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Abstract

Salt marshes are highly valuable habitats and offer many important ecosystem services. They pro-

tect the coast from erosion and serve as pollution filters and nursery ground for fish. Furthermore,

they are capable of storing a very high amount of carbon in a relatively short time. Their protection

and restoration is therefore crucial for the mitigation of global warming. Salt marshes are shaped

by a variety of biogeomorphic feedbacks which depend on many different biotic and abiotic aspects.

In order to clarify the conditions needed for such biogeomorphic interactions and the effect of dif-

ferent vegetation colonisation patterns on it, four scaled landscape experiments were conducted in

the tidal flume "The Metronome". Two experiments were unvegetated control experiments and

two included vegetation. In one of these, the seeds were spread by the flowing water and in the

other, circular patches were sown and expanded manually at random locations.

Vegetation focused the flow more effectively and led to a split-up into several channels further

from the inlet, resulting in a longer and straighter main channel and an overall further landward

expansion of the system. Despite these clear morphological differences, quantitative measures of

the system, like eroded volume or drainage density, were very similar in all experiments, showing

that these are mainly shaped by the hydrodynamic boundary conditions and that the experiments

are very comparable.

The vegetation-induced morphological differences described above were more pronounced in the

experiment with hydrochorous seed spreading than in the experiment with patchy seeding. This

is a result of the patch locations being pre-determined randomly. This disables the biogeomorphic

feedback between low flow velocities and vegetation establishment, causing further reduction of

flow velocities. The completeness of this positive feedback loop is crucial for the emergence of a

self-organised landscape. Even though the patches were very dense and covered a larger area of

the system than the vegetation in the experiment with hydrochorous seed spreading, they were not

able to foster the evolution of a self-organised landscape in a similar way.

Only locally, the patches sometimes had strong biogeomorphic effects. Their density enables them

to show such effects, like the stabilisation of features or the initiation of channels around them, very

clearly, but only if they are in the locally favourable position for that. Since this was not the case

everywhere, the overall morphology in the experiment with patchy seeding was less self-organised

and more similar to the unvegetated control experiments even though the biogeomorphic feedbacks

were more pronounced in some locations. The feedback loops of biogeomorphic feedbacks thus

need to be complete to enable the emergence of a fully self-organised landscape.
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Samenvatting

Schorren zijn waardevolle habitats en bieden vele belangrijke ecosysteemdiensten. Ze beschermen

de kust tegen erosie en dienen als ontreinigingsfilter en kweekplaats voor vissen. Verder kunnen

ze grote hoeveelheden koolstof binden. Hun bescherming en herstel is daarom cruciaal voor de

beperking van klimaatverandering. Schorren worden door verschillende biogeomorfologische feed-

backs gevormd, die van veel biotische en abiotische factoren afhankelijk zijn. Om de benodigde

condities voor deze biogeomorfologische interacties en de invloed van verschillende kolonisatiepa-

tronen van vegetatie daarop op te helderen, werden vier geschaalde landschapsexperimenten in de

getijdenstroomgoot "Metronoom" uitgevoerd: Twee onbegroeide controle experimenten en twee

experimenten met vegetatie. In één van deze experimenten werden de zaadjes door het stromende

water verspreid, in de andere werden handmatig ronde patches op toevallige locaties gezaaid.

Vegetatie leidde tot een efficiëntere concentratie van de stroming en een meer bovenstroomse

opsplitsing van verschillende geulen. Dit resulteerde in een langere rechte hoofdgeul en een algeheel

grotere landwaartse expansie van het systeem. Ondanks deze duidelijke morfologische verschillen

waren kwantitatieve maten van het systeem, zoals geërodeerd volume of afwateringsdichtheid, zeer

gelijkaardig in alle experimenten. Dit toont aan dat deze hoofdzakelijk worden gevormd door de

hydrodynamische randvoorwaarden en dat de experiment zeer vergelijkbaar zijn.

De hierboven beschreven en door vegetatie veroorzaakte morfologische verschillen waren in het ex-

periment met hydrochore zaadverspreiding duidelijker dan in het experiment met gezaaide patches.

De toevallig en van tevoren bepaalde locaties van de patches stellen de biogeomorfologische feed-

backs tussen lage stroomsnelheden, de kolonisatie door vegetatie en vervolgens verder afnemende

stroomsnelheden buiten werking. De volledigheid van deze positieve terugkoppeling is cruciaal voor

de vorming van een zelf-georganiseerd landschap. Hoewel de patches heel dicht waren en een

grotere oppervlakte bedekten dan de vegetatie in het experiment met hydrochore zaadverspreiding,

waren ze niet in staat om op een vergelijkbare manier tot een zelf-georganiseerd landschap te leiden.

Alleen lokaal hadden de patches soms sterke biogeomorfologische effecten. Hun densiteit maakt het

mogelijk om zulke effecten, zoals de stabilisatie van kenmerken of de initiatie van geulen eromheen,

duidelijk te laten zien, maar alleen als ze daarvoor op een lokaal geschikte plek zaten. Omdat dit

niet overal het geval was, leek het experiment met gezaaide patches qua algemene morfologie meer

op de controle experimenten en was minder zelf-georganiseerd, ondanks de duidelijkere biogeomor-

fologische feedbacks op sommige plekken. De terugkoppeligen van biogeomorfologische feedbacks

moeten dus compleet zijn om een zelf-georganiseerd landschap te kunnen vormen.
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Zusammenfassung

Salzwiesen sind wertvolle Habitate und erfüllen zahlreiche wichtige Ökosystemdienstleistungen. Sie

schützen die Küste vor Erosion und dienen als Filter für Verschmutzungen und Kinderstube für

Fische. Außerdem können sie große Mengen Kohlenstoff in kurzer Zeit binden. Ihr Schutz und ihre

Renaturierung sind daher essenziell für die Abschwächung der globalen Erwärmung. Salzwiesen wer-

den von einer Vielzahl biogeomorphologischer Feedbacks geformt, die von verschiedenen biotischen

und abiotischen Faktoren abhängen. Um die Bedingungen, die für die biogeomorphologischen

Wechselwirkungen nötig sind, und den Einfluss verschiedener Besiedelungsmuster der Vegetation

darauf aufzuklären, wurden vier Landschaftsexperimente im Labormaßstab im Gezeitensimulator

"Metronom" durchgeführt: zwei unbewachsene Kontrollexperimente und zwei Experimente mit

Vegetation. In einem dieser Experimente wurden die Samen mit der Strömung verteilt und im

anderen wurden händisch runde Patches an zufälligen Stellen gesäht und erweitert.

Die durch Vegetation effektiver fokussierte Strömung im dadurch längeren und geraderen Haupt-

priel führte zu einer Aufspaltung in mehrere Priele und generellen Ausbreitung des Systems weiter

landwärts. Trotz dieser klaren morphologischen Unterschiede waren die Experimente untereinan-

der gut vergleichbar, was sich in der Ähnlichkeit quantitativer, vor allem durch die Hydrodynamik

bestimmter Kenngrößen des Systems, wie des erodierten Volumens oder der Einzugsdichte, zeigt.

Die oben beschriebenen, durch Vegetation verursachten morphologischen Unterschiede waren auf-

grund der im Vorhinein zufällig festgelegten Patchpositionen ausgeprägter im Experiment mit hy-

drochorer Samenverteilung als im Experiment mit gesähten Patches. Das biogeomorphologische

Feedback zwischen niedrigen Strömungsgeschwindigkeiten und Vegetationsansiedlung, die Strö-

mungsgeschwindigkeiten weiter reduziert, ist durch die Bestimmung der Positionen unterbunden.

Die Vollständigkeit dieser positiven Rückkopplung ist essenziell für das Entstehen einer selbstorgan-

isierten Landschaft. Obwohl die Patches sehr dicht waren und eine größere Fläche bedeckten als

die Vegetation im Experiment mit hydrochorer Samenverteilung, konnten sie die Entstehung einer

selbstorganisierten Landschaft nicht im gleichen Maße fördern.

Nur lokal hatten die Patches aufgrund ihrer Dichte teilweise starke biogeomorphologische Effekte,

wie die Stabilisierung von Merkmalen oder die Prielinitiierung. Trotz dieser teils deutlicheren Ef-

fekte, war die Morphologie im Experiment mit gesähten Patches weniger selbstorganisiert und den

Kontrollexperimenten ähnlicher, da sich nicht alle Patches an geeigneten Stellen befanden. Für die

Entstehung einer selbstorganisierten Landschaft müssen die Rückkopplungen in biogeomorpholo-

gischen Wechselbeziehungen daher vollständig sein.
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1. Introduction

Salt marshes are "areas of land covered chiefly by halophytic vegetation which are regularly flooded

by the sea" (Allen, 2000). They form a unique ecosystem and are home to many highly specialised

plant species. They are exposed to significant tidal energy and often strong water level fluctuations.

Additionally, waves and storm surges can affect salt marshes as well, as they are connected to

the open sea. This setting suggests that these environments are shaped by the hydrodynamics.

The plant species living there must be well adapted to these circumstances. However, it is not

only adaptation that enables the plants to live in salt marshes. The salt marsh vegetation has

a significant effect on the surrounding landscape as it slows down flow over it (Baptist et al.,

2007) and can thus enhance channel formation elsewhere (Schwarz et al., 2014; Temmerman

et al., 2007). Consequently, not only hydrodynamics shape the morphology of salt marshes but

vegetation is a significant factor as well. Studies on salt marsh morphology therefore must not

ignore vegetation effects, especially if they examine the channel network.

Due to the large variety of aspects influencing the morphology of salt marshes and the often lacking

long-term field data, the identification and quantification of different factors’ effects has proven to

be difficult (Wiberg et al., 2020). The exact conditions under which biogeomorphic feedbacks can

significantly shape salt marsh landscapes are not entirely clear, neither is the exact extent of these

effects.

Within this thesis, the biogeomorphic interactions in salt marshes will be examined by analysing

scaled landscape experiments. A total of four experiments were conducted among which two

unvegetated control experiments and two experiments with vegetation. This vegetation colonised

the system differently. In one experiment, the seeds were spread by the flowing water whereas they

were sown manually in patches in the other. The boundary conditions were otherwise constant. This

makes the direct comparison of different colonisation strategies and the emerging biogeomorphic

feedbacks possible. Their effect on the morphology and channel network as well as on quantitative

measures of the system will be studied in this thesis and related to the existing scientific knowledge.

1
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2. Background

2.1. Concepts on biogeomorphic interactions of vegetation

Many different landscapes are shaped not only by abiotic boundary conditions but also by the

organisms living in it. Prominent examples are termites, beavers or corals that build mounds,

dams and reefs. By creating these large solid structures, they create their own habitat. This has

significant impacts on the surrounding landscape or even creates entirely new landscapes. Other

species find a habitat in these as well and are thus dependent on the species that actively shape their

environment. This principle was described by Jones et al. (1996) and was called eco-engineering.

Not only animals can act as eco-engineers but also many plants. Strong biogeomorphic effects

of plants are for example reported from dunes (Reijers et al., 2019). Here, the marram grasses

like Calamagrotis arenaria or Ammophila breviligulata enhance the deposition of aeolian sand and

thereby shape their environment in such a way that it provides the best habitat for themselves

(Reijers et al., 2019). Also in fluvial systems, vegetation significantly affects the landscape deve-

lopment (Braudrick et al., 2009; Corenblit et al., 2011; Oorschot et al., 2016; Tal & Paola, 2010;

van Dijk et al., 2013). The stabilising effect of plants on river banks even is the main driver of

the emergence of meandering rivers from braided systems (Braudrick et al., 2009; McMahon &

Davies, 2018).

Vegetation can also act as eco-engineer in very harsh environments as for example moraine slopes

in glacier forelands (Eichel et al., 2016; Eichel et al., 2013). When these areas are first colonised,

only pioneer species with a high resilience can settle here as the geomorphic processes of high

severity, like for example debris flows, occur regularly. Engineering species like Dryas octopetala

cannot settle yet at this stage as severe geomorphic processes take place that inhibit their growth.

Only when process magnitude further decreases, they can establish. If their cover is high enough, in

this specific case roughly 35 %, they start to act as eco-engineer (Eichel et al., 2016). Their roots

stabilise the slope and bound solifluction becomes the dominant process over other processes. The

processes taking place now are generally less severe but occur more often or even continuously, also

due to the eco-engineering vegetation. Dryas octopetala has flexible roots and is therefore well

adapted to bound solifluction and now finds itself in an ideal habitat (Eichel et al., 2013). When

the bed is further stabilised, also other species can establish (Eichel et al., 2016). These often have

competitive advantages over Dryas octopetala on a stable ground and can thus become dominant

now. The landscape is then not further shaped by biogeomorphic interactions (Eichel et al., 2016).

2
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Generally, plants need certain conditions under which they can establish and grow. Especially when

they are juvenile, they are sensitive to disturbances and need the right environment to develop into

a mature plant. Such conditions are not found everywhere, as most landscapes are characterised

by gradual or abrupt changes, so that conditions can vary already locally. They can also change

in time since many landscapes follow an evolution over time or certain features migrate, like for

example meander bends in rivers. Disturbances for vegetation are formed by geomorphic processes

of different magnitudes and frequencies. The most severe processes often occur only rarely whereas

processes with a lower impact occur more often or even happen gradually. Depending on the plant

species and its adaptions, these processes or different kinds of stress can hinder the vegetation

establishment or can be a reason for mortality. If conditions are very favourable over a sufficient

time span, a landscape fully covered in vegetation emerges, whereas it stays or becomes bare if

conditions do not allow for the long-term settling of vegetation.

Many of these general limitations to and conditions for plant growth were integrated in a concept

by Eichel et al. (2016) that was developed based on the observations of biogeomorphic interac-

tions on lateral moraine slopes. (see fig. 2.1). In the landscape evolution, different thresholds

or threshold ranges were identified. The first settling opportunity for the engineering species is

called establishment threshold (see fig. 2.1). The beginning of landscape shaping biogeomorphic

interactions with a sufficient vegetation cover marks the engineering threshold (see fig. 2.1). When

other plants finally suppress the further growth of the engineering species, the so-called competition

threshold is crossed (see fig. 2.1). The engineering and competition threshold define the zone in

which biogeomorphic interactions shape the landscape. This zone is called biogeomorphic feedback

window (see fig. 2.1) (Eichel et al., 2016). If the geomorphic boundary conditions lie within this

window, biogeomorphic interaction can occur if the right plant species colonise the landscape.

Similar aspects can be found in salt marshes. The hydrodynamic energy often is a limiting factor

for vegetation settlement here. Tidal inundation takes place regularly and causes long inundation

periods of the plants which imposes stress on them, especially because the water is usually saline.

Also the currents can form a limitation for vegetation establishment. Only when the hydrodynamic

energy input is low enough, vegetation establishment is possible, in other words, the establishment

threshold is crossed. For a large part, biogeomorphic interactions on salt marshes take place via

flow velocities and their alterations. Vegetation slows down flow over it by inducing extra friction.

To maintain the same discharge over a certain marsh platform section, flow is then accelerated

in adjacent unvegetated areas (Temmerman et al., 2007). If this effect is large enough, vegeta-

tion starts to act as eco-engineer, so the engineering threshold is crossed and the biogeomorphic

feedback window is entered. The competition threshold is less applicable to salt marshes, as other

species than the pioneer species, that also act as engineering species here, barely ever settle on

the marsh edges due to the frequent inundation and high salinity. Significant aggradation and/or

coastline progradation would therefore be the only possibility.
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Figure 2.1.: Concept of the biogeomorphic feedback window and different thresholds on lateral moraine
slopes depending on geomorphic process frequency and intensity as well as plant resilience and
resistance. By Eichel et al. (2016)

These biogeomorphic interactions were summarised in a concept by Schwarz et al. (2018) (see

fig. 2.2). In this concept, the degree of biogeomorphic self-organisation is coupled to the respective

timescales of hydrogeomorphic development and vegetation colonisation. Only if these are similar,

biogeomorphic feedbacks shape the landscape (Schwarz et al., 2018). This zone of self-organisation

of the landscape (see fig. 2.2) can be seen as biogeomorphic feedback window (see fig. 2.1) and its

boundaries as thresholds for establishment/engineering and stabilisation. Stabilisation in this case

takes place via higher vegetation density and slower hydrogeomorphic development rather than by

the colonisation through successive plant species.
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This concept implies that, if vegetation colonisation takes place on a slower timescale than the

geomorphic evolution purely driven by abiotic hydrodynamic forcings, these dominate the land-

scape evolution and vegetation settlement is hindered, sometimes causing the landscape to stay

bare (see fig. 2.2). If the opposite is the case and vegetation colonisation happens much faster

than geomorphic evolution driven by abiotic factors, the emerging vegetation cover stabilises the

existing landscape, which will therefore also under these circumstances not be shaped by biogeo-

morphological feedbacks (see fig. 2.2). The speed of colonisation also often correlates with the

pattern. Species growing in a patchy pattern tend to cover an area more slowly than species which

grow more homogeneously spread (Schwarz et al., 2018). A similar dependency of the emerging

landscape on the respective timescale of vegetation settling and morphodynamics was also found

for meandering rivers (Oorschot et al., 2016).

Figure 2.2.: Concept on conditions for salt marsh self-organisation depending on speed and dynamics of
morphological development and speed and type of vegetation colonisation resulting in a self-
organised landscape if these processes are balanced, or a bare landscape if hydromorphody-
namics dominate, or a stabilised landscape if vegetation colonisation dominates. Red and blue
arrows indicate transitions that can occur if hydromorphodynamics change or shifts in colonising
species takes place. Edited after Schwarz et al. (2018)
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Both concepts, the one by Eichel et al. (2016) and the one by Schwarz et al. (2018), show that

biogeomorphic feedbacks act as major factor in landscape evolution only under certain conditions.

They indicate whether this is the case, or if either biological stabilisation or an (almost) bare

landscape occur, and if so, why. The concepts provide a way to simplify the various interactions in

nature and give a clear overview of the conditions and main drivers of biogeomorphic interactions.

They allow for an integration of new findings into the existing knowledge about the system and

therefore lead to a better understanding. They also indicate where further research is needed, for

example a quantification of thresholds.

Even though both concepts were developed for different landscapes, the have many aspects in

common, even if they are named differently. The concept on the biogeomorphic feedback window

(Eichel et al., 2016) is a bit more general as it includes many different processes of various magni-

tudes and frequencies whereas all geomorphic processes are reduced to hydrodynamic disturbance

in the concept of Schwarz et al. (2018). But since tides play the most important role in these

landscapes, this is a reasonable simplification. Another difference is that pioneer species mostly

already act as eco-engineer in many coastal environments while this is not the case on high moun-

tain slopes (Eichel et al., 2016). This shows how prone coastal environments are to biogeomorphic

feedbacks and therefore highlights the importance of their study.

2.2. Biogeomorphology of salt marshes

2.2.1. Occurrence of salt marshes

Salt marshes occur on almost all continents in tropical to arctic climates (Kelleway et al., 2017;

Mcowen et al., 2017). However, in tropical and subtropical climates, mangroves often prevail in

environmental settings suitable for salt marshes (Kelleway et al., 2017). The total area of salt

marshes in the world is estimated at 54 951 km2 (Mcowen et al., 2017). In Europe, salt marshes

mainly occur along the North Sea and Atlantic coast, as they are characterised by tidal influence

and saline conditions (Allen, 2000). But they also occur in the Mediterranean, e.g. in the Venice

Lagoon (Kearney & Fagherazzi, 2016).

Several types of salt marshes exist in different local geographical settings. Dijkema (1987) distin-

guished three different types of salt marshes: Barrier-connected salt marshes, foreland salt marshes

and estuarine salt marshes. Allen (2000) used a total of seven categories of which some are sub-

categories of the ones used by Dijkema (1987): Open coast marshes (see fig. 2.3 d)), marshes

enclosed by barrier spits along open coasts (see fig. 2.3 a)), marshes in open (see fig. 2.3 c)) and

restricted embayments, marshes in either open estuaries (see fig. 2.3 b)) or such restricted by spits

and marshes in rias and lochs (see fig. 2.3 f)).
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Figure 2.3.: Satellite images of salt marshes in different settings. The seaward edge is always at the
top. (a) Salt marsh enclosed by Blakeney Point spit, Norfolk, UK; (b) Estuarine salt marshes
"Verdronken Land van Saeftinghe", Zeeland, NL; (c) Foreland salt marshes in the Leybucht
embayment, East Frisia, DE; (d) Open coast marsh near Le Vivier-sur-Mer, Brittany, FR; (e)
Patchy colonisation of mudflat in Hamford Water tidal basin, Essex, UK; (f) marshes in ria
"Anse de Penn Foul", Brittany, FR. All images were retrieved from Google Earth in April 2022.
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2.2.2. Salt marsh zonation

Tidal marshes form around the mean high water line in the high intertidal to low supratidal area.

The lower and more seaward parts of the marsh are flooded every tidal cycle. This pioneer zone

is colonised by only few species with high salinity and inundation tolerance (Boorman, 1999). In

European salt marshes, this zone is usually dominated by the perennial Spartina anglica (see fig. 2.4

a)), the annual Salicornia europaea (see fig. 2.4 b)) and/or the perennial Suaeda maritima (see

fig. 2.4 c)) (Boorman, 1999).

With increasing elevation, inundation times and frequencies as well as soil salinity and hydrodynamic

energy usually decrease. Consequently, the species composition becomes more diverse, as the

environment is less extreme and therefore asks less specialisation (Boorman, 1999). Examples of

genera occurring in the higher areas of tidal marshes are Juncus, Puccinellia, Limonium, Plantago

or Elymus (Rupprecht et al., 2017; Wolters et al., 2005).

Almost all different plant species occur in certain zones where they are the dominant species.

These zones are mainly characterised by elevation relative to the tidal frame, but also distance to

channels and soil salinity play a role (Allen, 2000; Boorman, 1999; Townend et al., 2011). Some

studies even suggest that elevation is not the major factor determining the species assemblage.

Instead, soil salinity seems to play a more important role as the elevation range in which a certain

species occurs is locally constant but significantly varies between different marsh sites (Silvestri

et al., 2005). However, close to the shoreline, elevation still seems to play an important role as

Figure 2.4.: Plants species in the lower zones of European salt marshes: (a) Spartina anglica, (b) Salicornia
europaea and (c) Suaeda maritima (Sources: (a) Sten - Own work, CC BY-SA 3.0, https://
commons.wikimedia.org/w/index.php?curid=4833986, (b) M.Buschmann - Germany, CC BY-
SA 3.0, https://commons.wikimedia.org/w/index.php?curid=269039, (c) Vatadoshu - Own
work, CC0, https://commons.wikimedia.org/w/index.php?curid=39536724, all retrieved on 8
April 2022)
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it is the main variable determining inundation time and frequency, which can prevent settling and

cause mortality.

Plants are not only adapted to the corresponding elevation range but also actively shape them

(Marani et al., 2013). Through organic sedimentation, they control the marsh elevation. This

elevation is found to be slightly above the theoretically ideal elevation for biomass production of a

certain species. This increases the resilience of the ecosystem as biomass production and therefore

organic sedimentation is increased if the elevation drops under that of the equilibrium state (Marani

et al., 2013).

This biomass-elevation feedback results in multi-modal elevation distribution of salt marshes with

highly specialised plant species. Microcliffs often occur between the terrace-like platforms that

are dominated by a certain species (Marani et al., 2013). In many cases, continuous accretion

occurs seaward of the lowest microcliff until this newly created platform reached a higher elevation.

Storms can erode this again and the salt marsh edge lies further landward. After this, the lower

parts are recolonised by pioneer species and the marsh elevation increases again by sedimentation.

When this behaviour occurs, the marsh is a so-called cyclic salt marsh. (Allen, 2000).

2.2.3. Channel networks on tidal flats and marshes

Hydrodynamic control

Intertidal mudflats and salt marshes are characterised by distinct channel networks. The number

and size of channels is generally assumed to be dependent on hydrodynamic parameters like the

tidal prism P (D’Alpaos et al., 2010). This is based on the assumption that the entire tidal prism

P is exchanged via the channel network (Rinaldo et al., 1999; Vandenbruwaene et al., 2013) and

therefore determining its cross-sectional area, similarly to tidal inlets (Hughes, 2002). This is an

assumption in many (modelling) studies on tidal channel networks (D’Alpaos et al., 2007; Kirwan

& Murray, 2007). However, field studies suggest that is not always the case (Temmerman et al.,

2005; Vandenbruwaene et al., 2013). Instead, sheetflow occurs over the entire marsh area when

water levels are higher, especially when the vegetation is overtopped and inundated completely. This

is mainly important for the lower seaward parts of marshes, as the inundation height is larger here.

This implies that not the entire tidal prism P determines the channel dimensions. Only the part of

P that is drained through the channel networks has morphological effects on it (Vandenbruwaene et

al., 2013). This is supported by the findings of Kleinhans et al. (2009) that the main erosion work

in the channel network is done in the late ebb phase when drainage only takes place via channels

and not via the entire marsh. It further implies that major effects take place in the transition from a

bare tidal flat to a vegetated marsh but not in the transitions from a low vegetated marsh to a high

vegetated marsh (Vandenbruwaene et al., 2013). Tidal watershed area A, determined by water

surface gradients instead of topography, was found to have an effect on tidal channel dimensions

as well (Marani et al., 2003; Rinaldo et al., 1999).
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Vegetation effects

Nowadays, the important role of vegetation in the initiation and development of channel networks

on tidal marshes is widely recognised (Bij de Vaate et al., 2020; Kearney & Fagherazzi, 2016;

Schwarz et al., 2014; Schwarz et al., 2018; Temmerman et al., 2007; Townend et al., 2011;

Vandenbruwaene et al., 2013). Generally, vegetation is known to stabilise banks and locally limit

erosion, for example in fluvial systems (Braudrick et al., 2009; Oorschot et al., 2016; Tal & Paola,

2010; van Dijk et al., 2013). Here, it is also crucial for the emergence of meandering channels

(Braudrick et al., 2009; McMahon & Davies, 2018). Tidal networks are often characterised by

meandering channels as well. However, the mechanisms causing this kind of meandering and

the migration of channels are different from those in meandering rivers (Kleinhans et al., 2009).

Deepening of the channels happens via backward eroding steps in the final ebb stage. This is due

to the cohesive nature of the fine sediment that is usually present on mudflats and salt marshes,

which prevents erosion except in the most energetic flow stage of the tidal cycle (Kleinhans et al.,

2009).

Vegetation has a crucial role in the initiation of channels when previously bare mud flats are

colonised (Bij de Vaate et al., 2020; Schwarz et al., 2014; Schwarz et al., 2018; Temmerman

et al., 2007). As Temmerman et al. (2007) found, the specific effects of vegetation are scale-

dependent: Plants do not only prevent erosion locally and stabilise the sediment and channel banks,

but also enhance erosion further away as the flow is hindered by vegetation patches and is therefore

concentrated between them. This leads to vegetation-induced channel initiation. Whether this

process is dominant in the formation of a channel network also depends on the initial bathymetry

(Schwarz et al., 2014). A homogeneous bare mud flat is much more prone to vegetation-induced

channel erosion when it is colonised than heterogeneous mud flats with a pre-existing channel

network. Here, vegetation-stabilised channel network inheritance is more likely to happen (Schwarz

et al., 2014).

Effects of different colonisation strategies

The biogeomorphic effects are not the same for all halophytic marsh vegetation. Instead, they are

highly species dependent (Bij de Vaate et al., 2020; Schwarz et al., 2018). This is not only because

different species settle at different elevations, but also because of different plant life-history traits,

as observed by Schwarz et al. (2018).

The annual pioneer species Salicornia europaea spreads via hydrochorous distribution of seeds and

is characterised by a high seed recruitment. This leads to a relatively homogeneous colonisation of

tidal flats. In consequence, vegetation induced flow resistance and bank stabilisation is relatively

constant in space. This favours the stabilisation of an existing channel network (Schwarz et al.,

2018).
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In contrast, Spartina anglica, another important pioneer species in European salt marshes, is char-

acterised by a low seed recruitment and therefore settles in only few locations. However, it can

clonally expand laterally via tillering. This results in dense patches of vegetation with bare areas in

between (see also fig. 2.3 e)). These patches promote the erosion of channels in between where

flow is concentrated (Schwarz et al., 2018; Temmerman et al., 2007). If vegetation expansion and

morphodynamic development take place on similar time scales, a self-organised landscape emerges

(Schwarz et al., 2018).

Quantitative measures of tidal channel networks

Channel networks can be described by several quantitative measures. The oldest and most widely

applied measures were introduced by Horton (1932, 1945). A main variable is the drainage density

Dd (Horton, 1932). It describes how well or poorly a basin is drained by its channel network. It is

defined as:

Dd =
ΣL

A
(2.1)

with ΣL being the total length of all channels within the watershed area A. The inverse of the

drainage density Dd defines the Hortonian length lH.

Another important measure is the overland flow introduced by Horton (1932). In more recent

publications on tidal networks (Kearney & Fagherazzi, 2016; Liu et al., 2020; Schwarz et al.,

2018), it is usually referred to as the unchannelled path length of which the mean value mUPL
is mainly used to characterise channel networks. mUPL describes the average distance a drop of

water has to travel over the unchannelled ground/marsh platform before it reaches a channel.

Even though mUPL often correlates with Dd , it forms an independent variable (Horton, 1945;

Kearney & Fagherazzi, 2016). As it measures the average proximity of a channel, it shows how

dissected a basin is by its channel network. Close proximity to channels is important for many

species inhabiting salt marshes (Temmerman et al., 2005; C. Wang et al., 2021), as sediment and

nutrient availability is often the highest here, which also leads to higher elevations; many marshes

show a distinct levee-basin topography (C. Wang et al., 2021).

Tidal channel networks not only drain the water from the basin during ebb but also supply the

marsh with water during flood. This water includes nutrients and sediment which is necessary for

the plants and the marsh to grow. As the sediment deposition usually decreases with distance

from a channel (Temmerman et al., 2005). An efficient network is therefore characterised by a low

mUPL, but also by an, in relation, low drainage density Dd and therefore high Hortonian length scale

lH as the lower mUPL should not be achieved by many more channels since this decreases the marsh

platform area and thus the suitable habitat for plants. To compare this also across differently sized

marshes and scales, measures like the Hortonian length lH or the mean unchannelled path length
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mUPL alone are unsuitable as they are both dimensional and vary with scale (Kearney & Fagherazzi,

2016). A dimensionless variable serving this purpose independent of scale is the geometric efficiency

eg (Kearney & Fagherazzi, 2016), defined as the ratio of Hortonian length and mean unchannelled

path length:

eg =
lH
mUPL

(2.2)

When unvegetated and vegetated systems are compared, it can be observed that vegetated systems

have significantly more efficient networks than unvegetated systems (Kearney & Fagherazzi, 2016).

This is due to the more meandering configuration that is usually found in vegetated systems. A

higher sinuosity generally reduces mUPL (Kearney & Fagherazzi, 2016). Exemplary values for eg
found by Kearney and Fagherazzi (2016) are values around 1 for unvegetated systems and values

around 2-3 for vegetated systems.

The delineation of watersheds and the flow paths over the platform need to be determined based on

water surface gradients and therefore flow directions. These are not necessarily the same as if they

were determined based solely on topography (Fagherazzi et al., 1999; Kearney & Fagherazzi, 2016;

Rinaldo et al., 1999). However, based on the assumption that gradients on the marsh platform

are relatively constant in space, the shortest distance to a channel can be used as approximation

(Vandenbruwaene et al., 2012).

2.2.4. Human use and impact

Salt marshes are of high importance for humans even though they are often only indirectly used for

human activities. Small-scale agricultural use does occur by using salt marshes as grazing location

for livestock (Davidson et al., 2017) or by harvesting certain plants that are suitable for human

consumption (Loconsole et al., 2019). A more important modern-day use of salt marsh areas is

recreation. The beauty of the natural landscape and the biological diversity attract many tourists

to these coastal areas (Kelleway et al., 2017).

Tidal marshes also serve as a habitat, breeding ground and shelter for many species of for example

birds and fish, which are then exploited by humans elsewhere (Baker et al., 2020). Salt marshes

ensure a high biodiversity in coastal areas and also act as a filter for pollutants in coastal waters,

thereby also benefiting the water quality in adjacent estuarine and coastal water as well as deeper

parts of the ocean (Nelson & Zavaleta, 2012).

From a human perspective, probably the most important function of salt marshes is the coastal

protection effect they provide. Vegetated marshes significantly reduce the wave energy during

storm surges and thereby protect the adjacent land (Leonardi et al., 2018; Möller et al., 2014;

Rupprecht et al., 2017). They even provide this effect when they are totally flooded (Möller et

al., 2014). Additionally, they stabilise the sediment and thereby decrease or even prevent coastal
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erosion (Leonardi et al., 2018; Möller et al., 2014). The presence of a marsh at the seaward side

of a dike will result in lower height requirements (Möller et al., 2014; Rupprecht et al., 2017).

All these functions are ecosystem services that salt marshes provide to humans. They are of

an extremely high value for society. Salt marshes and their tropical counterpart, mangroves, are

estimated to provide (2007) US$ 24.8 trillion worth of ecosystem services annually (Costanza et al.,

2014; de Groot et al., 2012), which is roughly a third of the global GDP (Costanza et al., 2014).

Coastal wetlands provide, after coral reefs, the second highest value of ecosystem services per unit

area (Costanza et al., 2014).

In spite of this high value of salt marshes for humans, their area shows a decreasing trend (Costanza

et al., 2014; Duarte et al., 2008). Especially in north-western Europe, there is a long history of

embankments of salt marshes (Allen, 2000). Man-made structures and alterations are still visible

and actively implemented in modern-day salt marshes, especially along the Wadden Sea (see fig. 2.3

c)). This is done for stabilisation of the salt marsh and coastal protection. Salt marshes were usually

claimed and embanked for the agricultural use of the land. This land-claim often occurred in several

stages (Allen, 2000). As the embanked areas are not flooded anymore, they also do not receive

any sediment input anymore. Natural compaction and drainage then cause subsidence which makes

the areas more prone to severe flooding in case of dike breaches (Allen, 2000). The areas that

were embanked the earliest are nowadays usually the most low-lying (Allen, 2000).

As the ecological value and the function as coastal protection is more recognised nowadays, there

are plans and projects of de-embankments of certain areas to restore salt marshes (Gourgue et al.,

2021; Vandenbruwaene et al., 2012). Accidentally, such de-embankments also happened in earlier

times as a consequence of dike failure. Wolters et al. (2005) found that the success of marsh

restoration can vary significantly from site to site. Many factors affect the marsh development and

species assemblages. Especially on sites with compacted sediment, an artificially created channel

system proved to be beneficial for the initial settling of plants and sediment accretion (Wolters

et al., 2005). This is closely connected with the fact that a more heterogeneous topography

favours seedling establishment and survival due to better drainage (Cao et al., 2021). Salt marsh

systems with a more efficient channel network also proved to be more resilient with respect to

droughts (Liu et al., 2020). A grazing-regime can lead to a higher biodiversity as one species often

becomes dominant otherwise (Wolters et al., 2005). Pre-existing ditches developed to channels in

equilibrium with tidal flow already rather fast (Vandenbruwaene et al., 2012). Lower elevations are

generally favourable for the initiation of a natural channel network (Vandenbruwaene et al., 2012;

Wolters et al., 2005).

Salt marshes also have a very high potential of carbon storage (Mcleod et al., 2011; Mossman

et al., 2021; Ouyang & Lee, 2014). The sequestration of CO2 in coastal and marine ecosystems,

so-called "blue carbon" has a much higher potential than CO2-uptake by, for example, forests and

other terrestrial ecosystems. Salt-marsh restoration therefore is a suitable measure not only for

coastal protection but also for the sequestration of man-made CO2-emissions and climate change
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mitigation (Mcleod et al., 2011; Mossman et al., 2021). With ongoing climate change and sea-

level rise, the potential of coastal wetlands as a carbon sink, might even increase (F. Wang et al.,

2021).

At the same time, climate change and accelerated sea-level rise pose a serious threat for many

salt marsh ecosystems worldwide (Valiela et al., 2018). The potential of salt marshes to keep up

with sea-level rise is highly dependent on sediment availability (Fagherazzi et al., 2020) but also

limited by "coastal squeeze" in many locations (Schuerch et al., 2018; Valiela et al., 2018). Next

to sediment availability, the existence of sufficient (lateral) accommodation space is crucial for the

fate of coastal wetlands (Schuerch et al., 2018). The resilience of salt marshes with respect to

sea-level rise is also found to increase with tidal range and biodiversity (D’Alpaos et al., 2012).

Due to these different factors, estimates for tidal wetland area change until the end of the century

show a huge variety, ranging from a 95 % loss (Valiela et al., 2018) up to a 60 % gain (Schuerch

et al., 2018).

2.2.5. Knowledge gap

Even though salt marsh morphology and its dependence on biogeomorphic feedbacks and hydrody-

namic boundary conditions receive a lot of scientific attention in recent years (Bij de Vaate et al.,

2020; Fagherazzi et al., 2020; Schuerch et al., 2018; Schwarz et al., 2018), many things still remain

unclear. Despite the high value of ecosystem services they provide, salt marshes still receive rela-

tively little attention compared to other coastal ecosystems like coral reefs (Duarte et al., 2008).

Quantification of certain thresholds is lacking and also the dependence on colonisation patterns is

not yet entirely clear. The effects of the colonisation pattern on channel network properties like

the geometric efficiency eg is unexplored as well, just like the evolution of such measures during

the colonisation of a marsh.

The strong variations in boundary conditions like tidal range cause significant differences between

field sites which makes it difficult to draw general conclusions that are valid for all salt marshes

(Wiberg et al., 2020), as for example concerning the influence of tidal prism on channel dimensions

(D’Alpaos et al., 2010; Vandenbruwaene et al., 2013). Additionally, long-term field observations

are rare as they require a lot of time and data. Individual effects cannot be isolated which makes

the identification of causes less straight-forward.

This is something that can be done with numerical models. However, these also have drawbacks,

as they only model the processes that were implemented and are therefore limited by the already

existing knowledge, underlying assumptions and model capabilities, resulting in certain processes

often being excluded from models (Wiberg et al., 2020).

Experiments provide a possibility to study certain landscapes in a controlled setting without being

dependent on the correct representation of all processes in a numerical model. Scaled landscape

experiments can therefore be a powerful tool to study coastal landscapes (Kleinhans et al., 2017;
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van Dijk et al., 2021; Weisscher et al., 2022). However, experiments on salt marshes are rare

(Kearney & Fagherazzi, 2016) and mainly focus on wave attenuation of a salt marsh cross-section

(Baptist et al., 2007; Möller et al., 2014; Rupprecht et al., 2017). Previous scaled landscape

experiment of tidal systems often had problems with scale effects and lack vegetation (Stefanon

et al., 2012) or were focused on entire estuaries (Kleinhans et al., 2022; van Dijk et al., 2021;

Weisscher et al., 2022).

2.3. Research questions and hypotheses

The main goal of this research is to examine the effects of biogeomorphic feedbacks in salt marshes

and the resulting effects of vegetation in general and of different colonisation patterns in particular.

The occurring biogeomorphic feedbacks and the evolving channel network and the morphology in

experimental systems will be analysed. This is of high importance for the understanding of marsh

development in general, but especially for the restoration of marshes in previously embanked areas,

as new channel networks develop here and are affected by the establishing vegetation. The following

questions form the main objectives of this thesis:

• How does vegetation and its colonisation pattern affect the channel network development

and morphology?

• Which biogeomorphic feedbacks occur depending on the colonisation pattern of vegetation?

• What are the effects of a certain colonisation pattern on the conditions for biogeomorphic

interactions and how can this be conceptualised?

• How does vegetation and its colonisation pattern affect channel network measures like drainage

density Dd , mean unchannelled path length mUPL and geometric efficiency eg?

• How are inter- and supratidal area affected by vegetation and its colonisation pattern?

In order to answer these questions, the first scaled landscape experiments of salt marshes including

living vegetation will be conducted. Four experiments will be analysed: two unvegetated control

experiments, an experiment with hydrochorous seed spreading and an experiment with patchy

seeding.

Hypotheses are that vegetation enhances channel initiation and development (Temmerman et al.,

2007) and promotes more efficient networks, as observed in nature (Kearney & Fagherazzi, 2016).

As a patchy vegetation pattern shows more biogeomorphic feedbacks and results in more self-

organised landscape in nature (Schwarz et al., 2018; Temmerman et al., 2007), it is expected

to show the vegetation effects more clearly. Moreover, it is hypothesised that morphological and

vegetation colonisation time scale need to be suitable for biogeomorphic interactions and that

these interactions might be stronger or weaker over the course of the experiments, as development

speed is not constant. As the findings from mountain areas (Eichel et al., 2016) are the only ones
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quantifying vegetation cover for the engineering threshold, it can only be hypothesised that values

for salt marshes might be similar, but of course there are a lot of reasons that can cause a different

quantification since it is a different landscape. Concerning the interaction with hydrodynamics,

it is hypothesised that vegetation will result in higher intertidal and especially supratidal area, as

observed in previous experiments on estuaries (Weisscher et al., 2022).
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3. Methods

3.1. General experimental set-up in the Metronome

In order to investigate the channel networks on salt marshes and how this depends on different

vegetation patterns, four scale experiments were conducted in the laboratory. Experimental salt

marshes were never successfully created in a laboratory before. The experiments were conducted

in the flume ’The Metronome’, a unique facility in which tidal systems can be created by tilting

the flume periodically (Kleinhans et al., 2012; Kleinhans et al., 2017). It was successfully used to

simulate different kinds of estuaries with and without vegetation in the past (Braat et al., 2019;

Kleinhans et al., 2022; Leuven et al., 2018; van Dijk et al., 2021; Weisscher et al., 2022).

The Metronome is a 20 m by 3 m flume which can be tilted over an axis in the middle at 10 m.

In the four salt marsh experiments, that are studied in this thesis, the initial conditions and some

general settings were the same. Only one half of the flume was used, so that the tilting axis is

located at the landward end of the system. The landward 7.4 m were filled with sand up to 11.5 cm

above the flume bottom. The sand used was a poorly sorted sand with a unimodal grain size

distribution and a median grain size D50 of 0.55 mm and a D10 and D90 of 0.32 mm and 1.2 mm,

respectively (Kleinhans et al., 2017). At the edges of the system, the sand bed was 3 cm higher

than the basin in the centre for 30 cm from both sides of the flume (see fig. 3.1).

This system is separated from the ’sea’ by two barriers with an inlet with a width of roughly 55 cm

in the middle (see fig. 3.1). The barriers consist of a wooden framework with inclined sides that

was filled with sand. The round heads of the barriers at the inlet were formed with bubble-wrap

and filled with sand as well. Also the wooden framework was covered in bubble-wrap to increase

the hydraulic roughness (see fig. 3.1). Seaward of the barriers, no sand was present at the initial

stage, so that the artificial grass at the bottom and sides of the flume was exposed. The inside

of the flume is covered with this artificial grass because it has a similar hydraulic roughness as

the sand. At the seaward end, a wave generator is present which is active during the flood phase

(Leuven et al., 2018). Behind that, a weir regulates the water level. Water is continuously pumped

into the flume and flows out over this weir.

At the landward end, the system was limited by a barrier of sand, similar to the edges along the

sides (see fig. 3.1). Behind this sandy barrier, a wooden plank is placed in the sand bed to limit

ground water flow.
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Figure 3.1.: Initial conditions of the system in all experiments

The general settings of the flume tilting etc. were the same in all experiments. The tilting was

asymmetrical with an M4-component, so that the flow-conditions are flood-dominant (Weisscher

et al., 2022). The duration of one tidal cycle was set to 40 s. The tilting amplitudes of the

M2-component and the M4-amplitude were 75 mm and 15 mm (20 %), respectively. This resulted

in a maximum slope of 0.009 m m−1 during the shorter flood phase and a maximum slope of

0.006 m m−1 during the longer ebb phase. This is a slightly higher tidal amplitude than in Weisscher

et al. (2022), who used tilting amplitudes of 60 mm and 12 mm, respectively. The amplitude of the

weir was adjusted accordingly. The mean sea-level was determined by an offset of 92 mm of the

weir above the flume bottom. This implies that the mean sea-level is lower than the initial sand

bed height (see also fig. 3.1). These settings were found to be suitable for creating the desired

morphology during twelve pilot experiments prior to the control experiment.

Such high slopes induced by the tilting are necessary for reaching similar values as in nature for

different important force ratios. Shield’s numbers should e similar despite the lower water depth in

the experiments in order to create comparable sediment transport. The dynamic scaling ensures

that. Extensive work on the scaling of the experiment has been done by Kleinhans et al. (2017).
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3.2. Experimental scenarios

3.2.1. Control experiments

The first experiment was the first control experiment in which no vegetation was used. 5000 cycles

were run in this experiment. Since later experiments with vegetation were run longer, a second

control experiment was conducted as fourth experiment after the ones with vegetation. This second

control experiment was run until 10 000 cycles.

3.2.2. Experiment with hydrochorous seed spreading

In the second experiment, vegetation was used. The seeds were sown during nine sowing events

and were distributed by the flow. Sowing events took place every 500 cycles and were started at

1000 cycles. Every sowing event consisted of 60 cycles. The first 10 cycles were run as spin-up for

the normal flow pattern to establish after the system was dry. During the next 25 cycles, the seeds

were added at the inlet during the flood phase, so that they spread hydrochorously throughout the

system. During the final 25 cycles, no further seeds were added but the already sown seeds could

still be transported further by the flow. After this, the flume stood still for four consecutive days, so

that the newly sown seeds could germinate and start to grow. For every of the nine sowing events,

200 g of seeds of Lotus pedunculatus were used. This species proved to be suitable for laboratory

experiments at this scale and was used successfully in the past (Kleinhans et al., 2022; Lokhorst

et al., 2019; Weisscher et al., 2022). It germinates relatively fast but does not grow extremely

tall or in unsuitable places (Lokhorst et al., 2019)(see fig. 3.2). The 200 g of seeds amount to

approximately 160 000 seeds per sowing event. The seeds were soaked for one day before they were

used in the experiment to speed up the germination. During the last sowing event at 5000 cycles,

not only Lotus pedunculatus was added but also 180 g of seeds of Veronica beccabunga and 300 ml

of crushed walnut shell of different grain sizes as a mud simulant in order to test where these settle.

After this last sowing event, the flume stood still for six instead of four days. This experiment was

run until 5500 cycles were reached.

3.2.3. Experiment with patchy seeding

In the third experiment, a different vegetation pattern was used. The vegetation was sown manually

in patches. There were eight sowing events and sowing took place every 500 cycles, starting at

1000 cycles. Each sowing event a number of new patches with an initial radius of 2.5 cm were

added and the already existing patches from previous sowing events were expanded with a radius

expansion of 5 cm. The number and growth rate of patches was determined in such a way that it

is practically feasible and a vegetation cover of 60 % of the basin would be reached at the eighth

sowing event in case that no vegetation is eroded during the course of the experiment. This results

in usually 13 patches that need to be added during one sowing event. However, if these patches
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Figure 3.2.: Individual plants of Lotus pedunculatus at different growth stages. The approximate age is
indicated. The scale below is in centimetres.

would be placed in a channel or within an existing patch, they are not sown. The placement of the

patches was determined by a random algorithm, but one of the realisations was chosen as not all

random realisations give a useful distribution of the patches. Figure 3.3 gives an overview of the

placement and growth of the patches under the permission that no erosion takes place. But of

course, erosion did take place and the final vegetation cover therefore was lower, as new patches

were not placed in channels and existing patches also were not expanded into channels.

After the sowing events, the flume stood still again for four consecutive days to allow for the

germination and growth of the plants. Again, Lotus pedunculatus was the species used. The

number of seeds used per sowing event varied due to the growing number and size of patches. The

amount of seeds was determined by the surface area that needed to be sown. It was aimed at a

seeding density of 10 seeds/cm2. It was assumed that roughly half of the seeds would germinate,

to ensure a density of about 5 plants/cm2 in the end. The total number of seeds that were added

was therefore lower than in the experiment with hydrochorous seeds distribution but the manual

sowing prohibited the large scale export of seeds out of the system to the delta. The seeds were

soaked for one day and then dried again for one day before they were sown. The soaking speeds up

the germination and the drying is necessary for the manual sowing since adhesion would otherwise

prevent the seeds being sown loose from each other. This procedure was tested to not have

significant differences in germination speed compared to soaking only, as done in the experiment

with hydrochorous seed distribution.

10 000 cycles were run in this experiment but the last sowing event took place after 4500 cycles.

The later cycles were run shortly after each other, so that the vegetation did not have the time to

grow new roots in places where it was deposited.
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Figure 3.3.: Spatial distribution and growth of the theoretically planned vegetation patches over the course
of the eight sowing events

3.3. Data acquisition

During all experiments, the evolution of the system was surveyed with different instruments. Some

instruments were only available and/or used for parts of the experiments and not the full four

experiments.

The digital elevation models (DEMs) of all experiments were made with a laser scanner above the

flume. The laser line is as wide as the flume and is registered by a camera. This set-up is mounted

on rails and moves over the entire length of the flume to capture whole system. From the height

and position of the laser line in the camera photos, the elevation of the sand bed can be calculated.

The horizontal and vertical accuracy are approximately 1 mm and 0.2 mm, respectively. DEMs were

usually taken every 500 cycles in all experiments, only in the later stages of the experiment with

patchy seeding after the seeding was done and after 5000 cycles in the second control experiment,

sometimes 1000 cycles were run between two consecutive DEMs.
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On the movable laser scanner gantry above the flume, a single-lens reflex camera is mounted as

well. With this camera, overhead photos with a high resolution can be taken. This was, however,

not possible during the first control experiment and the first 2000 cycles of the experiment with

hydrochorous seed spreading. This camera was always used when a DEM was taken and after the

four days of vegetation growth before the continuation of the experiment.

Overhead photos by four cameras above the flume were triggered by the flume tilt. These cameras

take a photo once every tidal cycle. Their resolution is however much lower compared to the

single-lens reflex camera on the laser gantry. These cameras became available at 2500 cycles into

the experiment with hydrochorous seed distribution.

A digital camera mounted on a special set-up aimed at a similar function. It took a photo roughly

every tidal cycle, however not as precise since it is not directly coupled to the tilt. With these

photos, time-lapse videos of the system’s evolution can be created. This camera was used during

the first control experiment and the two vegetation experiments.

Photos were also taken manually with a single-lens reflex camera from the sides of the flume

during all experiments. Such photos were taken every time a DEM was taken as well and, in the

experiments with vegetation, after sowing to document the locations of the seeds and after the

four days of vegetation growth to document the plant growth before the experiment is continued.

Furthermore, the water level was measured in all four experiments generally every 500 cycles, shortly

after a DEM was taken. It was measured with three ultrasonic sensors on a bar above the flume.

These measure the distance between the sensor and the water surface acoustically with a frequency

of 10 Hz. The bar with the sensors was positioned at up to six locations along the flume, depending

on the size of the system. One measurement was always done in the sea, one closely behind the

inlet and the others were spread over the length of the system. The y-position of the sensors was

occasionally adjusted to place them above interesting morphological features. The positions of the

water level measurements can be found in Appendix C. The water level was measured for at least

2 min at every location, which covers three tidal cycles.

3.4. Data analysis

3.4.1. DEM processing

In order to create digital elevation models from the raw laser data, this data was corrected for

different distortions resulting from the camera perspective and lens, so that they represent the

correct elevation at the corresponding location. Afterwards, the data was gridded on a regular grid

with a cell size of 3 mm by 3 mm. This implies, that one grid cell usually contains data from nine

raw data points. In this way, the 10th and 90th percentile can be calculated as well, which can

indicate vegetation.
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The DEMs of difference were simply created by subtracting the respective DEMs from each other.

No further error analysis was applied here, as the data quality is fairly constant in all DEMs because

the same system was used. Some small differences only occurred due to some disturbances of

the laser system between DEMs were taken that caused a change in camera position. These

disturbances occurred between 1500 cycles and 3500 cycles in the experiment with hydrochorous

seed spreading. Basic corrections for these were applied to ensure that the DEMs are comparable.

However, the effect can still be visible in the DEMs of difference.

The processing and visualisation was done in MATLAB and involved the use of several functions

created by others (Childress, 2021; Greene, 2022; Martínez-Cagigal, 2022).

3.4.2. Erosion and sedimentation

For the analysis of sedimentation and erosion, the DEMs from different stages were subtracted

from the initial DEM. In the quantification of the eroded volume and surface area, only grid cells

were the erosion exceeded a threshold of 3 mm were counted. This filters out noise which is

especially necessary as the calibration of the DEMs changed several times during the course of

the experiments. Furthermore, only the basin area was included in these calculations, so possible

erosion of the elevated edges is not taken into account. Just like the threshold value, this is

necessary to filter out noise.

3.4.3. Vegetation detection

Vegetation was detected in the images by the single-lens reflex camera on the laser gantry. The

green chromatic coordinate GCC (Gillespie et al., 1987; Sonnentag et al., 2012; Woebbecke et al.,

1995) was used as vegetation index to detect plants. It is calculated as follows:

GCC =
G

R + G + B
(3.1)

R, G and B are the respective bands of red, green and blue in the images.

3.4.4. Water level measurements and maps of sub-, inter- and supratidal area

The water level measurements were filtered for outliers, slightly smoothed with a moving window

median filter, averaged over the three measured cycles and subtracted from a reference to give

actual water levels and not distances between sensors and water surface. High and low water levels

were extracted as the 2nd and 98th percentile. All water level curves were visually evaluated whether

they give reliable high and especially low water levels. In intertidal areas, the bed elevation would

otherwise often be selected as low water level. Which measurements were evaluated as reliable, is

indicated in Appendix C.
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For the creation of maps of sub-, inter- and supratidal area, the reliable high and low water levels

were interpolated with a cubic interpolation in the rectangular area of the system that is spanned

up by the measurements. In order to have a high and low water surface covering the entire system,

high and low water levels everywhere outside of the area covered by measurements were assumed to

have the same value as the closest (interpolated) value in the area within the measuring locations.

These planes were then put in relation to the elevation in the DEMs to create the maps of sub-,

inter- and supratidal area.

3.4.5. Channel network

The channel networks were digitised manually in ArcGIS Pro. The total length of the line features

was used as total network length. The unchannelled path length was calculated simply by the

distance from such a line feature with the PathDistance tool. Further analysis of variables like Dd ,

mUPL or eg was done in in MATLAB.
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4. Results

4.1. Morphological development

4.1.1. General development in all experiments

The four experiments resulted in a significantly different morphology, depending on the vegetation

pattern that developed. All experiments showed a similar behaviour in the beginning and the effects

of vegetation only played a major role in later stages when a significant vegetation cover became

present in the system.

While the actual speed of development can differ between experiments, the general patterns that

developed were very similar. At the very beginning, small channels started to form around the

inlet that expanded by backward erosion. The number of these initial channels differed but one

channel usually became dominant very fast. This channel expanded upstream in a straight line

and developed small side channels. Side channels closer to the inlet were larger, so that a kind of

triangular system shape developed. This kind of system grew during the ebb phases by backward

erosion but also developed a depositional lobe at the upstream end where sediment was deposited

during the flood phase. This caused the upper main channel to split up at some point, resulting

in a more asymmetrical system which started to expand sideways in the upstream part. Curved

channels then expanded to the sides and migrated downstream. In the space in between, a dynamic

bar and channel pattern emerged. The most upstream part of the system was mainly unaffected

by morphological change.

4.1.2. Control experiments

First control experiment

The first control experiment mainly showed the development described above. There was no

vegetation present that affected the morphological change, so the sand bed could be easily eroded.

Consequently, the curved channel at the sides expanded over the whole width of the system and

also partially eroded the elevated edges (see fig. 4.1). They also moved downstream very far, so

that the split-up into several channels already took place directly landward of the inlet (see fig. 4.1).

Figure 4.2 shows the morphological differences between the DEMs that were made. It clearly

shows that the expansion of the system was based on backward erosion in the beginning (until
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1500 cycles) and deposition outside the delta only occurred on the depositional lobe at the upstream

end of the system. From 2000 cycles to 3500 cycles, the outward and seaward expansion of the

curved channels on the sides took place. After 4000 cycles, the system was almost in a dynamic

equilibrium as erosion and sedimentation within the system were very similar and the delta barely

grew further (see fig. 4.2).

Figure 4.1.: Morphological development of the first unvegetated control experiment
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Figure 4.2.: Erosion and sedimentation during the first unvegetated control experiment with respect to the
respective previous DEM

Second control experiment

The second control experiment showed a slower development in the early stages but still developed

in a similar way (see fig. 4.3). Between 3500 cycles and 7000 cycles, the system was skewed to one

side. In the latest stages, this was not as clear anymore. The split-up into several channels already

occurred shortly behind the inlet, similar to the first control experiment and also the landward

expansion was very comparable in both control experiments (see fig. 4.1 and 4.3).

Also the morphological differences between consecutive DEMs follow a similar pattern as in the first

control experiment (see fig. 4.4). Backward erosion dominated in the early stages, followed by the

further development of channels while the delta still grew and finally mainly re-distribution within
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the system occurred as the delta reached its final size (see fig. 4.4). The only major difference

between the two control experiments was the slower development and longer continuation of the

second one to have a better representation of the final stages with mostly redistribution.

Figure 4.3.: Morphological development of the second unvegetated control experiment
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Figure 4.4.: Erosion and sedimentation during the second unvegetated control experiment with respect to
the respective previous DEM
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4.1.3. Experiment with hydrochorous seed spreading

The initial development in the experiment with hydrochorous seed spreading was somewhat slower

than in the first control experiment but faster than in the second control experiment. The split-up

of the main channels occurred later and further upstream (see fig. 4.5). The outward and seaward

expansion was then much more limited than in the control experiments (see fig. 4.6). This can be

attributed to the vegetation that was present on the banks and therefore hindered the erosion. The

resulting morphology was, unlike in the control experiments, dominated by a wide, long and straight

main channel which split up further upstream into several smaller channels (see fig. 4.5). The main

channel continued to widen throughout the course of the experiment but the downstream part of

the system never got as wide as in the control experiments (see fig. 4.6). However, the system

expanded further upstream. In this area with several channels developed with bars in between

that were vegetated, just like the banks along the main channel. The vegetation on the bars was

generally younger and established later, also because the banks along the main channel became

supratidal at a certain point because the drainage occurred only via the channels instead of the flat

sand bed.
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Figure 4.5.: Morphological development of the experiment with hydrochorous seed spreading. The major
elevations in the sea at 3000 cycles are errors in the data.
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Figure 4.6.: Erosion and sedimentation during the experiment with hydrochorous seed spreading with respect
to the respective previous DEM. The major differences in the sea at 3000 cycles and 3500 cycles

are errors in the data. Some other small systematic differences between DEMs might be visible,
these are due to the laser scanner configuration changing several times.
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4.1.4. Experiment with patchy seeding

The initial development of the experiment with patchy seeding was a bit faster than in the other

experiments. After the split-up of the main channel, the system developed a bit skewed (see

fig. 4.7). It developed similarly branching channels as the experiment with hydrochorous seed

spreading but the wide and straight main channel behind the inlet was shorter. This channel

widened mainly on one side (see fig. 4.7) as the other channel bank was fixed by several vegetation

patches. One patch kept a bifurcation in a stable place over several thousand cycles. In the

upstream part, the central most developed one of the branching channels was limited by a row of

vegetation patches on one of its banks. These patches determined the expansion direction of the

channel but were eventually eroded by lateral channel migration.

The branching channels landward of the main channel were fewer than in the experiment with hy-

drochorous seed spreading. Especially from 5000 cycles onward, the two central branching channels

became dominant while the channels at the sides became relatively inactive (see fig. 4.7). At this

stage, after the last sowing event, vegetation blocked the flow over almost the entire width of the

flume between 12 m and 13 m. This greatly affected the flow. In the two central channels, water

level during flood rose much higher than in areas where the flow was blocked by vegetation. Chan-

nel migration caused significant erosion of vegetation in several places. The eroded plants were

then mostly deposited close to other vegetation in the upstream part. Shortly after 8500 cycles,

the continuous vegetation range breached and a channel could develop into the area lying behind

(see fig. 4.7).

The dense vegetation had significant effects on the flow but this also happened vice-versa. Vege-

tation at the upstream end of channels, especially in areas where sand was deposited, was often

uprooted but not removed. The plants were woven together densely with their roots and stems

and then moved up and down with the rising and falling water levels but were not moved away

laterally.
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Figure 4.7.: Morphological development of the experiment with patchy seeding
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Figure 4.8.: Erosion and sedimentation during the experiment with patchy seeding with respect to the
respective previous DEM
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4.2. Comparison of the system development

All experiment have shown some similar characteristics and developments, especially in the early

stages. They are therefore very comparable. Of course every experiment is unique and different

from others, but they still show the same stages of development and the emerging pattern is similar.

Especially the two control experiments show this very well.

Differences initially mainly occur due to the speed of the development. The evolution of the system

shows an adjustment to the boundary conditions. This is very slow in the beginning as the initial

conditions are very different from a morphology that would be in equilibrium with the boundary

conditions. Not much water can flow over the bed in the beginning, so that only small changes

take place. This also implies that perturbations and little disturbances in the initial bed can have a

great effect. This is reflected in the diverging development speeds of the different systems in the

beginning.

As the systems mainly grow by eroding the initial sand bed, the development speed of the system

is reflected in the eroded sediment volume. Plotted over time, this shows a characteristic curve

representing slow development at the beginning and a fast adaption after that, which eventually

transitions into a state close to equilibrium (see fig. 4.9 a)). The speed of the initial development

can cause an offset between different experiments. However, there are still some differences visible.

The experiment with hydrochorous seed spreading for example seemed to take longer until it

reached equilibrium but eventually reached the eroded volume of the first control experiment despite

the slower initial development (see fig. 4.9 a)). The experiment with patchy seeding showed an

evolution very similar to the first control experiment until about 3000 cycles but then continued to

grow slowly but steadily and did not seem to reach a clear equilibrium (see fig. 4.9 a)). This was

different in the second control experiment which was run for 10 000 cycles as well. Here, the initial

development was slower than in all other experiments but the curve still shows a similar shape. In

the final stages, the curve is much flatter than the one of the experiment with patchy seeding (see

fig. 4.9 a)), implying that the system was closer to an equilibrium.

A similar trend can be seen in the surface area that was affected by erosion (see fig. 4.9 b)). Here,

the eroded area in the hydrochorous seed spreading experiment reached the eroded surface area of

the first control experiment and the experiment with patchy seeding despite an initial offset. This

highlights the expansion further upstream in this experiment. The experiment with patchy seeding

again showed a slow but steady growth in later stages. The curve of the second control experiment

always is a bit underneath the ones of the other experiments, highlighting the slow development

in this experiment. At 7000 cycles, the eroded surface area in the second control experiment even

seemed to decrease a bit (see fig. 4.9 b)). This can be due to deposition in enough areas, so

that the threshold for erosion in the calculation was not reached anymore in these areas. This also

correlates to a higher mean erosion depth (see fig. 4.9 c)), as the shallow areas were filtered out.
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Figure 4.9.: (a) Eroded volume, (b) eroded surface area and (c) average erosion depth over time in the
different experiments

Differences are also visible in the average erosion depth (see fig. 4.9 c)). The mean erosion

depth generally increased fast in the beginning and more slowly in later stages. The first control

experiment and the experiment with patchy seeding again showed a very similar development in

the beginning (see fig. 4.9 c)), but after 2500 cycles, the mean erosion depth of the experiment

with patchy seeding surpassed the one of the first control experiment. The slow development of

the second control experiment is here again reflected in the overall lower values (see fig. 4.9 c)).

The average depth in the experiment with hydrochorous seed spreading showed a less clear and

consistent behaviour than the others with a slower increase in the beginning, followed by a faster

increase and then a stabilisation (see fig. 4.9 c)).

The differences become even more clear when the variables explained above are investigated along

the flume and not for the entire system. Figure 4.10 shows the eroded volume, surface area and

mean erosion depth over the length of the flume for the different experiments, all at 5000 cycles

and for the second control experiment and the experiment with patchy seeding at 10 000 cycles as

well. The major erosion clearly took place further upstream in the experiments with vegetation,

both in volume and especially in area. The vegetated experiments both showed a clear peak slightly
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landward of 15 m where almost the entire cross-section of the flume is affected by erosion (see

fig. 4.10 b)). The unvegetated experiment had their maximum roughly one metre further seaward

and the peak was not as clear (see fig. 4.10 b)).

The erosion depth was generally similar and linearly decreased in upstream direction. In the veg-

etated experiments, it was a bit higher in the downstream part and a bit lower in the upstream

part compared to the control experiments. This reflects the clear main channel that developed

in the downstream part in both vegetation experiments. The only exception was the experiment

with patchy seeding at 10 000 cycles (see fig. 4.10 c)). The mean erosion depth was significantly

higher here than in the other experiments or at the earlier stage. This can be attributed to the

strongly developed channel in the central part of the system which was for the most part blocked

by vegetation.

Figure 4.10.: (a) Eroded volume, (b) eroded surface area and (c) average erosion depth along the flume
at 5000 cycles in all experiments and at 10 000 cycles in the experiment with patchy seeding.
Especially the eroded surface area shows clear differences between vegetated and unvegetated
experiments. The eroded volume shows this to a lesser extent as well. Mean erosion depth
is mainly dependent on the distance from the inlet but shows some minor variations between
experiments, too.
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From 5000 cycles to 10 000 cycles, the eroded volume increased over the entire length of the system

in the experiment with patchy seeding. Where it was still possible, also the eroded surface area

increased. The mean erosion depth increased mainly in the upstream part (see fig. 4.10). The

second control experiment showed a similar trend in eroded volume but to a lesser degree, little

chnage in mean erosion depth and a seaward increase and landward decrease in eroded surface area

(see fig. 4.10).

All variables were very close to zero in the most landward part up to roughly 12.8 m. This was due

to the water flow over the sand bed not reaching velocities sufficiently high for the beginning of

motion here. The only exception was formed by the mean erosion depth in the experiment with

patchy seeding at 10 000 cycles, which represents the development of one relatively deep channel.

4.3. Vegetation cover and biogeomorphic interactions

While the erosion variables mainly show differences between vegetated and unvegetated experi-

ments, differences between the colonisation patterns can be shown by analysis of the vegetation

cover. Fig. 4.11 provides a map of vegetation establishment and erosion in both experiments. It

shows the hydrochorous settling of eroded manually sown vegetation between patches around 12 m

to 13 m in the later stages of the experiment with patchy seeding and also illustrates the concentric

growth of the patches as well as the continuous erosion of patches from one side (see fig. 4.11). A

striking difference between the two experiments is, that there was much more erosion of vegetation

in the experiment with patchy seeding (see fig. 4.11). Even though the patches determined certain

morphological features earlier and also fixed some of them for some time, they were eventually

eroded, mainly in the seaward part of the system (see fig. 4.11).

In both vegetation experiments, the vegetation cover increased exponentially over time as long

as seeds were added regularly (see fig. 4.12). The experiment with hydrochorous seed spreading

reached a vegetation cover of around 12 % at 5500 cycles. The cover was very low during the

first 2000 cycles in which already three sowing events took place. After that, the vegetation cover

increased exponentially despite the amount of seeds that were added staying constant, which would

theoretically imply a linear increase. The exponential increase can be explained by the slow down of

the morphological development (see fig. 4.9), which allows for the establishment of a higher share

of the same amount of seeds. The amount of eroded vegetation also increased over time, however

not as strong as the newly settled vegetation (see fig. 4.12).

The exponential increase was even clearer in the experiment with patchy seeding (see fig. 4.12),

mainly due to the exponential increase of sown seeds. After 5000 cycles, the total vegetation cover

stayed almost constant. The cover percentage of manually sown vegetation decreased however.

The cover that was eroded here (red in fig. 4.12), closely mirrored the newly settled hydrochorously

spread vegetation (blue in fig. 4.12), implying that eroded manually sown vegetation was not

removed from the system but transported elsewhere within the system.
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Figure 4.11.: Map of vegetation age and type in both vegetated experiments. Shades of green indicate
existing manually sown vegetation with darker colours hinting at a higher age, shades of
blue indicate existing hydrochorously spread vegetation with darker colours showing earlier
establishment and shades of red and yellow indicate eroded vegetation, established by manual
sowing or hydrochorous spreading, respectively. Darker colours correlate with earlier erosion.
Grey indicates areas where vegetation has never settled. The experiment with hydrochorous
seed spreading is shown in the top panel while the bottom panel shows the experiment with
patchy seeding. Hydrochorously spread vegetation in the experiment with patchy seeding is
vegetation that was eroded from patches and then deposited by the flow at a different location
within the system.
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Figure 4.12.: Vegetation cover of different types over time. Green indicates existing manually sown vegeta-
tion, blue indicates existing hydrochorously spread vegetation whereas red and yellow indicate
eroded vegetation, established by manual sowing or hydrochorous spreading, respectively. The
experiment with hydrochorous seed spreading is shown in the inset while the main plot shows
the data for the experiment with patchy seeding. The scale is the same in both plots. Hy-
drochorously spread vegetation in the experiment with patchy seeding is vegetation that was
eroded from patches and then deposited by the flow at a different location within the system.

The growing vegetation of course also interacted with the flow and had some significant effects on

the morphology. For example, it can determine the positioning and expansion direction of channels

by stabilising one of its banks and therefore hindering erosion (see fig. 4.13 a)). Vegetation can

slow down flow velocities and thereby focus flow (see fig. 4.13 c)) or even block it (see fig. 4.13 b)).

By blocking the flow of water, it can also cut off side channels (see fig. 4.13 f)). The increased

flow resistance by vegetation and the resulting focus of flow around it, often leads to scouring

(see fig. 4.13 e) and also c)). This can initiate new channel development between vegetated areas

as well (see fig. 4.13 d)). The stabilisation of channel banks (see fig. 4.13 h)) can fix certain

morphological features, like bifurcations (see fig. 4.13 g)) for a longer time.

These local effects were especially visible in the experiment with patchy seeding due to the very

dense vegetation in the patches. One channel in the central part was, roughly between 12.8 m and

14.7 m on one side lined with several patches. This is shown in fig. 4.13 a) as well. These patches

slowed down its lateral migration but could not stop it in the end. This balance between channel

migration and stabilisation due to vegetation, also due to the systematic expansion of the patches,

was in place from around 3000 cycles to 4500 cycles. For an even longer time, the bifurcation
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shown in fig. 4.13 g) on the side of the main trunk channel was kept in place by a patch. But also

this patch was eventually eroded by the lateral expansion of the main channel.

In the most upstream part, where morphological action did usually not take place due to insuffi-

cient flow velocities for the sediment to reach the beginning of motion, some very small channels

developed in narrow areas between patches (see fig. 4.13 d)) in the latest stages when a lot water

accumulated here due to the blockade of outflow by vegetation (see fig. 4.13 b)). Vegetation

blocked the flow on the sides already further seaward. This also lead to the side channels being

almost completely morphologically inactive (see fig. 4.7). The central channel grew deeper but its

landward expansion was hindered by vegetation. However, the flow in the channel was energetic

enough to uproot the vegetation but not to remove it as the individual plants were woven together

very densely. Deposition of sediment took place under the uprooted vegetation while the plants

were floating on the water surface, plants were therefore not buried. The slow lateral migration

of this channel eventually led to the breaching of the vegetation which then allowed for further

expansion of the channel (see fig. 4.7).

These strong local effects were not as pronounced in the experiment with hydrochorous seed spread-

ing while the overall morphology of this system showed more differences compared to the control

experiments than in the experiment with patchy seeding (see also fig. 4.14). The experiment with

hydrochorous seed spreading was characterised by a long and straight main channel following the

inlet. Unlike in the unvegetated control experiments, the system does not split up into several

channels already shortly landward of the inlet but is confined into one channel. This single channel

focuses flow more efficiently which enables the system to expand further landward. This confine-

ment is created by vegetation on the banks of the main channel which hinder erosion of the channel

banks.

The first split-up of the main channel often occurred around 16 m (see fig. 4.1, 4.3, 4.5 and 4.7).

In the unvegetated systems, the two or more channels then quickly expanded laterally and migrated

seaward. This resulted in the wide systems with several channels in the downstream part. However,

in the experiment with hydrochorous seed spreading, and, to a lesser extent, in the experiment with

patchy seeding, this seaward migration did not take place. Instead, the channels expanded landward

and became longer. This was likely facilitated by vegetation settlement on the main channel banks

in the downstream part which focuses flow in certain areas instead of a more homogeneous flow

like in the control experiments. The vegetation cover on these banks was around 4 % at the stage

where the first differences to the control experiment occurred (around 2500 cycles). The landward

expanding channels did not get as wide, instead there were several smaller channels landward of

the split-up point. This split-up point between the main trunk channel and smaller channels in the

upstream part was eventually found around 15 m (see fig. 4.5).

This behaviour was especially visible in the experiment with hydrochorous seed spreading. In the

experiment with patchy seeding, the trunk channel was not as clear and confined but still visible

in comparison to the control experiments. The split-up into smaller channels also occurred a bit
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Figure 4.13.: Different local effects of vegetation in the experiments. Examples are: (a) Determining
channel position and expansion direction, (b) blocking flow, (c) focusing flow, (d) channel
initiation, (e) scouring, (f) cutting off side channels, (g) fixing morphological features and (h)
bank stabilisation.
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more seaward than in the experiment with hydrochorous seed spreading. The main channel also

was wider already at an earlier stage. This was mainly due to erosion on one side as there were

several dense patches on the other side and only little vegetation on the side that was eroded

(see fig. 4.11). The more densely vegetated bank was eventually eroded as well, but only at a

later stage (see fig. 4.7). The concentrated vegetation in certain places also caused the more

landward channels to be less in number but larger and more sinuous, so that the upstream part in

the experiment with patchy seeding was less branched (see fig. 4.7).

The reason for the stronger vegetation effects on the overall scale in the experiment with hydro-

chorous seed spreading is most likely the completeness of biogeomorphic feedback loops. Hydro-

chorously spread vegetation establishes only in areas where flow velocities are low and then further

reduces them, enabling more vegetation to settle. This positive feedback is active as a complete

feedback loop in the experiment with hydrochorous seed spreading whereas it is not in the experi-

ment with patchy seeding. Here, the locations for vegetation growth are randomly pre-determined,

resulting in vegetation also being sown in unsuitable places and not in all places that would be

favourable for vegetation growth. Thus, the feedback loop is incomplete, as vegetation might

reduce flow velocities but does not necessarily settle in places where flow velocities are low. Only

parts of the feedback are therefore in place and dense patches in unsuitable locations might also

cause a negative feedback, slowing down flow in areas where it is faster (e.g. side channel cut-off

in fig. 4.13 f)) and enhancing flow in areas of previously low flow velocities (e.g. scouring and

channel initiation in fig. 4.13 c), d) and e)). This limits the self-organising ability of the landscape.

4.4. Channel network

The developing channel networks closely follow the morphological development described earlier

(see fig. 4.1, 4.3, 4.5 and 4.7). First, a straight main channel with lots of small branched side

channels forms which then splits up into several channels. A network of ebb- and flood-channels

develops which branches out in landward direction (see fig. 4.14 and Appendix A for all network

maps).

The digitised channel networks show a similar development in all experiments when overall measures

are compared. The total length of channels ΣL shows an exponential increase (see fig. 4.15 a)).

Mean unchannelled path length mUPL shows an exponential decrease (see fig. 4.15 b)). The

evolution of drainage density Dd closely follows the one of ΣL since the basin area is almost

constant and nearly the same in all experiments and timesteps (see fig. 4.15 c)). Geometric

efficiency eg decreases in the beginning and then stays roughly constant between 0.5 and 1 or even

slightly increases (see fig. 4.15 d)). The differences between the experiments mainly represent the

different speeds of development, seen in other variables like the eroded volume as well (see fig. 4.9).

Differences between vegetated or unvegetated experiments or the different colonisation patterns

are insignificant because the differences between the two control experiments are usually higher.
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Figure 4.14.: Exemplary maps of the channel network at 2500 cycles and 5000 cycles for all experiments
and at 7000 cycles and 10 000 cycles for the second control experiment and the experiment
with patchy seeding. Black lines indicate the channels.
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Figure 4.15.: Evolution over time of (a) total length of channels ΣL, (b) mean unchannelled path length
mUPL, (c) drainage density Dd and (d) geometric efficiency eg over time in all experiments.

Just like in the erosion variables (see fig. 4.10), differences are only visible when variables are

broken down along the flume (see fig. 4.16). The further landward expansion of the experiments

with vegetation also shows in the network measures. The peak in channel network length per cross-

section lies further landward in the two vegetated experiments than in the control experiments (see

fig. 4.16 a)). Also the number of channels per cross-section has its peak further landward (see

fig. 4.16 d)). These peaks are in line with the peak in eroded surface area (see fig. 4.10 b)). Since
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Figure 4.16.: Different variables characterising the channel network at 5000 cycles for all experiments and
at 10 000 cycles for the second control experiment and the experiment with patchy seeding
along the flume: (a) total length of channels ΣL, (b) mean unchannelled path length mUPL,
(c) geometric efficiency eg and (d) number of channels per cross-section. The legend in panel
b) is valid for all panels.
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the channels are formed by the erosion of sediment, the number and length of channels logically

correlates with the surface area that is affected by erosion.

The mean unchannelled path length generally strongly increases at the landward end of the system

as the channel network ends at a certain point (see fig. 4.16 b)). mUPL is lower in the most landward

part for the vegetated experiments as their networks extend further landward. Even though the

mean unchannelled path length is higher here, the geometric efficiency shows the highest values

at the landward end of the systems due to the short network lengths in this area (see fig. 4.16

c)). This behaviour correlates to the high values of eg for the early development stages of the

experiments with short ΣL (see fig. 4.15 c)).

4.5. Water level measurements

The water level measurements showed some similarities in all experiments. The high and low water

levels generally lie closer to each other towards the landward end of the system, and this shifts

landward as the system expands (see fig. 4.17). The highest high water level always seem to occur

at a similar distance from the landward end as well. They also shift landward over time. At the

beginning, they lie shortly behind the inlet and then move upstream, making room for a minimum

in high water levels in the seaward part of the system (see fig. 4.17). This results in the banks

along the major channels in the seaward part of the system becoming supratidal with progressing

system growth, even though their elevation does not change and the morphology is barely affected

by the flowing water here.

Maps of the sub-, inter- and supratidal area were created for all four experiments based on water

level measurements (see fig. 4.18 and Appendix B for all maps). Not all maps are of equal quality

due to the number, position and quality of measurements. This causes the sometimes significant

differences between two consecutive time steps. The maps that were evaluated as reasonable

(medium and good quality as shown in Appendix B) were used in fig. 4.19. This figure shows the

evolution of the percentages of areas of different elevation relative to the tidal frame. A clear trend

is only visible in supratidal area which increases over time (see fig. 4.19 a)) and high intertidal

area which decreases over time (see fig. 4.19 b)). Differences between the different experiments

seem to be insignificant as the scatter is high. For the supratidal area, some more analysis was

done. The height of the vegetation favours the classification as supratidal as it also appears in the

DEMs but does not represent the sand bed elevation. This is especially true for the dense patches.

Therefore, the supratidal area that is bare was plotted as well (see fig. 4.19 a)). In the second

control experiment, significant areas in the landward part of the system were classified as supratidal

which does not match the visual observations during the experiment. Therefore, supratidal area

only seaward of 14 m is shown as well.
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Figure 4.17.: Water surface elevation at different stages during the experiments. Green, orange and blue
indicate the different sensors. Triangles and circles indicate the measured high and low water
levels, respectively. Solid and dashed lines connect the measured high and low water levels.
Only the measurements that were evaluated as reliable are included (see Appendix C).

Figure 4.18.: Exemplary maps of sub-, inter- and supratidal areas from different stages of the experiments.
Dark blue indicates subtidal areas, light blue and light green indicate low and high intertidal
areas, respectively and yellow indicates supratidal areas. These maps give reasonable results,
which is not true for all maps.
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Figure 4.19.: Evolution of sub- (c), low inter- (d), high inter- (b) and supratidal (a) area over time in
all experiments, based on the water level measurements. Not all timesteps were taken into
account, only the ones where the maps were evaluated as reasonable (medium and good
quality in Appendix B).
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5. Discussion

5.1. Role of initial conditions and experiment comparability

The four experiments all showed a similar development, starting with a slow adjustment to the

boundary conditions which then sped up and eventually came close to an equilibrium (see fig. 4.9).

Differences between the experiments are visible in the speed of development. This differs most

likely due to small differences in the initial conditions. In physical experiments, the initial conditions

can never be exactly the same even though this is tried to achieve. However, small differences in

elevation, compactness or local grain size distribution cannot be ruled out, especially in the area

close to the inlet, that had to be shaped by hand. These small differences can form perturbations

large enough to affect the chaotic development of the channel pattern (Phillips, 2006). While the

overall size and growth of the system is governed by the boundary conditions and, at least in the

later stages, forms an (almost) equilibrium with these (Phillips, 2006), the exact bar and channel

pattern is an instable and chaotic system (Phillips, 2006) which shows continuous adjustments (see

fig. 4.1, 4.3, 4.5 and 4.7). This chaotic system is sensitive to initial conditions and the emerging

pattern is characterised by a high path dependency (Stallins, 2006).

But since this only characterises the exact bar and channel pattern and not the overall size and

characteristics of the system as a whole, the different experiments are still very comparable to each

other. They show a clear response to the boundary conditions and the similar outcomes concerning

erosion variables (see fig. 4.9) and network measures (see fig. 4.15) underline that. While the exact

configuration of bars and channels cannot be attributed to the boundary conditions or one specific

variable due to their chaotic nature (Phillips, 2006), a change in the overall distribution of channels

under the same hydrodynamic boundary conditions, as observed in the experiments (see fig. 4.10,

4.14 and 4.16), can be attributed to the variables that were changed between the experiments,

being the presence and colonisation pattern of vegetation.

Not only can the experiments of this study be compared to each other, but also to other experiments

in literature. Earlier experiments in tilting flumes showed similar emerging networks and dendritic

systems growing by backward erosion (Kleinhans et al., 2012). Most other experiments in a tilting

flume however aimed at simulating different environments, usually entire estuaries. The therefore

different settings did not lead to the development of the characteristic channel growth by backward

erosion but to a similarly dynamic bar and channel pattern (Kleinhans et al., 2022; Kleinhans et al.,

2017; van Dijk et al., 2021; Weisscher et al., 2022). The backward erosion of the channels and
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expansion in landward direction is found in natural tidal flats and salt marshes (Kleinhans et al.,

2009) as well as in other experiments on tidal basins without tilting and only periodic water level

fluctuations (Stefanon et al., 2012).

5.2. Biogeomorphic feedback window in experimental salt marshes

5.2.1. Integration of concepts

The concepts on the conditions for biogeomorphic interaction by Eichel et al. (2016) (see fig. 2.1)

and Schwarz et al. (2018) (see fig. 2.2) both have some important similarities and can therefore

be integrated into one concept (see fig. 5.1). This concept keeps the timescale of geomorphic

development on the y-axis like in the concept of Schwarz et al. (2018). On the x-axis it plots

the biogeomorphic ability of plants (see fig. 5.1). This parameter is affected by many different

aspects and integrates those. As all these aspects affect the biogeomorphic effects of vegetation,

a single one of these parameters would be insufficient to represent the different effects. While

being more difficult to quantify, the biogeomorphic ability is able to represent the often existing

multiple causality in biogeomorphic systems (Stallins, 2006).

This biogeomorphic ability is affected by the vegetation cover and density, the colonisation pattern

and distribution of vegetation, the plants’ resilience and resistance to disturbances and other specific

plant traits as well as possibly other things, depending on the exact environment and species.

Vegetation cover and density generally increase the biogeomorphic ability as more vegetation has

a stronger effect. This effect is however most likely not linear, but rather logarithmically, so that

the same absolute increase has a stronger impact for a lower vegetation cover or density than

if already very much vegetation is present. This is in line with the behaviour of the equation

by Baptist et al. (2007) for flow resistance of vegetation, which was used in many studies on

biogeomorphic interactions (e.g. Brückner et al., 2019; Oorschot et al., 2016). However, the

same vegetation cover can have stronger or weaker effects, depending on its distribution, resulting

from e.g. the colonisation pattern of the dominant plant species at a certain site (Schwarz et al.,

2014; Schwarz et al., 2018). If the vegetation is concentrated in certain areas, e.g. patches, its

biogeomorphic effects are also scale dependent. Local flow velocity reduction can lead to erosion

and channel initiation around the patch, as described by Temmerman et al. (2007) and also seen in

the experiments (see fig. 4.13 c), d) and e)). Also other individual characteristics of plants than the

colonisation pattern play an important role. Not all species can act as eco-engineer, i.e. due to an

insufficient resistance or resilience (Eichel et al., 2016; Eichel et al., 2013). Salt marsh vegetation

can act as eco-engineer not only by affecting flow velocities but for example also by regulating

sedimentation (Marani et al., 2013). The biogeomorphic ability is therefore affected by many

different aspects on itself and on their interactions combined and does not necessarily correlate

linearly with the individual parameters, accounting for the complex nature of biogeomorphically

shaped systems (Stallins, 2006).
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Figure 5.1.: Concept on the conditions for biogeomorphic interactions depending on the speed of the geo-
morphic development and the biogeomorphic ability of plants.

Within the two axes defined by the geomorphic development and the biogeomorphic ability, different

zones are placed which are separated by thresholds (see fig. 5.1). The zones are similar to the

different boxes in the concept of Schwarz et al. (2018) (see fig. 2.2) whereas the thresholds

are taken from the concept of the biogeomorphic feedback window by Eichel et al. (2016) (see

fig. 2.1). The first zone is the zone of bare landscape (see fig. 5.1). A bare landscape emerges when
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the geomorphic development is too fast, so that the available vegetation is unable to colonise the

system. If the biogeomorphic ability of a species is high enough for a given geomorphic development

speed, the establishment threshold is crossed and the vegetation can settle (see fig. 5.1). The

same vegetation might not be able to settle for a faster geomorphic development whereas a slower

development can enable also species with a lower biogeomorphic ability to establish. When the

biogeomorphic ability of the vegetation in the system increases, for example by a higher coverage,

the engineering threshold can be crossed (see fig. 5.1). The vegetation then actively shapes the

landscape in interaction with the abiotic characteristics. The crossing of the engineering threshold

cannot only be achieved by an increase in biogeomorphic ability but for a given biogeomorphic

ability also by a reduction in geomorphic development speed (see fig. 5.1).

If the biogeomorphic ability is high in relation to the geomorphic development, the stabilisation

threshold can be crossed (see fig. 5.1). Then, the vegetation stabilises the landscape strongly

enough, so that the abiotic processes cannot or only barely alter it. This is often achieved by the

roots of the plants stabilising the soil and preventing erosion. But not only a high biogeomorphic

ability, for example due to a high coverage and/or density, can lead to stabilisation, also a slow

geomorphic development can enhance this (see fig. 5.1). Stabilisation of the landscape can enable

other plant species to colonise the system and lead to a succession. Such plants can have com-

petitive advantages over the engineering species in stable landscapes. Therefore, this threshold

is called the competition threshold by Eichel et al. (2016) (see fig. 2.1). In the context of salt

marshes, stabilisation can however also occur with the same species that also act as eco-engineer

(Schwarz et al., 2014; Schwarz et al., 2018). Stabilisation is thus the more suitable term than

competition.

The zone in between the engineering threshold and the stabilisation threshold marks the conditions

under which a self-organised landscape can emerge (see fig. 5.1). This is the biogeomorphic

feedback window (Eichel et al., 2016). Here, the landscape is shaped by the feedbacks between

abiotic drivers of the geomorphology and the impacts of the colonising plant species on it. This zone

can be entered and left via changes in the speed of geomorphic development or the biogeomorphic

ability of the colonising vegetation (see fig. 5.1). Outside of this window, the landscape evolution is

either dominated only by abiotic processes or only by the vegetation itself but not by the feedbacks

between the two.

All the thresholds in this concept emerge from the origin where both geomorphic development and

biogeomorphic ability are zero (see fig. 5.1). From here on they expand and the separation between

them increases. This is different from the concept of Schwarz et al. (2018) (see fig. 2.2), where

the separation between the zones was roughly parallel. The radial separation is more suitable as

a landscape where the geomorphic development is zero, is always stable no matter how this is

affected by biogeomorphic interactions. Similarly, a landscape where the biogeomorphic ability is

zero, which equals no vegetation, is always bare. The zones in between the thresholds, like the

biogeomorphic feedback window, become wider with increasing geomorphic development speed
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and/or biogeomorphic ability. More combinations can then lead to a self-organised landscape and

biogeomorphic feedbacks. All the transitions between the zones and the thresholds are not fixed of

course. The transitions are likely smooth and a landscape does not jump from one state to another

if a certain vegetation variable surpasses a certain value. The thresholds are thus rather threshold

ranges and mixed-type landscapes can occur.

5.2.2. Quantified conceptual representation of the experiments

For the classification of the experiments in the concept on the conditions for biogeomorphic inter-

actions, a semi-quantitative approach was used. As proxy for the geomorphic development speed,

the sediment that was transported between two consecutive DEMs was used (see fig. 5.2). This

is calculated as the volume of sediment that was eroded from the system in comparison to the

previous DEM. It is therefore not the eroded volume that is showcased in fig. 4.9 a), as this is

the eroded volume in comparison to the initial condition. The biogeomorphic ability was quantified

manually on an arbitrary scale (see fig. 5.2). Although it is subjective, the manual quantification is

necessary as many different variables and their individual feedbacks and combinations have effect

on the biogeomorphic ability.

The two vegetated experiments were both classified on the overall scale and the patchy experiments

also on the local scale to showcase scale-dependent differences (see fig. 5.2). For this local scale,

the area between 15.5 m and 17.5 m in x-direction and between 0.3 m and 1 m in y-direction was

used. This is the bank along the main channel where one vegetation patch fixed a bifurcation

between the main channel and a side channel for several thousand cycles (see fig. 4.7 and 4.13 g)).

The consecutive points with the respective values for the transported sediment and biogeomorphic

ability are connected by lines, so that they form a trajectory of the experiment over time (see

fig. 5.2). All experiments are characterised by a biogeomorphic ability of zero in the beginning as

no vegetation was present at the start.

The hydrochorous experiment shows a steep increase in geomorphic development speed, represented

by the transported sediment, until 3000 cycles. Sowing started at 1000 cycles but only very few

seeds could settle, so that the biogeomorphic ability was still very low, but already sufficient to

just cross the establishment threshold. 500 cycles later, biogeomorphic ability was already higher,

but still only very few seeds could settle as also the geomorphic development speed increased.

This is represented by the two dots both being only very close over the establishment threshold

(see fig. 5.2). After that, more seeds could settle, so that the biogeomorphic ability is increased

significantly. At 2500 cycles, the engineering threshold is crossed (see fig. 5.2). At this stage, the

morphology also starts to develop differently from the control experiments (see fig. 4.5 and 4.14).

The vegetation cover on the banks along the main channel was around 4 %, as mentioned earlier.

Such a low cover can thus be already sufficient to reach the engineering threshold, however it

has to occur in the right configuration. The cover was rather uniformly spread over the banks

along the main channel (see fig. 4.11) and therefore slowed down flow velocities here significantly,
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resulting in the flow being focused completely into the central main channel. This would have been

much less efficient, if the cover was concentrated in one place or not located on the main channel

banks at all, but e.g. in the landward part of the system. This highlights the importance of the

combined measure of biogeomorphic ability, since one parameter, like for example vegetation cover,

is insufficient to represent the strength of the vegetation’s biogeomorphic effects.

Figure 5.2.: Quantitative representation of the experiments in the concept on the conditions for biogeomor-
phic interactions. The sediment that was transported between two consecutive DEMs was used
as proxy for the geomorphic development. The biogeomorphic ability was quantified on an ar-
bitrary scale. The experiment with hydrochorous seed spreading showed more self-organisation
than the patchy experiment on the overall scale. Locally however, the patches could even
stabilise the landscape, at least for a certain time.
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After the peak at 3000 cycles, the transported sediment drastically decreases and in combination

with a further increased biogeomorphic ability, the trajectory of the experiment with hydrochorous

seed spreading leads from the edges and an only slightly self-organised landscape to the centre

of the biogeomorphic feedback window (see fig. 5.2). This is most likely the result of the eco-

engineering activities of the vegetation. The settling of vegetation in areas with low flow velocities

and the following further decrease in flow velocities, causes the decrease in transported sediment

while increasing the biogeomorphic ability. This positive feedback loop can only come into action

if it is closed, which is the case in the experiment with hydrochorous seed spreading. Further

development of the system might have brought it into the stabilisation zone but the experiment

was stopped at 5500 cycles.

The experiment with patchy seeding showed a different behaviour (see fig. 5.2). Initially, there

are similarities, only few seeds/patches can establish at 1000 cycles but it is sufficient to cross the

establishment threshold. Later, the trajectory also enters the biogeomorphic feedback window (see

fig. 5.2). However, the biogeomorphic ability is lower than in the experiment with hydrochorous

seed spreading, even though the vegetation cover is higher (see fig. 4.12). This again emphasises

that one aspect alone, like the vegetation cover, is insufficient to represent the vegetation’s bio-

geomorphic ability. A broader set of parameters needs to be represented, unlike in the concept of

Schwarz et al. (2018) (see fig. 2.2), which mainly relies on the timescale of vegetation colonisation.

While this still is an important factor, it is not the only one affecting the biogeomorphic ability.

The feedback loop between low flow velocities and increased flow resistance by vegetation is not

closed in the experiment with patchy seeding, as the patches are placed on randomly pre-determined

locations (see fig. 3.3) where they can cause an either positive or negative feedback. This results

in the transported sediment not decreasing significantly, but staying in a constant range, though

with high scatter (see fig. 5.2). Many patches are eroded (see fig. 4.11), which also adversely

affects the biogeomorphic ability, causing it to start decreasing at a certain point (see fig. 5.2).

Even though the patches in the experiment form a high resistance due to their density, they have a

relatively low resilience, as they are not replanted once eroded. Hydrochorously spread vegetation

however can recolonise areas if the hydrodynamic conditions allow for that again. This leads to the

trajectory of the experiment with patchy seeding leaving the biogeomorphic feedback window again

in the later stages (see fig. 5.2) even though it was entered earlier, similarly to the experiment

with hydrochorous seed spreading. Closed feedback loops between abiotic and biotic processes are

therefore crucial for the emergence of self-organised landscapes. If only vegetation affects flow

velocities by increasing the hydraulic resistance, but the hydrodynamics do not determine where

vegetation settles, a self-organised landscape cannot emerge.

This behaviour is however not independent of scale. Since the distribution of vegetation is not

uniform in the experiment with patchy seeding, it can cause a much higher biogeomorphic ability

locally. If only the part of the system between 15.5 m and 17.5 m in x-direction and 0.3 m and

1 m in y-direction is considered, the transported sediment is generally much lower of course (see
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fig. 5.2). At the same time, the biogeomorphic ability is not that much lower than on the overall

scale. This results in the area’s trajectory leading into the stabilisation zone already very early

(see fig. 5.2), which causes the bifurcation in this area to be in place without much alteration for

several thousand cycles (see fig. 4.7). In later stages, the transported sediment increases as the

main channel starts eroding its banks. The biogeomorphic ability of the plants decreases meanwhile

as their high and dense cover only causes a spatially uniform increased flow resistance for water

flowing over the area, which barely happens. Instead, the channel bank is eroded from the side

where all the plants further away from the channel have no effect. This leads to the trajectory

leaving the stabilisation zone again and entering the biogeomorphic feedback window (see fig. 5.2),

where the bank stabilisation by plants and erosion driven by the hydrodynamics both determine the

landscape evolution. Since the banks are still eroded, the hydrodynamics seem to be the dominant

power here, leading to the trajectory eventually coming close to the edge of the biogeomorphic

feedback window at the other side, close to the engineering threshold (see fig. 5.2).

This was only one example of the effects on a local scale. There might be other local examples from

the experiment with patchy seeding that would end up in the centre of the biogeomorphic feedback

window or from the experiment with hydrochorous seed spreading that do not lead there. Both, the

biogeomorphic ability and the geomorphic development speed differ in space in the experiments.

This results in the biogeomorphic feedback window not only being visible in the system development

over time but also in space throughout the system. Different parts can be in different zones and be

either stable, bare or self-organised or something in between. Often, the parts closest to the inlet

or the main channel remain bare due to the high geomorphic activity whereas sheltered areas and

the most landward part are stable and the areas in between can show a self-organised character

(see fig. 4.1, 4.3, 4.5, 4.7 and 4.14).

Biogemorphic feedbacks are therefore highly scale-dependent. The dense patches can have strong

local effects (see fig. 4.13) while on the overall scale, the vegetation distribution in the experiment

with patchy seeding is less suitable for the given hydrodynamics (see fig. 4.11), resulting in a

more self-organised landscape emerging in the experiment with hydrochorous seed spreading (see

fig. 4.14). The crucial feedback loop between low flow velocities and increased flow resistance due

to vegetation might be closed locally in the patchy experiment, namely where the random patch

locations are in line with areas where abiotic processes result in low flow velocities as well, but it

does not necessarily have to. Here, the biogeomorphic effects can be even stronger than in local

examples of the experiment with hydrochorous seed spreading due to the higher vegetation cover

and density. Therefore, many general biogeomorphic effects could be observed more clearly at

specific local sites in the experiment with patchy seeding (see fig. 4.13). The positive feedback

loop in the experiment with hydrochorous seed spreading is not as enhanced as in some local

cases in the experiment with patchy seeding, which makes the observation of clear local vegetation

effects more difficult but does result in a more self-organised landscape on the overall scale since

the feedback loop is closed everywhere.
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If parts of this feedback loop are missing, the biogeomorphic ability of the vegetation is reduced.

Its cover, density, resilience, resistance and many other aspects can be the same but its distribution

throughout the system will not be ideal for a self-organised landscape to emerge if their location

is unsuitable. Only if the landscape can fully self-organise and thus also ’organise’ the locations

suitable for vegetation growth, it can unfold its full self-organisation potential with all the accom-

panying benefits like increased resilience to different outer disturbances in a changing climate (Liu

et al., 2020; Schwarz et al., 2018).

5.3. Water levels and tidal frame

The maps of sub-, inter- and supratidal areas for all experiments (see Appendix B) are unfortunately

not all as reliable as each other or as desired. This is mainly due to the low number of measurements.

A maximum of 18 measurements is not able to account for the large morphological variability within

the system and therefore not for differences in water level on the local scale. However, the high

and low water level still follow a certain trend. They are the highest in the most landward part

of the system and decrease in seaward direction (see fig. 4.17). In later development stages

of the system, a minimum in high and low water levels occurs landward of the inlet which gets

more pronounced and moves landward with further development (see fig. 4.17). The tidal range

decreases in landward direction. Since this pattern exists, it was possible to interpolate the few

data points over the entire system area. But of course, the interpolation does not perform equally

well everywhere. In fig. 4.19, only the somewhat reasonable maps were taken into account. But

these also have areas where they are less precise. An example for this are the maps of the second

control experiment for 4500, 5000, 7000 and 8000 cycles. These are overall relatively reasonable

but show a lot of supratidal area in the landward part, which does not reflect the actual situation.

If this is considered when looking at fig. 4.19 a), a difference between vegetated and unvegetated

experiments becomes clear. A higher share of the system is supratidal in the experiments with

vegetation. This also holds, if only bare areas are considered and the errors in the landward part

of the second control experiment are excluded. Taking into account that vegetated areas can be

supratidal as well, even if they are not shown in the adjusted graph, the difference is clear (see

fig. 4.19 a)). This is in line with findings of earlier experiments (Weisscher et al., 2022) and shows

how plants act as eco-engineers. They enhance the creation of their own ideal habitat.

5.4. Comparison and evolution of channel networks

Concerning quantifications of the channel network like ΣL, Dd , mUPL or eg, all experiments were

very similar, regardless of vegetation being present or not or its colonisation pattern (see fig. 4.15).

This suggests, that such quantitative measures of channel networks in salt marshes are mainly deter-

mined by abiotic factors and not by vegetation colonisation. Even though Kearney and Fagherazzi

(2016) found more efficient networks in vegetated salt marshes, newer studies suggest that abiotic

59



5. Discussion

5.4. Comparison and evolution of channel networks

Jan-Eike Rossius

August 12, 2022

factors play a more important role in the determination of channel network properties (Liu et al.,

2022). This is also what was seen in the experiments with equal boundary conditions. Yet, there

are differences in the channel network, however, not on the scale of overall measures but on the

configuration in detail (see fig. 4.14). Such differences might suffice to make the channel network

more efficient in some cases, as found for the five systems compared by Kearney and Fagherazzi

(2016) but do not hold in general for all systems, as Liu et al. (2022) showed by analysing 14

systems.

Furthermore, it remains questionable whether the measure of geometric efficiency eg is the most

suitable to describe the efficiency of a channel network, especially in the experiments. It describes

efficiency as the ability of the network to supply the system well with a relatively short total network

length. It increases for a constant basin area when a lower mUPL is achieved with a constant ΣL, or

if ΣL can be lower and mUPL does not increase. In the experiments however, eg is the highest at the

very beginning of the system development and mainly decreases with further system development

(see fig. 4.15 d)). The very low ΣL at the start dominates over the high mUPL in the calculation

of eg. This leads to the unintuitive results of the smallest systems being the most efficient. The

relation between ΣL and mUPL might therefore need some adjustments to accurately describe

efficiency over different stages of development. An adjusted individual weighting of the two main

drivers ΣL and mUPL might however result in a dimensional parameter, which limits comparability

across different scales.

Figure 5.3.: Evolution of the total network length ΣL in the experiments and at Skallingen, Denmark, as
found by Bartholdy et al. (2018)
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The channel network expansion happens logarithmically (see fig. 4.15 a)). This can also be ob-

served in the development of natural salt marshes (Bartholdy et al., 2018). A comparison of the

development of the experiments with the development of the salt marshes at the back-side of the

Skallingen spit in Denmark, which started developing around the year 1900 (Bartholdy et al., 2018),

shows that the system evolution in the experiments can represent a natural salt marsh development

over a few hundred years (see fig. 5.3). But of course, the speed of salt marsh development and

channel network expansion can differ significantly between sites in nature.

5.5. Comparison with natural salt marshes

Within this project, experimental salt marshes were successfully created for the first time. The

experimental systems, especially the vegetated ones, show some major similarities with real salt

marsh systems. Large natural salt marsh systems often have a main trunk channel which penetrates

relatively straight far into the system. Several side channels branch off from these main channels

and are generally much smaller than the main channel (see also fig. 2.3). This was also visible

in both vegetated experiments. Unvegetated intertidal systems on the other hand, often show a

split-up into several channels more equally wide already close to the inlet or edge of the system

(Kearney & Fagherazzi, 2016). Channels in these systems also do not reach the most landward

parts of the system, unlike in vegetated marshes where usually the entire system is dissected by

channels of various sizes. This is in line with the differences between vegetated and unvegetated

experiments in this study.

But of course there are some major differences between the experimental systems and real world

salt marshes as well. A first difference is that the experimental systems emerge by eroding an

initially higher surface and carve their channels into the bed, exporting sediment. Natural salt

marshes, however, usually are importing systems where sediment is deposited (Bartholdy et al.,

2018) and channels emerge where the hydrodynamic conditions do not allow for deposition. But

erosion of sediment by channels also occurs, especially with lateral and upstream channel migration

and expansion (Bartholdy et al., 2018; Bij de Vaate et al., 2020; Schwarz et al., 2014). This

expansion also takes place via backward eroding steps (Kleinhans et al., 2009), similarly to the

backward erosion in the experiments. The elevation of the marsh platform is determined by the

sediment availability and the species present, as these also actively determine the platform elevation

by biogeomorphic feedbacks and biological sedimentation (Marani et al., 2013). Natural salt marsh

sediments are usually fine and cohesive (Allen, 2000), which marks another difference to the

experiments, where a poorly sorted and relatively coarse sand is used. This is however necessary

to limit scale effects (Kleinhans et al., 2017).

The species used in the experiments are another major difference. Studies have shown that bio-

gemorphic effects can be very species specific (Bij de Vaate et al., 2020). Unfortunately, real salt

marsh species like Spartina anglica or Salicornia europaea are unsuitable for the use in laboratory
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experiments. The species used, Lotus pedunculatus, has been used successfully in the past and is

a suitable plant for scaled landscape experiments (Kleinhans et al., 2022; Lokhorst et al., 2019;

Weisscher et al., 2022). Only one species is used, which also does not represent the diversity of

natural salt marshes (Allen, 2000; Boorman, 1999). However, when tidal flats are initially colonised

by vegetation, this is usually done by a single species and other species follow later (Schwarz et al.,

2018). The colonisation by different species is also dependent on elevation and inundation fre-

quency (Allen, 2000). Here, the spring-neap cycle of natural tides can have a significant effect,

which is absent as well in the experiments.

A major difference in the resulting morphology is that channels in real salt marsh systems are

usually much longer and also much more sinuous. The length of channels in the experimental

system is limited by the basin dimensions and the tilting period. Longer systems are unsuitable

because not all the water can be drained through the inlet then. Wider inlets are not useful as

the width of the flume is limited and the system would reach the hard boundary condition of the

flume walls too fast. The lower sinuosity of the channels is likely to be connected to the fact that

the tilting of the flume drives the flow. This tilting of course always happens over the same axis

and therefore imposes a gradient in a single direction whereas water surface gradients in natural

systems are not necessarily oriented in one single direction from landward to seaward. The tilting

is, however, generally a suitable method to simulate tidal systems and the one that imposes the

least scale effects (Kleinhans et al., 2012; Kleinhans et al., 2017). Another effect of the tilting

and the single gradient direction is the emerging shape of the system in the early stages. The

channel networks then have a similar shape to a coniferous tree. In natural systems where water

surface gradients are theoretically only dependent on distance from the inlet, such a shape would

not develop. Instead, a more hemispherical shape would develop (Boechat Albernaz et al., 2021).

This effect is especially visible in the early stages but of course continues later as well and might

therefore affect the morphology.

The tilting and the erosional character of the experimental systems might not make them perfectly

comparable to nature. This shows for example when certain measures and characteristics of the

channel network are compared to those of natural systems (Kearney & Fagherazzi, 2016; Liu et

al., 2020). The drainage density of the systems is very high, even considering the small scale,

the geometric efficiency in the experiments is generally lower than in natural salt marshes and

more comparable to unvegetated systems (Kearney & Fagherazzi, 2016). This implies an over-

representation of channels and an, in relation, smaller marsh platform. A lower tilting amplitude

might lead to a more reasonable channel development if vegetation is added at the same speed.

This would however significantly lengthen the duration of one experiment which makes it practically

much less feasible, also due to the emergence of mold and other adverse effects like cohesion caused

by algae that occur in vegetated experiments over time. This mismatch between the timescale of

channel development and that of vegetation colonisation can also be found in the comparison

with the salt marsh development at Skallingen (Bartholdy et al., 2018). While the timescale of

the channel development might be comparable to a few centuries of natural development, the
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vegetation cover that was observed in the experiments (see fig. 4.12) was, even in the experiment

with patchy seeding, much lower that that of a centuries-old natural salt marsh, where often the

entire system with exception of the narrow channels themselves, is densely vegetated (Bartholdy

et al., 2018) (see also fig. 2.3).

While the comparability to nature might thus be limited, the experiments are still very comparable

to each other and the main conclusions are still valid. However, there is one important difference

to note regarding the main conclusion. The patch locations in the experiment were determined

randomly in advance of the experiment, which resulted in the experiment with patchy seeding

showing a less self-organised landscape due to missing feedbacks. This does however not imply that

natural systems colonised by species like Spartina anglica, that tend to grow in a patchy pattern,

will be less self-organised as well. In nature, patch locations are determined by the hydrochorous

spread of seeds and the establishment of vegetation in suitable conditions. Less self-organised

landscape therefore do not emerge where patchy patterns are dominant but where the feedback

loop between hydrodynamics and vegetation growth is not closed. Patchy patterns can even lead

to more self-organised landscapes if the necessary conditions concerning geomorphic development

speed and biogeomorphic ability are met (Schwarz et al., 2018).

5.6. Implications for salt marsh restoration and future research

While the locations for vegetation growth are always determined by hydrodynamics in completely

natural salt marsh systems and feedback loops are therefore closed, this does not necessarily have

to be the case in restoration projects. The feedback loop can remain open if locations of vegetation

are not determined naturally, for example if vegetation is planted manually, but it is also conceivable

that channels are not in the place where they would emerge naturally. This is also suggested by

Vaassen (2022). Salt marsh restoration sites are often characterised by pre-existing ditches which

serve as initial tidal channels (Vandenbruwaene et al., 2012). In some cases, these can quickly start

to meander and migrate (Wolters et al., 2005) and thereby eroded already established vegetation.

While Wolters et al. (2005) still advocate for the construction of channel to increase the success

of restoration measures as they enhance sedimentation rates and nutrient supply, the results of

this study suggest that this has to be done very carefully. The result of such man-made channels

might otherwise be a less self-organised landscape with a higher share of bare areas. Self-organised

landscapes are usually more resilient and are dissected by a more efficient channel network (Kearney

& Fagherazzi, 2016; Liu et al., 2020). This is especially important in a changing climate and with

rising sea levels, as the sufficient supply of sediment to the salt marshes is highly dependent on

the proximity to channels (Temmerman et al., 2005; C. Wang et al., 2021). Artificial channel

construction might therefore enhance the initial development, especially in highly consolidated

sediments (Wolters et al., 2005) but might have adverse long-term effects as these channels are

not necessarily in the place where they would emerge naturally, so that not all natural feedbacks

are included.
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Further research is necessary to understand the effects of complete and incomplete biogeomorphic

feedbacks on the landscape, its development and the implications thereof for the artificial restoration

of natural landscapes. As salt marshes can store high amounts of carbon (Mcleod et al., 2011;

Mossman et al., 2021; Ouyang & Lee, 2014), their restoration forms a suitable measure to mitigate

climate change. In order for this to be successful, the marshes need to be and stay vegetated, for

which a suitable channel network is crucial. Factors determining their development and location

thus need better understanding.

Possibilities for future experiments in the Metronome include experiments where patch locations

are determined by hydrochorous spreading. These patches could then be expanded in a similar way

as in the experiment conducted within the scope of this research. The resulting morphology might

be more self-organised and shaped by biogeomorphic feedbacks than the experiments presented

here. Experiments could also try to mimic restorations measures more closely, for example by

creating initial channels and some patches to start with. Further patch locations could then be

chosen individually for each sowing event based on the morphological development. The choice

might be subjective then but could aim to sow at locations where patch establishment would be

likely in nature. In such a way, it could be investigated, whether a restoration measure with artificial

channels and intensive monitoring can be as successful as natural development while maybe being

able to speed up the initial establishment of salt marsh vegetation.
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6. Conclusion

The four experiments studied in this thesis have shown some notable similarities but also differences,

depending on the presence and colonisation pattern of vegetation. Vegetation stabilises banks and

slows down flow, causing it to be focused in a clear, straight main channel, thereby enhancing the

further landward expansion of the system. The split-up into several channels, and thus also the

area with the most eroded surface area and channels per cross-section, occurred further landward

in the vegetated experiments.

This behaviour was more clearly visible in the experiment with hydrochorous seed spreading than in

the experiment with patchy seeding. This can be explained by the positive feedback loop between

low flow velocities, the establishment of vegetation and the resulting further reduction of flow

velocities. It was complete in the experiment with hydrochorous seed spreading but the loop

remained open in the experiment with patchy seeding since the patch locations were randomly

pre-determined. A classification in the integrated concept on the conditions for biogeomorphic

interactions clarifies these differences. The experiment with patchy seeding is characterised by

a lower biogeomorphic ability. In combination with a more active geomorphic development, this

results in it reaching only the edge of the biogeomorphic feedback window whereas the experiment

with hydrochorous seed spreading reaches the centre of the biogeomorphic feedback window.

This is however not independent of scale. Locally, the experiment with patchy seeding even showed

stabilisation, due to the relatively high vegetation cover and density in the patches. Despite that,

the locations of the patches are not always ideal and their biogeomorphic ability on the overall scale

is lower, shown by the large-scale erosion of patches. The missing feedback between hydrodynamics

and the location of vegetation establishment thus results in a less self-organised landscape, showing

how crucial complete feedback loops are for biogeomorphic interactions. This needs to be taken

into account in possible salt marsh restoration measures. The creation of artificial channels in

pre-determined locations might be as sub-optimal as the planting of patches in random locations.

Despite the morphological differences, quantitative measures of the overall systems, like eroded

volume, drainage density, mean unchannelled path length or geometric efficiency, were fairly similar.

Differences between the experiments were insignificant, showing that these are mainly determined

by hydrodynamic boundary conditions, but also underlining the comparability of the experiments.

Differences only became visible when the variables mentioned above were analysed along the flume,

showing the further landward expansion of the vegetated systems. Vegetation also amplified the

emergence of supratidal area, wheres differences in sub- and intertidal area were insignificant.
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A. Channel network maps
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Figure A.1.: Maps of the digitised channel networks in all timesteps of the first unvegetated control experi-
ment. Black lines indicate the channels.
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Figure A.2.: Maps of the digitised channel networks in all timesteps of the second unvegetated control
experiment. Black lines indicate the channels.
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Figure A.3.: Maps of the digitised channel networks in all timesteps of the experiment with hydrochorous
seed spreading. Black lines indicate the channels.
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Figure A.4.: Maps of the digitised channel networks in all timesteps of the experiment with patchy seeding.
Black lines indicate the channels.
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Figure B.1.: Maps of sub-, inter- and supratidal area in the first unvegetated control experiment based on
water level measurements. The sign in the landward part indicates the map’s quality with a
green +, yellow o and red x indicating good, medium and bad quality, respectively.
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Figure B.2.: Maps of sub-, inter- and supratidal area in the second unvegetated control experiment based
on water level measurements. The sign in the landward part indicates the map’s quality with
a green +, yellow o and red x indicating good, medium and bad quality, respectively. The map
for 500 cycles is not shown because all measurements were of poor quality.
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Figure B.3.: Maps of sub-, inter- and supratidal area in the experiment with hydrochorous seed spreading
based on water level measurements. The sign in the landward part indicates the map’s quality
with a green +, yellow o and red x indicating good, medium and bad quality, respectively.
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Figure B.4.: Maps of sub-, inter- and supratidal area in the experiment with patchy seeding based on water
level measurements. The sign in the landward part indicates the map’s quality with a green +,
yellow o and red x indicating good, medium and bad quality, respectively.
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Figure C.1.: Positions and reliability of water level measurements in the first unvegetated control experiment.
The positions of the measurements are marked by crosses. Their colour indicates the evaluated
reliability. Green indicates reliable high and low water levels, yellow only reliable high water
levels and red indicates that both, high and low water levels, are not reliable. There were
no measurements where only the low water level was reliable. Additional measurements were
conducted seaward of the delta at 19.5 m in x-direction with the same respective positions in
y-direction in the corresponding time step. These measurements almost always gave reliable
high and low water levels. The measurements in the last time step were conducted shortly
before the DEM was taken, instead of afterwards.
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Figure C.2.: Positions and reliability of water level measurements in the second unvegetated control exper-
iment. The positions of the measurements are marked by crosses. Their colour indicates the
evaluated reliability. Green indicates reliable high and low water levels, yellow only reliable high
water levels and red indicates that both, high and low water levels, are not reliable. There were
no measurements where only the low water level was reliable. Additional measurements were
conducted seaward of the delta at 19.5 m in x-direction with the same respective positions in
y-direction in the corresponding time step. These measurements almost always gave reliable
high and low water levels. There are no measurements in the last time step since measurements
were always done when the experiment was continued after a DEM was taken.
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Figure C.3.: Positions and reliability of water level measurements in the experiment with hydrochorous seed
spreading. The positions of the measurements are marked by crosses. Their colour indicates
the evaluated reliability. Green indicates reliable high and low water levels, yellow only reliable
high water levels and red indicates that both, high and low water levels, are not reliable. There
were no measurements where only the low water level was reliable. Additional measurements
were conducted seaward of the delta at 19.5 m in x-direction with the same respective positions
in y-direction in the corresponding time step. These measurements almost always gave reliable
high and low water levels. There are no measurements in the last time step since measurements
were always done when the experiment was continued after a DEM was taken.
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Figure C.4.: Positions and reliability of water level measurements in the experiment with patchy seeding.
The positions of the measurements are marked by crosses. Their colour indicates the evaluated
reliability. Green indicates reliable high and low water levels, yellow only reliable high water
levels and red indicates that both, high and low water levels, are not reliable. There were
no measurements where only the low water level was reliable. Additional measurements were
conducted seaward of the delta at 19.5 m in x-direction with the same respective positions in
y-direction in the corresponding time step. These measurements almost always gave reliable
high and low water levels. There are no measurements in the last time step since measurements
were always done when the experiment was continued after a DEM was taken.
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