickness compared to the reference run for both
scenarios.



FIGURE 6.17: Comparison of the bed level, flood/ebb velocity ratio and mud thickness to the reference run after 100 years of recovery.
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Regarding the bed level, in the channel area major bed level changes (+/- 5m) can be
observed between the reference run and the two dieback scenarios. Figure 6.18 shows
that this is caused by a shift in the main channel course.

(A) Undisturbed reference scenario. (B) 16 km seawards removal scenario.

(C) SLD & RDD scenario.

FIGURE 6.18: Cross section of channel bed elevation with locations of
vegetation indicated over the 100 years recovery for (A) reference run,

(B) 16 km seawards for manual removal and (C) SLD & RDD.

When comparing the reference run (left top) to the two dieback scenarios (right top
and bottom) (Fig. 6.18), it can be seen that the channel of the reference run moves
further north than the channel in the dieback scenarios after 50 and 100 years, causing
the high differences in bed level within the channel area observed in Figure 6.17. The
relative mud thickness within the channel area shows this pattern as well, as south of
the main channel, there is a lower mud thickness than in the reference run for both
scenarios. North of the channel there is a higher mud thickness than in the reference
run. This further reflects the channel shift (Fig. 6.17, bottom).

Thus, in both scenario of dieback, the main channel northward shifting is less evident
than in the reference run. This can be explained when looking at the velocity fields
displayed in Figure 6.19. Here the velocities in x-direction (top) and y-direction (bot-
tom) in the deepest part of the channel at x=17 km can be seen. It can be observed that
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(A) x- and y-direction velocity over tidal cycle after
50 years of recovery.

(B) x- and y-direction velocity over tidal cycle after
100 years of recovery.

FIGURE 6.19: Flow velocities in x- and y-direction at x = 17 km in the
deepest channel part of the reference run over a tidal cycle (A) after 50

years of recovery and (B) after 100 years of recovery.

the velocities in x-direction (top figures) after 50 (left) and 100 years (right) are similar
for the reference run and the manual removal scenario. While it is lower for the SLD
& RDD scenario. The velocity in y-direction (bottom figures) however is higher (pos-
itive) for the reference run than for the two dieback scenarios after 50 and 100 years.
The higher y-direction velocity within the channel in that location (x = 17km) therefore
leads to this higher channel mitigation northwards (positive y-direction). Figure 6.21c
and 6.18 (left) show a relatively higher mangrove cover in the reference run south of
the channel at x = 17 km. As the reference scenario has a higher presence of mangroves
in this area, it can be concluded that the presence of vegetation modulates the velocity
field.

Furthermore, the relative flood/ebb velocity ratio for the dieback scenarios is higher
in parts of the delta than in the reference run (Fig. 6.17, middle row). For the 16 km
seawards dieback scenario, this holds true for a bigger area than for the SLD & RDD
scenario, indicated by the larger area in red within the delta area. When comparing
this observation to the flood/ebb velocity ratio in the 95th percentile of the bed level
(Fig. 6.20d), it can be seen that the dieback 16 km seawards scenario shows an increas-
ing ratio after 30 years of recovery indicating a higher flood dominance on the tidal
floodplain. Furthermore, Fig. 6.20b indicates that the 95th percentile of bed level for
the SLD & RDD scenario is slightly increasing (about 1cm) during the 100 years of
recovery. Overall, Fig. 6.20 shows differences in bed elevation and flood/ebb veloc-
ity ratio on the tidal flat and in the channel between the three scenarios. It was seen
that when regarding specific locations in the estuary, trends can be observed. How-
ever, when regarding the parameters for the whole estuary, more complex interactions
emerge as no clear trends can be seen between the amount of mangrove coverage and
the bed level and velocity ratio in these scenarios (Fig. 6.20).

This feedback between in morpho- and hydrodynamics and mangrove vegetation is
also visible within the mangrove vegetation pattern. Figure 6.21 shows the resulting
bathymetry as well as the mangrove coverage after the 100 years of recovery over
the entire domain for the two dieback scenarios (16 km seawards manual removal
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(A) 5th percentile of bed level. (B) 95th percentile of bed level.

(C) Flood/ebb velocity ratio in 5th percentile of bed
level.

(D) Flood/ebb velocity ratio in 95th percentile of bed
level

FIGURE 6.20: Time series of the 100 years of recovery of the (A) channel
depth represented by the 5th percentile of bed level, (B) tidal flat eleva-
tion represented by the 95th percentile of bed level, (C) flood/ebb ve-
locity ratio within the channel area (5th percentile of bed level) and (D)
flood/ebb velocity ratio on the tidal flat (95th percentile of bed level).

(Fig. 6.21a), SLD & RDD model dieback scenario (Fig. 6.21b) and the undisturbed ref-
erence scenario (Fig. 6.21c). It can be seen that the mangrove vegetation areas increase
again for the two dieback scenarios. Even though all three maps show slightly dif-
ferent patterns, the overall coverage seems similar in the estuary area. These differ-
ences in coverage seen in Figure 6.21 can be explained by the different hydroperiods
for those locations (Fig. 6.22). Accordingly, some differences are noticeable between
10 and 15 km, as the 16 km seawards scenario shows more areas with a hydrope-
riod above 0.6 (Fig. 6.22a, red circle), which makes them uninhabitable for mangrove
vegetation. While for the SLD and RDD scenario, the area in the back of the delta
(Fig. 6.22b, red circle) shows higher amounts of zero inundation compared to the ref-
erence run after the 100 years of recovery. Therefore, differences in the inundation
regime within the three scenarios lead to differences in mangrove vegetation cover-
age.

The vegetation characteristics during the 100 years recovery of the two dieback sce-
narios and the reference run are displayed in Figure 6.23. The total basal area of the
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(A) 16 km seawards manual removal.

(B) SLD and RDD model dieback.

(C) Reference scenario.

FIGURE 6.21: Bathymetry and mangrove cover map after 100 years of
recovery for three scenarios: (A) 16 km seawards manual removal, (B)

SLD & RDD model dieback and (C) undisturbed reference scenario.

mangroves (Fig. 6.23a), the average numeric density (Fig. 6.23b), the average geomet-
ric density (Fig. 6.23c) and the sum of the hydraulic resistance due to the mangrove
trees within the whole domain (Fig. 6.23d) are displayed. During the recovery of the
manual removal scenario, the amount of total basal area seen in the undisturbed ref-
erence run, is reached in less than 20 years. Within the SLD & RDD scenario, it takes
about 70 years to reach the sum of basal area seen in the undisturbed reference. The
average numeric density (Fig. 6.23b) is initially close to the reference run for both
dieback scenarios. For the SLD & RDD scenario the numeric density is relatively con-
stant and close to the reference run over the 100 years. For the dieback 16 km sea-
wards scenario, the tree density increases to reach its peak in the first 10 years of the
recovery, it then decreases again to the level of the other two scenarios. This initial
increase can be explained by the sudden recolonization of new, small trees in the area
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(A) Hydroperiod of 16 km seawards manual removal scenario.

(B) Hydroperiod of SLD and RDD dieback scenario.

(C) Hydroperiod of undisturbed reference scenario.

FIGURE 6.22: Hydroperiod maps after 100 years recovery of the three
scenarios: (A) 16 km seawards manual removal, (B) SLD and RDD

model dieback and (C) the undisturbed reference run.

of the manual removal. During the recovery process, numerous trees enter at the new
habitats as small trees, leading to this peak in numeric density. As the trees become
more mature, less trees fit on one grid cell due to the competition stress, causing the
tree density to decrease again with maturation of the trees. Looking at the hydraulic
density (Fig. 6.23c), this pattern can be observed as well. An initial drop in average
geometric density can be observed within the first 10 years of the dieback 16 km sea-
wards scenario. The density then increases with the maturing of the trees, to the level
of the reference run and of the other dieback scenario. Similar patterns can be ob-
served within the hydraulic resistance over the 100 years recovery of the dieback 16
km seawards scenario (Fig. 6.23d, blue). Initially low hydraulic resistance is observed,
which then increases with increasing sum of mangrove basal area (Fig. 6.23a). For
the SLD & RDD scenario, the hydraulic resistance initially shows a higher value than
for the 16 km seawards scenario. However, it drops to a lower value due to the slow
increase and slight drop in total basal area (Fig. 6.23a) as well as the geometric den-
sity (Fig. 6.23c) after 20 years of recovery. In the following decades, it increases to the
level of the reference run which it reaches after about 50 years of recovery. To quan-
tify the effect the stems (excluding the roots) have on the hydraulic resistance, Figure
6.24 shows the hydraulic resistance over the 100 years of recovery, including solely
the effect of the stems. When comparing Figure 6.24 with Figure 6.23d, it can be seen,
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(A) Total mangrove basal area. (B) Average numeric density.

(C) Average geometric density. (D) Sum of the hydraulic resistance.

FIGURE 6.23: Mangrove characteristics over the 100 years of recovery
over the whole domain including (A) Mangrove tree total basal area,
(B) average numeric density, (C) average geometric density and (B) hy-
draulic resistance on the basis of lamda over the 100 years recovery of

the three scenarios.

that the hydraulic resistance exerted by the stems is much lower than the one exerted
by the mangrove trees including their roots. This indicates that the roots have a high
effect on the hydraulic resistance.

The above illustrated results (Fig. 6.23) show a similarity of vegetation characteris-
tics between mangrove dieback scenarios and the reference run after the 100 years of
recovery, indicating a complete recovery of the mangrove characteristics. However,
when only regarding the areas where the dieback occurs, a different result is emerg-
ing. Figure 6.25 shows the stem diameters of the mangrove trees in a boxplot diagram
over the 100 years of recovery. For both scenarios, the stem diameters are increasing,
for the 16 km seawards dieback with a higher rate (Fig. 6.25a, green). However, at the
end of the 100 years, the median value and variance does not reach the values for the
stem diameters seen in the reference run (red boxes). The median values lie below
the ones of the reference run even after the 100 years of recovery and the variety of
stem diameters is lower than what is observed in the reference run for both dieback
scenarios. This indicates that the mangrove stem diameter in the affected areas do
not recover to the values seen in the undisturbed reference. In order to quantify the
difference in recovery of the two scenarios further, the recovery rate was calculated.
The recovery rate is based on the average stem diameter in the area where the dieback



Chapter 6. Results 70

FIGURE 6.24: Mangrove stems hydraulic resistance over the 100 years
of recovery.

occurred and is calculated over the 100 years of recovery. For the SLD & RDD sce-
nario, a recovery rate of 0.7472 per year and for the 16 km seawards manual removal,
a rate of 0.9952 per year was calculated. It can be seen that the recovery rate of 16 km
seawards manual removal scenario is higher suggesting a faster and more complete
recovery over the 100 year period.

Therefore, it can be concluded that the mangroves do recover and the total basal area
as well as the hydraulic density increase over the 100 years to reach the values seen in
the reference run. However, when looking specifically at the area where the dieback
occurred, the mangrove stem diameter do not recover to the level of the undisturbed
reference run over the 100 years of recovery. Furthermore, different recovery rates can
be observed between the two dieback scenarios.
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(A) Manual removal from 16 km seawards scenario, recovery.

(B) SLD & RDD dieback scenario, recovery.

FIGURE 6.25: Comparison of stem diameters from the to dieback sce-
narios to the reference run over the 100 years of recovery.
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6.5 Overall Mangrove Growth

Finally, the mangrove basal area is illustrated over the whole simulated time in Fig-
ure 6.26. This figure includes the sum of basal area during the 200 years of mangrove
growth (phase 2), the 10 years of modelled dieback (SLD & RDD scenario and the
undisturbed reference run) (phase 3), the sum of the basal area during the 100 years
of recovery for the SLD & RDD scenario and the 16 km seawards manual removal
scenario, including the respective undisturbed reference runs (phase 4). Figure 6.26

FIGURE 6.26: Mangrove total basal area for all simulations considered
over the different phases of mangrove growth (year 400 - 600), man-
grove dieback (year 600 - 610) and mangrove recovery (year 600/610 -

700/710).

shows the total mangrove basal area over the different model phases which contain
mangroves (phases 2 - 4). Initially, the mangrove area increases rapidly, reaching about
12,000 m2 within the first 30 years. In the following years of mangrove growth, the to-
tal basal area is relatively constant. During the last 40 years however, the basal area
decreases slightly to about 10,000 m2. Subsequently in phase 3, the mangrove dieback
follows. The manual mangrove removal from 16 km seawards can be seen in the light
blue graph with a sudden drop of basal areas due to the immediate removal in year
600. The model dieback is reflected in the orange graph with a decrease of basal area
over a 10-year period. Comparing the basal area of the model dieback (SLD & RDD
scenario) after the 10 years of dieback and the manual removal, it can be seen that less
mangrove area is present for the manual removal scenario. However, in the following
years (phase 4), during the recovery, the basal area of the manual removal increases
up to the reference scenario (dark red) within 20 years. The recovery for the SLD &
RDD scenario (violet) up to the reference run (light green) takes longer and is only
reached after the 100 years of recovery. Here, it can also be seen that the recoloniza-
tion in the 16 km seawards manual removal scenario (light blue graph) shows similar
rates as the initial colonization of the bare domain (phase 2, dark blue graph). The re-
colonization in the SLD & RDD scenario (violet graph) however shows a slower rate.
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In order to quantify this observation, Figure 6.27 shows the ratio of actual growth rate
and the optimal growth rate (based on the change in stem diameters, according to
eq.5.15) over the first 90 years of initial colonization and the recovery of the dieback
area for both dieback scenarios. This therefore illustrates the ratio of growth reached,
compared to optimal growth. It can be seen that the SLD & RDD scenario shows

FIGURE 6.27: Ratio of the actual growth rate/optimal growth rate
based on the change in average stem diameter over the first 10 years
of colonization and recovery. For the dieback scenario only the dieback

area is included.

an overall relatively lower ratio with drops in the ratio while the ratios for the other
dieback scenario and the initial colonization are quite similar over time and more con-
stant. All ratios are decreasing over time as the competition stress increases with in-
creasing mangrove cover. The drops in the SLD & RDD scenario therefore originate
from infrequent stresses in inundation causing a temporary lower actual growth rate.
Summarized it can be seen that, the total basal area recovers more quickly when the
dieback is in form of an extensive loss within the estuary mouth. However, when
the dieback occurs within the channel area and stretch over a longer time period with
hydrodynamic change, the recovery and colonization rate is slower.
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Chapter 7

Discussion

In this thesis research, a bio-morphodynamic modelling approach is applied to study
the bio-geomorphological feedback between mangrove dynamics and the estuarine
morpho- and hydrodynamics. The results indicate that: (1) mud supply can lead to
mud accumulation on bars, resulting in bed level increase and thereby limits the area
available for mangrove colonization due to low inundation, (2) the decrease of sea
level and river discharge leads to a mangrove dieback within the model with a de-
crease in total mangrove basal area, an increase in average tree density, decrease in
hydraulic density and thereby a decrease in total hydraulic resistance, (3) mangrove
dieback leads to long-term morphological changes such as channel shifting, channel
infilling, increase of flow velocity on previously vegetated flats and the decreased sed-
imentation in those areas, (4) mangrove cover is increasing during mangrove recovery,
reaching the initial mangrove cover over 100 years recovery, however the stem diame-
ters in the dieback area indicate an incomplete recovery compared to the undisturbed
reference, (5) different recovery rates can be observed between the two dieback sce-
narios (SLD & RDD scenario and 16 km seawards manual removal scenario).

This chapter serves as a discussion of the results summarized in the previous chapter.
In particular, the most significant results are discussed and justified on the basis of
literature and field data from the case study. Firstly, the influence of mud inflow on
the mangrove colonization within the domain is discussed. Secondly, the modelled
dieback and the dieback which occurred within the case study of the Leichhardt es-
tuary are compared and the differences and similarities are discussed. Thirdly, the
influence of the dieback on the estuary morphology is evaluated. Subsequently, the
recovery of the different dieback scenarios is discussed and compared to the reference
run. Finally, the feasibility and limitations of the modelling approach are evaluated.

7.1 Impacts of Mud on Mangrove Colonization

Mangrove species in the natural system colonize within species-specific characteris-
tic hydroperiods (Chapman, 1976, Krauss et al., 2008). The appropriate inundation
regime as well as limited hydrodynamic forces are needed for mangrove establish-
ment (Balke et al., 2011). This is included within the model by including inundation
stress, with optimal mangrove growth at 50 percent inundation (Fig. 5.8) (Xie et al.,
2020) and by including the establishment in a initially bare cell, with a probability of
establishment of five percent and under limited bed shear stress.

During the initial colonization of the mangroves within the model domain, differences
between the mangrove colonization within the domain with only sand (non-cohesive
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sediment) and the domain containing a mud inflow can be observed. The model re-
sults show that mud sedimentation enhances bed elevation (Fig. 6.5). This affects the
hydroperiods in those areas, as an increase in bed level means that some areas are
not inundated any longer. Therefore, less mangroves can colonize due no water avail-
ability. This behaviour has also been observed a previous numerical model study,
where excessive mud supply led to reduced inundation and vegetation disappear-
ance (Kleinhans et al., 2018). Therefore a correlation was seen between an increase in
mud supply and a decrease in vegetation cover (Kleinhans et al., 2018). Comparing
those results to the limited data available for the case study shows that the mangrove
colonization within the domain which contains mud has more similarities with the
case study than the one containing only sand. In both the model and the case study,
mangrove colonization occurs close to the channels and on the bars between channels.
Additionally, the mangrove colonization in the ’mud scenario’ shows a high mangrove
coverage within the delta, reflecting what can be seen in the Leichhardt estuary prior
to the dieback (Asbridge et al., 2016).

7.2 Model Dieback and Differences to Case Study

Recent studies have shown different possible factors causing the large-scale mangrove
dieback in the Gulf in 2015-2016. These factors include unusually hot water temper-
atures, prolonged severe drought and a temporary drop in sea level by 20 cm (Duke
et al., 2017, Duke et al., 2021). It was concluded by Duke et al. (2021) that the tem-
porary sea level drop is very likely related to the dieback event, while the prolonged
drought and the high temperatures are likely to be related, but direct evidence is lim-
ited. Therefore, Duke et al. (2021) posed the question if the sea level drop alone was
sufficient to trigger the dieback event, or if it had been enhanced by the extreme cli-
matic conditions (e.g. drought) during the El Niño event.

Firstly, it was observed that mangrove dieback in the model occurred based on sea
level drop and river discharge decrease. Both changes led to a dieback (Fig. 6.9).
Therefore, the dieback due to the physical processes of decreased river discharge and
sea level are simulated and align with the observations made within the Gulf (Duke
et al., 2017, Duke et al., 2021). It was further seen that the highest dieback of mangrove
trees occurs when both sea level drop and river discharge decrease are implemented
simultaneously, which concurs with the assumption by Duke et al.(2021) that the se-
vere dieback in the Gulf was likely caused by a combination of drivers. Additionally,
the results in the SLD & RDD scenario indicate a dieback of more mature, larger trees
as concluded due to the changes in numeric and geometric density. This observation
was also made within the Gulf when assessing the dieback on the basis of surveys as
the smaller, younger trees were found to have the greatest survivorship (Duke et al.,
2020).

However, the results show a different dieback pattern along the channel for the model
dieback compared to the case study. In the modelled dieback, nearly all mangroves
along the channel die during 10 years under the conditions of sea level drop and river
discharge decrease (Figure 6.6). While the mangroves along the channel within the
case study stay intact during the natural dieback event (Fig. 3.5). This observation can
be explained by the differences in bed elevation and channel slope within the model
compared to the Leichhardt estuary. The model has more defined channels with a
higher slope. Even though limited field data is available for the Leichhardt estuary,
the observations made from satellite imagery indicate that the channels are wider and
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have a more gradient slope at the inside of the bends. This could not be reflected in
the model even though several attempts were made by modifying the bed slope effect
(Section 5.5). A potential reason could be the assumption of a constant river discharge
(Guo et al., 2015). Thus, the differences in the mangrove death along the main channel
can be attributed to the differences of the channel cross-section in those areas. This
can be potentially adopted in future research based on the mentioned considerations,
e.g. by including more extensive meandering.

Further dieback occurs within the delta of the estuary. When looking at the Leich-
hardt estuary (Fig. 3.5), all dieback occurs within the backwards lying mangroves of
the delta. Within the modelled dieback, this pattern can be seen as mangroves in the
back of the delta die (Figure 6.6). However, the dieback area within the delta is smaller
than seen in the case study, where a majority of the mangroves within the delta die.
There are different potential causes for this divergence. When comparing the dieback
area within the model to Figure 7.1, which describes the dieback schematically, the
dieback of the mangroves at the seaward side of the saltmarsh-saltpan are reflected
within the model run. The mangroves death at the back of the saltpan however is not

FIGURE 7.1: Cross - section of the Dieback characteristics observed in
the Gulf of Carpentaria (Duke et al., 2017).

reflected in the model. On the on hand, this could be due to the facts that the salt flats
area is not included within the elevation profile of the model. On the other hand, it
could be an indication for the effects of salinity on the dieback. Salinity is not included
in the model, meaning that the effect of high salinity due to low freshwater availability
within the saltpan is not reflected. Previous literature found an influence of salinity
on mangrove growth (Wimmler et al., 2021). In saline and hyper-saline environments
mangrove trees can adapt to those conditions, with species-specific strategies due to
different salt tolerances (Liang et al., 2008). It was seen that the species A. marina,
with increasing salinity, can take up more water from other sources such as fog, dew
or rainfall (Nguyen et al., 2017). However, during the dieback in the Gulf, the com-
bined effects of drought and thereby increased soil salinity, increased temperature
and dry atmosphere could have lead to the death of mangroves in the hyper-saline
soils of the Gulf as no alternative water sources were available (e.g. from fog or rain-
fall)(Nguyen et al., 2017). Salinity could have therefore played a role in the dieback of
the mangroves lining the saltpan areas of the Leichhardt estuary, which would explain
differences seen in the dieback area within the delta of the model and case study.

Overall, it can be summarized that despite some differences to the case study, the
model dieback showed a dieback as response to sea level drop and river discharge de-
crease. The comparison of the modelled dieback due to these factors and the dieback
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within the case study indicate that the low inundation can be considered responsible
for the dieback in certain areas. However, the results further indicate that complex bi-
ological and physiological interactions of the mangrove trees could have played a role
in the dieback of the mangrove colonizing the hyper-saline soils at the landward fringe
of the delta. These complex interactions with soil and surface water salinity and the
availability of other water sources are not reflected in the current modelling approach.
However, if the causes of the difference seen from the model to the natural system in
this study, are based on bed level differences, or the exclusion of salinity, requires fur-
ther investigation. Thus, the effect of salinity in mangrove dieback within this event
and within an estuary in general could be further investigated in future modelling
studies including the effects of salinity and salinity distribution. Additionally, further
field data is needed to avoid difference in bed elevation and channel slopes.

7.3 Dieback Effects on Morphology and Hydrodynamics

In the years following the dieback, the effects of decrease in mangrove coverage on
morphology and hydrodynamics is investigated within the disturbed state scenarios.
The effects of the presence of mangrove trees was previously investigated (Section
2.2.2) (Horstman et al., 2013c, Van Maanen et al., 2015, Willemsen et al., 2016, Xie et
al., 2020, Gijsman et al., 2021). However, the effects of the sudden absence of mangrove
area on morphology and hydrodynamics has been barely investigated previously, in
particular on long-term scales (Twilley et al., 1999, Duke et al., 2021). Due to the impor-
tance of coastal ecosystems, the ability to predict the changes which occur due to the
loss of coastal ecosystems such as mangroves or tidal marshes is important. Temmer-
man et al. (2012) investigated the effects of the large scale die-off of tidal marsh within
the Scheldt estuary (in Belgium). Due to the lack of data regarding the effects of man-
grove die-off, the here obtained results from the dieback modelling are compared to
the field observations by Temmerman et al. (2012). This allows for the identification
of the main processes and for the comparison to the effects of the tidal marsh die-off.

The observed wider and shallower upstream channel within the SLD & RDD scenario
were identified to originate from sediment deposition as seen from the increased mud
content in those regions. The model results align with the findings that large scale salt
marsh die-off enhances sediment infilling in the channels (Temmerman et al., 2012).
The effects of the dieback on hydrodynamic parameters are that the velocities on the
platform within the delta, where the mangrove dieback occurred, is increased com-
pared to the reference run. Therefore, the absence of mangrove trees which exert a
vegetation-induced friction, leads to an increase in flow velocity within the inundated
dieback area (Fig. 6.15). This is directly linked to the reduced mud content seen within
the delta area compared to the reference run. It can be explained by the decreased sed-
imentation rates within the dieback area after the die-off due to the increase in flow
velocity, as is also observed in the tidal marsh dieback event (Temmerman et al., 2012).
Furthermore, the main channel location in the delta area varies for all three scenario.
This indicates the influence of mangrove vegetation on the channel pattern, the flow
and the formation of creeks.

The physical interactions between the changes in vegetation cover, hydrodynamics,
and morphology are summarized in Figure 7.2. The presence of mangrove stems and
roots lead to a reduction in flow velocity in the vegetated areas due to their resistance
and thereby increased sedimentation. This leads to bed elevation over time. The in-
creased bed level can have positive as well as negative effects on the mangrove cover.
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FIGURE 7.2: Overview of the interactions between mangrove cover,
flow velocity and bed level elevation during mangrove colonization

and mangrove dieback within an estuary.

High bed elevations lead to too low inundation for mangrove growth, while it can
also elevate areas which would otherwise be inundated too much for the mangrove
growth and thereby become suitable for the colonization of mangroves. The absence
of mangroves after the dieback event on the other hand lead to the increase of flow
velocity in the affected areas. This in turn can induce a reduced sediment deposition
in those areas, leading to a constant or even decreasing bed level in the inundated ar-
eas. The bed level reduction in those areas can lead to the area being inundated more
frequently which potentially could make the area uninhabitable for the mangroves.

This show clear pattern for areas of mangrove growth and dieback. However, as seen
from the difference in channel pattern and sedimentation, this feedback has effects
on the whole estuary, changing hydro- and morphodynamics and thereby influencing
channel locations. Different influences were observed throughout the estuary indi-
cating a complex interactions on an estuary scale. These processes can potentially in-
crease the vulnerability of coastal wetland in the context of sea level rise due to lower
sediment accumulation and increased flow velocities.

7.4 Mangrove Recovery

Following the dieback, the recovery of the mangrove characteristics was modelled by
restoring the boundary conditions. It was discussed in the previous section how the
absence of mangrove area influences the morphology. These processes have effects on
the mangrove recovery. This will be discussed in the following.

Firstly, it has to be noted that before the recovery, the hydrodynamics and mud dis-
tribution in the SLD & RDD scenario differ from the reference run and the 16 km sea-
wards removal scenario (Fig. 6.10). The SLD & RDD scenario was simulated over 10
years. Even though morphological change was not allowed during this simulation, the
system changed and developed during this time (regarding the mud distribution and
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flow velocities) (Fig. 6.10), due to the changes in boundary conditions with a decreased
sea level and river discharge. While in the 16 km seawards scenario, the mangroves
were removed manually, without any simulation being conducted, meaning that the
conditions within the model are the same as before the dieback. After the recovery, it
was found that the location of the main channel after the recovery differs between the
different simulations (16 km seawards manual removal, SLD & RDD model dieback
and the reference run) (Fig. 6.18), indicating the effect of the mangrove vegetation on
the channel velocity. This is interpreted to result from the flow focus by the vege-
tation, leading to higher flow velocities in cross-channel direction and enhancing ero-
sion. Thus, the confinement of the channel between the vegetated bars (Fig. 6.18) leads
to an increase in the vertical flow velocity and thereby erosion and shifts the channel
further northwards. This observation is in accordance with the observations made
by Kleinhans et al. (2018) regarding rivers confined by vegetated bars. Further differ-
ences in hydromorphodynamics were observed between the three scenarios, namely
differences in bed elevation and flood/ebb velocity ratios on the tidal flats. This show
that during the recovery and resettlement of the mangroves, hydro-morphodynamic
changes occur due to the difference in mangrove area in the estuary. This shows the
two different time scales of the hydromorphodynamic processes and mangrove reset-
tlement, where the hydromorphodynamic changes due to reduced mangrove cover
occur faster than the mangrove resettlement.

These processes however exert a feedback on the mangrove vegetation leading to dif-
ferences in mangrove resettlement and recovery rate between the scenarios. Regard-
ing the mangrove characteristics, it was observed that during the recovery run, the
hydraulic resistance is increasing over the 100 years of recovery and with the matu-
ration of the trees (Fig. 6.23b). Thereby, the two dieback scenarios showed different
rates of increase in hydraulic resistance. The hydraulic resistance in the SLD & RDD
scenario first decreased and then increased more slowly towards the values of the
undisturbed reference scenario. As the hydraulic resistance exerted by the mangrove
trees is equally related to both the mangrove tree density (trees per m2) and the stem
diameter (eq. 5.4, 5.4), the increased hydraulic resistance of more mature trees must be
linked to the increased number of root associated with an increased stem diameter (eq.
5.24, 5.7c). Previous field and modelling studies have shown similar observations of a
significant contribution of the mangrove roots systems to the imposed friction (Mazda
et al., 1997, Horstman et al., 2013b, Kazemi et al., 2021). For the dieback within the nat-
ural system that means, that during the recovery when mangroves are resettling and
growing again, it takes decades to reach the initial state again in terms of hydraulic
resistance and therefore flow velocity attenuation the mangroves offer. Thus, even
though there might be a high number of small trees recolonizing after the dieback, the
resistance exerted by these trees is smaller than the one exerted by the grown, ma-
ture mangroves and their higher number of roots, which dominated the area prior to
the dieback. This in turn causes differences in the hydrodynamics and sedimentation
processes.

Furthermore, when looking at the sum of the basal area over all runs (Fig. 6.26), it
can be seen that the recovery rates are different for the SLD & RDD dieback scenario
compared to the 16 km seawards manual removal scenario. The manual removal sce-
nario recovers faster even though the amount of mangrove area removed was almost
twice as much as from the model dieback scenario. The same pattern can be seen
when looking at the recovery rates1 according to the average stem diameters in the

1Recovery rate is here defined according to equation 5.28, following the previous research by Jones
et al. (2018). The recovery rate describes the average percentage of recovery per year measured on the
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dieback area of the two dieback scenario. The recovery rate of the average stem di-
ameter for the 16 km seawards scenario (0.9952) exceeds the one of the SLD & RDD
dieback scenario (0.7472). This indicates a faster and more complete recovery of the
area where the dieback occurred within the 16 km seawards scenario. Furthermore,
the average stem diameters in the dieback areas of the two dieback scenarios show
an incomplete recovery on the basis of median and varianz in diameter as compared
to the undisturbed reference. When looking at the ratio of the actual growth to the
optimal growth, it was seen that especially for the SLD & RDD scenario, the ratio is
more varying and shows lower values than seen during the colonization, indicating
a slower growth and higher stresses in the dieback areas as compared to the initial
colonization (Fig. 6.27).

The differences in hydromorphodynamics over the system therefore lead to differ-
ences in the recovery time in the dieback scenarios. Three main factors of difference
can thereby be identified. Firstly, the difference in hydromorphodynamics prior to the
recovery as the different methods of mangrove dieback lead to a different recovery of
the SLD & RDD scenario. Secondly, as mangrove recovery was previously found to
be site-dependent (Twilley et al., 1999, Field, 2007, Ketelaars et al., 2013), the differ-
ences in the recovery rates of the two dieback scenarios can also be connected to the
location where the recovery occurred. The recovery within the delta therefore would
be faster than the recovery in the back of the delta and along the channel. This side
dependence here originated from difference in the local hydromorphodynamics in the
different sides, making some sides more and other less suitable for mangrove recovery.
Thirdly, the difference in mangrove cover during the recovery leading to differences
in hydromorphodynamics. This is caused by the differences in time scales of the hy-
dromorphodynamic processes and the resettlement, as shown above. Thus, it can be
said that due to mangrove dieback, unfavorable conditions in terms of morpho- and
hydrodynamics can develop, slowing down recovery. This further indicates a hystere-
sis during the recovery, as the previous morphodynamic change during the dieback
influences the recovery of the mangrove characteristics even though the driving force
(changed boundary condition) is restored. This is seen here with the slower recovery
for the SLD & RDD model dieback due to morphological and hydrodynamic changes
during the dieback. This process was previously observed in mangrove forests, show-
ing that the relationship between mangrove wetland cover and average annual rainfall
existing in a state of hysteresis (Duke et al., 2019).

For the natural system this suggests that there are different rates of recovery which
depend on the duration of the disturbance and the severity of the dieback in terms
of change of the hydrodynamic and morphology. This is in accordance with observa-
tions made by Twilley et al. (1999), indicating that trajectories of restoration efforts are
dependent on conditions of the initial disturbance, site modifications, the recruitment
of new individuals, and environmental constraints of ecogeomorphic settings. There-
fore, regarding the recovery projections seen in the model, it has to be considered that
in nature, additional constraints hinder mangrove growth, such as salinity and avail-
ability of propagules leading to many failures in mangrove restoration (Twilley et al.,
1999, Winterwerp et al., 2013). This could lead to potential differences in the recov-
ery in the natural system as compared to the projections from the model. In addition,
there are external influences. It needs to be considered that in nature a period of 100
years without disturbances is unlikely. Considering the average sea level rise of 8-9

basis of the average stem diameter. Thus, when the recovery rate equals to 1, 1 percent of recovery is
reached per years and full recovery will be reached after 100 years.
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mm/year in the southern Gulf, the increasing severity of tropical cyclones in the Gulf
and the high potential for flooding (Duke et al., 2020, Duke et al., 2021), rather increas-
ing disturbances and stresses are exerted on the mangrove forest. In fact, during a
monitoring trip in 2019, Duke et al. (2020) found that the two cyclones which occurred
in December 2018 and March 2019 caused serious further damage to the vulnerable
remaining mangrove forests in the Gulf, hindering the recovery process.

Therefore, it can be said that the recovery even under optimal conditions, as simu-
lated within this study, is slow compared to the initial colonization, while further dis-
turbances and limiting factors would hinder mangrove recovery in the natural system
further. In accordance with Duke et al. (2020) and Duke et al. (2021), it can thus be con-
cludes that this modelling study and the observation of the recent events demonstrate
that a full recovery of the mangroves is unlikely to be reaches as disturbances re-occur
too frequently for the observed recovery rates. This rather suggest the development of
an alternative stable state over the full recovery after this large-scale dieback event. In
order to link these observations further, future studies could include disturbances dur-
ing the mangrove recovery, such as sea level rise or effect of cyclones. Of importance
for mangrove restoration could also be a process previously observed for the recovery
of a tidal marsh system (van Belzen et al., 2017). It was concluded from time series of
remotely sensed imagery, that the recovery rate of the system from inundation stress
decreased with increasing inundation stress. This process is called "critical slowing
down" and was proposed to be a useful tool in ecosystem management to identify
tipping points of disturbance on the basic of recovery rates (van Belzen et al., 2017,
van de Leemput et al., 2018). The differences in recovery rates in this model were seen
to originate from the differences of the hydromorphodynamics causing unfavorable
conditions for mangrove resettlement in the dieback areas. An increased change in
hydromorphodynamics during the recovery was shown here (SLD & RDD scenario),
leads to a slower recovery. Therefore, the difference in mangrove characteristics re-
covery rate in this study raises the question whether the process of "critical slowing
down" may also apply to mangrove vegetation recovery.

7.5 Evaluation of the Modelling Approach

During this discussion different aspects regarding the modelling approach became ap-
parent. In the following, the model approach will be discussed and evaluated regard-
ing the ability to reflect the patterns of mangrove coverage and the bathymetry seen
within the case study of the Leichhardt estuary before and after the dieback event.

Regarding the morphology, it was found when comparing the bathymetry of the model
domain and the Leichhardt estuary, that the model is not able to reflect the extend of
meandering seen in the case study (Fig.5.6 & 5.2). Furthermore, the channel slopes
do not fully resemble the case study. In the case study mangrove growth occurs also
within the slip-off slope of the meanders (Figure 3.5). Within the inside of the bend, a
gradual slope provides the conditions for mangrove growth (Lymburner et al., 2020).
In the model, these conditions are not reflected, as the meanders are less formed out
compared to the case study and the bed slopes are therefore steeper. This results in a
smaller area within the bend suitable for mangrove growth, leading to different pat-
tern in mangrove colonization. Additionally, this leads to differences in the mangrove
dieback as discussed previously. A further factor to consider when looking at the
mud accumulation within the model is that in the natural system wash events occur,
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redistributing the accumulated sediment due to high flow events (e.g. high river dis-
charge during the wet season). This process is not considered within the model as the
discharge is constant over time, potentially causing different patterns in mud accu-
mulation and distribution in the model. According to Choi et al. (2013), temporally
varying discharge and the occurrence of flood events in the real system can further
lead to erosion of mud on bars and mudflat, and thereby cause bed level decrease.
This would lead to more suitable area for mangrove colonization. However, detailed
field data is required to realize this. Furthermore, the bed levels of the delta might be
different from the case study (e.g. missing saltpan) as the dieback pattern observed in
the back of the delta differ from the real system.

The difference seen in the dieback pattern could also be attributed to limitations in
the mangrove vegetation model. Mangrove growth is a complex process. It depends
on many factors such as salinity, nutrient availability, temperature, inter- and intra-
species interaction and below ground processes such as the water uptake from the
soil and the feedback of the vegetation on the availability of that water (Van Maa-
nen et al., 2015, Peters et al., 2020, Wimmler et al., 2021). So can varying salinity and
inter-species competition for example have an effect on mangrove growth (Burchett
et al., 1989, Ye et al., 2005, Jiang et al., 2015, Kodikara et al., 2018, Barik et al., 2018).
In this model solely intra-species competition and inundation stress was considered
as growth limiting factors, to reduce the complexity of the model and to test the hy-
pothesis of the main influencing factors (sea level drop and river discharge decrease)
causing the dieback. On the Western Australian coast however, it was found that the
2015-2016 ENSO event, and the associated sea level drop has led to an enhanced soil
salinity, potentially responsible for mangrove cover loss and slow recovery (Lovelock
et al., 2017). Furthermore, it has to be considered that inter-species competition as
well as the competition between mangroves and terrestrial plants and salt marshes is
not included. That means, when the inundation reaches zero, unfavorable conditions
for mangrove growth are present. However, in the natural system, this area could be
occupied by another mangrove species, salt marsh or a terrestrial species which out-
competes the mangrove forest under the changed conditions (Ball, 1980, Feller et al.,
2010). Research regarding these processes of competition and bistability at the inter-
face of these ecotones is currently undertaken (Sternberg et al., 2007, Jiang et al., 2015).
This therefore raises two questions for future investigations and studies. Firstly, the
question arises whether salinity has an important influence on the dieback and the
mangrove recovery and how inter-species competition could affect the mangrove re-
covery. And secondly, the question is whether there is a likelihood of an ecotone shift
after a large-scale dieback event.

Additionally, in the coupling of the two models, simplifications were adopted to re-
duce the complexity of the model. The morphodynamic effects such as the settling and
sediment capture on the trees and pneumatophores or roots are not included (Van
Maanen et al., 2015). Furthermore, the organic matter accretion and the associated
morphodynamic changes within the mangrove forest is a complex process. While
biotic processes such as root production were previously found to contribute to soil
volume increase in mangrove forests, other processes such as subsidence, decompo-
sition and compaction can cause elevation deficit (Mckee et al., 2007, McKee, 2011).
These counterbalancing processes are simultaneously occurring in nature, but they are
highly site-dependent. Therefore, the below-ground process including organic matter
accretion, subsidence and sediment compaction is neglected in this study based on
the assumption that they counterbalance each other to a large extend. Regarding the
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hydrodynamic processes considered here, the effect of the trees and roots on the hy-
drodynamics are included by decreasing the drag coefficient. Further effects such as
the influence on the turbulent field are not considered. Additionally, the effects of
waves are not included in the model which could potentially lead to over estimation
of mangrove resilience as mangrove do not need to dissipate the wave energy within
this model. Therefore, the implications of this on the recovery projections have to be
considered. The inclusion of only the two stress factors and the idealised boundary
conditions (tide and river) could lead to a higher likelihood of mangrove recovery as
compared to the natural case. In nature, in addition to these two constraints specified
in the model, there are more limiting factors for natural mangrove recovery processes,
such as salinity, available seeds or propagules, and frequent extreme weather events,
impeding mangrove colonization. This might also be the reason why there are still
many failures for mangrove restoration projects (Winterwerp et al., 2013).

In summary, the main processes of mangrove development, such as the self-thinning
process and the growth limitation due to inundation stress (too much and not enough
inundation) are reflected in this modelling approach. The approach taken here, is
sufficient to reflect the main feedback and processes occurring in the estuaries man-
grove forest in order to model the dieback event and the subsequent recovery. Insights
were gained in the processes and interactions of mangrove forest, morphology and
hydrodynamics within an estuarine system. Even though some questions remain for
further research, the overall results show a good indication of the feedback driving
the estuaries ecosystem and the dieback event. Furthermore, insights were gained in
the recovery processes of the mangroves. These insights offer valuable information
for conservation of mangroves in future dieback events and for restoration projects.
Additionally, within this discussion it became clear, that the results from a modelling
study are sensitive on the choices made within the model. Therefore, a need for fur-
ther complementary field data becomes evident to calibrate and further validate the
model.
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Chapter 8

Conclusion

The research conducted in this study leads to four main conclusion, which will be
pointed out in the following.

Firstly, the results from the dieback modelling (in phase 3) have shown that the model
shows mangrove area dieback due to sea level drop and river discharge decrease. It
was seen that both effects separately cause dieback, but the combined effect of both
factors leads to most severe mangrove dieback. Comparing the dieback pattern to the
natural system has indicated that similar pattern can be observed, while the dieback
in the delta area has a smaller extend in the model. This suggests that the dieback
adjacent to the saltmarsh-saltpan area in the natural case was influences by factors not
considered in the model. Therefore, the hypothesis from field observations identify-
ing drought conditions and especially sea level drop as the main factors causing the
dieback event could be validated within this model, while as the same time suggesting
that further factors played a role in the dieback in certain areas.

Secondly, during phase 4, it was seen that the mangrove area dieback leads to long-
term morphological changes of channel shifting, channel infilling, increase in flow
velocity in the previously vegetated area, decrease of flow velocity in the channel area
and decreased sedimentation in the affected areas. Similar effect were previously ob-
served in a tidal marsh die-off study. The hydromorphodynamic change also occurs
during the recovery, due to the differences in mangrove cover. This shows the two
timescales of faster hydrodynamic change and slower mangrove resettlement. There-
fore, a full recovery regarding the stem diameter in the affected areas is not occurring
and the recovery rate for the SLD & RDD scenario is slower than for the 16 km man-
ual removal scenario, due to the differences in hydromorphodynamics in the affected
areas. This indicates a hysteresis in the feedback between the changes in morphology
and hydrodynamics and the recovery of the mangrove characteristics. In summary,
the mangrove area dieback leads to morphological and hydrodynamic change within
the estuary which in turn can a negative effect in the resettlement of mangroves in the
dieback area, as it can slow down recovery. This can potentially lead to development
of alternative stable states over a recovery to previous conditions.

Thirdly, the study has shown that the model produces similar patterns of mangrove
coverage and mangrove dieback as occurred in the Leichhardt estuary. This similar-
ity thus, leads to the conclusion that aspects of the natural system can be simulated
in the model. Therefore, the model offers insights into the processes governing the
mangrove forest structure and tree cover within the estuary. Furthermore, during the
comparison with the dieback event in case study, the model gave indication to the
extend of dieback that can be attributed to the drop in sea level and decrease in river
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discharge. Overall, the model has shown the complexity of the feedback between
mangrove vegetation and the hydrmorphodynamic process in an estuary.

Lastly, the model application has shown a need for further field data, such as hydro-
dynamic parameters, flow currents and river discharge, morphodynamic sediment
conditions, characteristic bed level outline of the estuary and vegetation dimensions,
to calibrate and design and validate the model. Additionally, it was shown that the
changes in hydrodynamics and morphodynamics due to the mangrove dieback lead
to the loss of the coastal protection services. This combined with the slow recovery
rates and the uncertainty in recovery due to the high dependence on the local hydro-
dynamic conditions, stresses the importance of mitigating such events in the future
and conserve mangrove forests. The future effects of climate change such as sea level
rise and an increase in extreme weather events (e.g. storms and droughts) puts man-
grove forests at risk of dieback and adds stresses to those valuable ecosystems. Apart
from climate change mitigation, it is therefore important to manage mangroves forests
in conservation efforts, promoting further research and establish guidelines to protect
mangroves. In that, models can represent a valuable tool to understand the processes
governing the the mangrove coverage.
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Appendix A

Appendix

A.1 Model Design Runs

During the model design different simulations were conducted for the choice of the
initial domain. In the following the bathymetries are illustrated for those simulations
after 200 or 400 of initial estuary formation within Delft3D (5, Modelling Overview,
Phase 0). The initial bathymetry varies in initial channel outline between a straight
channel, a sinus channel and an idealized meandering channel (Section 5.1.2). Fur-
thermore, the simulations vary in the Ashld and Islope values, as well as in the tidal
signal (diurnal and semidiurnal). Additionally, different river discharges of 50, 100
and 300 m3/s were simulated.

FIGURE A.1: Straight Q50 Y200
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FIGURE A.2: Straight Q50 IK A10 Y200

FIGURE A.3: Straight Q50 IK A100 Y200

FIGURE A.4: Sinus shallower Q50 Y200
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FIGURE A.5: Sinus Q50 shallower2 Y200

FIGURE A.6: Sinus Q50 shallower IK A10 Y200

FIGURE A.7: Q50 FK A0.1 Y400 diurnal
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FIGURE A.8: Q50 IK A100 diurnal Y400

FIGURE A.9: Q50 IK A100 semidiurnal Y400

FIGURE A.10: Q100 IK A100 diurnal Y400
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FIGURE A.11: Q100 IK A100 semidiurnal Y200

FIGURE A.12: Q300 IK A100 semidiurnal Y400

FIGURE A.13: Q400 IK A100 semidiurnal Y200
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