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明日は明日の風が吹く

Japanese proverb

(lit. “Tomorrow’s winds will blow tomorrow”)

“Tomorrow is another day.”





Summary

Estuaries form in drowned landscapes where rivers transition into the sea and come in a broad range of
shapes and sizes. Previous efforts to categorise these tidal systems used the relative importance of rivers,
waves and tides. However, this left differences due to the history of these systems largely unexplained,
particularly the degree of estuary filling. Some estuaries have been completely filled, whilst others have
been only partly filled or are still unfilled since sea-level rise slowed down during the Holocene. Until
now, only two kinds of steady-state estuaries are recognised in the literature, namely (1) an unfilled
lagoonal estuary with limited sediment supply and dynamics and (2) a completely filled estuary with
an ideal upstream-converging shape.

A mechanism that could explain the diversity in estuary filling is well-known in rivers: floodplain
formation. Fluvial studies showed that floodplain formation with mud and vegetation confines flow
and fills accommodation, where a stronger tendency to form floodplains leads to narrower steady-
state rivers that are meandering and laterally fixed, as opposed to wide and unconfined braiding. In
this thesis, the parallels with estuaries are explored, where mud and vegetation are present in the form
of mudflats and salt marshes. A recurring research question is to what extent these tidal floodplains
influence the steady state of entire estuaries. Improved understanding of how estuaries evolve will lead
to knowledge on how to design effective strategies of building and raising new land along estuaries to
keep up with sea-level rise.

This thesis studied the effects of mud and vegetation on floodplain formation in meandering rivers
and filling estuaries. Firstly, the necessary conditions for floodplain formation were studied for
meandering rivers with chute channels (Chapter 2). Next, self-forming estuaries were created in the
flume “the Metronome”. As measurements of shallow flow in the experiments were practically
infeasible, a flow model was tested and validated to derive data on water depth and flow velocity
(Chapter 3). This model was used in the analyses of experiments of filling estuaries with mud and
vegetation (Chapter 4) and sea-level rise (Chapter 5). Lastly, transitional polders between double
dikes were modelled along the Western Scheldt Estuary (NL) to cause land-level rise (Chapter 6).

The river modelling with self-forming vegetated floodplains (Chapter 2) showed that a balance
emerges between floodplain formation and destruction, and this balance determines the emergent
channel and bar pattern. To reach this balance in a short model domain, a continuous inflow
perturbation was necessary but had a negligible effect on the emergent channel and bar pattern. With
increasing vegetation density, a continuum of rivers was formed between braided and meandering
with chute channels.

By means of estuary experiments, it was studied (Chapter 4) to what extent such a balance in
floodplain formation and destruction also influences the steady states of estuaries. The estuary
experiments started as wide, deep lagoonal estuaries that filled in with fluvial and marine sediments.
With only sand, the estuary filled sufficiently to form a multi-channel pattern with intertidal bars.
Mud filled accommodation in the intertidal-to-supratidal reach. Compared to the experiments
without vegetation, the vegetation channelised flow, which increased sediment transport in the
upstream direction. Mud and vegetation narrowed the subtidal channels in the upstream direction,
where the extent of intertidal and supratidal areas was governed by the balance between floodplain
formation and destruction. This suggests that a range of steady states exist between the end-members
of an unfilled and a completely filled estuary. Fast sea-level rise was applied in a new filling estuary
experiment with otherwise the same conditions (Chapter 5) and caused sediment deposition closer to
its marine and fluvial sources. As a result, the central part of the estuary became sediment-starved
and subsequently drowned with fewer locations available for vegetation establishment.
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Tidal floodplain formation fastened land-level rise in experiments and was tested further in a
numerical model of the Western Scheldt Estuary (Chapter 6), where transitional polders (in Dutch:
wisselpolders) are being considered to raise low-lying land. Four polders were added to the Western
Scheldt and tested for different opening sequences and inlet widths. Findings showed land-level rise
in all configurations. Transitional polders opened in an upstream-to-downstream sequence resulted
in stronger shallowing of the estuary and hence in smaller tidal ranges than a
downstream-to-upstream sequence, suggesting the opening sequence can play a part in managing
flood risk. Polders opened later in a sequence temporarily experienced a lag in mud deposition, and
net sand import was smaller for polders with a wide foreshore due to deeper inlet erosion.

This thesis proposes that tidal floodplains (i.e. mudflats and salt marshes) promote the filling of
estuaries, where the balance between floodplain formation and destruction determines the steady
state of an estuary. A stronger tendency to form floodplains results in a narrower estuary, similarly to
how more extensive floodplains transform rivers from braided to meandering. Fast sea-level rise will
probably enhance floodplain destruction in estuaries, which asks for effective strategies such as
transitional polders to retain sediments, raise land and maintain ecologically valuable intertidal areas.
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Samenvatting

Estuaria, ook wel riviermondingen genoemd, zijn waterrijke landschappen waar rivieren overgaan in
de zee en komen voor in allerlei vormen en maten. Deze landschappen worden veelal gevormd door
rivieren, golven en het getij, en de verhouding van deze drie invloeden gebruikt men doorgaans om
riviermondingen onder te verdelen in verschillende klassen. Zo zijn er bijvoorbeeld riviermondingen
die voornamelijk hun vorm te danken hebben aan de golven, terwijl andere juist grotendeels gevormd
worden door het in- en uitgaande getij. Gezamenlijk voeren de rivieren, golven en het getij zand en
slib aan, wat in veel gevallen zorgt voor de langzame opslibbing en verlanding van deze landschappen.
Desondanks zijn deze drie invloeden niet toereikend om alle verschillen tussen riviermondingen te
verklaren, en dan met name de mate van opvulling. Waar het ene estuarium grotendeels is afgevuld
met zand en slib, zijn andere maar gedeeltelijk afgevuld of nog compleet ongevuld. Dit suggereert dat
ook interne mechanismen belangrijk zijn voor de ontwikkeling van riviermondingen.

Een mechanisme dat de verschillen in de mate van opvulling van estuaria kan verklaren, komt uit
de hoek van rivieren: de vorming van overstromingsvlakten (ook wel uiterwaarden genoemd). Eerder
onderzoek in rivieren toonde aan dat de vorming van overstromingsvlakten met slib en planten de
stroming vernauwt en het omliggende landschap opvult. Dit betekent dat een snelle vorming van
uiterwaarden leidt tot een smalle geul die meandert of vast ligt in het landschap, in tegenstelling tot
onbegrensde rivieren die juist breed zijn en uit meerdere geulen bestaan. In deze thesis beschrijf ik de
parallellen tussen rivieren en riviermondingen, waarbij slib en vegetatie ook aanwezig zijn in
riviermondingen in de vorm van slikken/wadplaten en schorren/kwelders. Een terugkerende
onderzoeksvraag is in hoeverre de vorming van overstromingsvlakten de uiteindelijke vorm en
grootte van riviermondingen bepaalt. Een beter begrip van hoe estuaria ontwikkelen kunnen we
vervolgens gebruiken om effectieve maatregelen te ontwerpen om het land langs riviermondingen
mee te laten groeien met de stijgende zeespiegel.

In deze thesis onderzocht ik de effecten van slib en vegetatie op de vorming van overstromings-
vlakten in rivieren en estuaria. Eerst ging ik op zoek naar de condities die nodig zijn om uiterwaarden
te laten ontstaan langs meanderende rivieren (hoofdstuk 2). Hierna liet ik gehele riviermondingen
ontstaan op kleine schaal in een laboratorium. Aangezien het meten van de ondiepe getijdestroming
niet mogelijk was in de experimenten, heb ik een computermodel opgezet en getest om waterdieptes
en stroomsnelheden uit mijn schaalexperimenten te halen (hoofdstuk 3). Dit model kon ik vervolgens
gebruiken om de experimenten van opvullende estuaria met slib en vegetatie (hoodstuk 4) en
zeespiegelstijging (hoofdstuk 5) verder te analyseren. Als laatste paste ik de kennis van de eerdere
hoofdstukken toe in computermodellen om hoger land (ook wel: landspiegelstijging) langs de
Westerschelde te creëren (hoofdstuk 6).

Het modelleren van rivieren met begroeide uiterwaarden (hoofdstuk 2) liet zien dat er een balans
ontstaat tussen de vorming en afbraak van uiterwaarden en dat deze balans het aantal geulen en
zandbanken in de rivier bepaalt. Om deze balans in een computermodel te bereiken, liet ik het
instroompunt van de rivier wiebelen. Deze verstoring was nodig om het meanderen op te starten,
maar had verder geen noemenswaardig effect op hoe de rivier zich ontwikkelde. Verder toonde de
modelstudie aan dat meer vegetatie leidt tot een overgang van een rivier met meedere geulen naar een
rivier met een enkele, meanderende geul.

In schaalexperimenten van estuaria bestudeerde ik hoe de balans tussen de vorming en afbraak van
overstromingsvlakten de uiteindelijke vorm van estuaria beïnvloedt (hoofdstuk 4). De experimenten
begonnen als een brede, diepe, verdronken vallei met een riviertoevoer aan de bovenstroomse rand
en een opening naar de zee aan de benedenstroomse rand. Vervolgens zorgde de aanvoer van zand en
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slib vanuit de rivier en de zee voor de opvulling van het estuarium. Het zandige estuarium
importeerde genoeg zand om hoge zandbanken te vormen met veel tussenliggende geulen. Slib vulde
met name de ruimte in het gebied tussen de laag- en hoogwaterstand. Vegetatie zorgde voor een
vernauwing van de getijdestroming, waardoor meer zand en slib naar het land werd vervoerd. De
vorming van de modderige en begroeide overstromingsvlakten droeg bij aan het vernauwen van de
diepe getijdegeulen en bepaalde de grootte van de slikken/wadplaten en schorren/kwelders. Dit
betekent dat het interne mechanisme om overstromingsvlakten te vormen mede bepaalt in hoeverre
een estuarium opvult. In een vervolgonderzoek (hoofdstuk 5) paste ik snelle zeespiegelstijging toe op
eenzelfde experiment van een opvullende riviermonding met slib en vegetatie. De zeespiegelstijging
zorgde ervoor dat zand en slib minder ver de riviermonding in werd vervoerd; oftewel, zand en slib
hoopte op nabij de riviertoevoer en nabij het getijdegat (de connectie met de zee). Hierdoor ontstond
een tekort aan sediment in het centrale gedeelte van de riviermonding, waardoor dit gedeelte steeds
dieper werd en daar minder plekken waren waar vegetatie zich kon vestigen.

De vorming van overstromingsvlakten in riviermondingen leidde tot snellere landspiegelstijging in
de experimenten en dit principe toetste ik in een computermodel van de Westerschelde
(hoofdstuk 6). Momenteel denkt men na om langs de Westerschelde wisselpolders aan te leggen om
het ingeklinkte land te verhogen. Wisselpolders zijn bestaande stukken land die tijdelijk worden
vrijgegeven aan het getij. Zodra er voldoende zand en slib is ingevangen, kan de polder weer worden
gesloten en uiteindelijk terugkeren naar z’n oorspronkelijke functie. In deze thesis voegde ik vier van
deze polders toe aan de Westerschelde om te testen of de volgorde van het openen van deze polders,
evenals de breedte van de inlaat, uitmaakt voor hoe snel zand en slib worden ingevangen. In alle
scenario’s was er sprake van landspiegelstijging. Het openen van wisselpolders van bovenstrooms
naar benedenstrooms zorgde voor meer verondieping van het estuarium en daardoor voor een
kleinere getijdeslag dan een openingsvolgorde van benedenstrooms naar bovenstrooms. Dit
suggereert dat de volgorde van het openen van wisselpolders een rol kan spelen in het beheersen van
overstromingsrisico’s. Wisselpolders die als tweede of later werden geopend, hadden een tijdelijke
vertraging in het invangen van slib. Verder was de aanvoer van zand naar een wisselpolder kleiner als
deze achter een brede vooroever lag vanwege diepere erosie ter hoogte van de inlaat.

Met deze thesis stel ik voor dat overstromingsvlakten (slikken/wadplaten en schorren/kwelders) de
opvulling van estuaria bevorderen, waarbij de balans tussen de vorming en afbraak van
overstromingsvlakten de uiteindelijke vorm van een riviermonding bepaalt. De vorming van grotere
overstromingsvlakten leidt tot smallere riviermondingen, vergelijkbaar met hoe dit in rivieren leidt
tot smallere geulen die gaan meanderen. Snelle zeespiegelstijging zal waarschijnlijk de afbraak van
overstromingsvlakten in riviermondingen vergroten. Dit vraagt dus om effectieve maatregelen,
bijvoorbeeld wisselpolders, om landspiegelstijging te verwezenlijken en ecologisch belangrijke
intergetijdegebieden tussen laag- en hoogwater te behouden.
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Introduction

Chapter 1 | Introduction

1.1 Context
Estuaries form in drowned, geologically inherited landscapes where rivers transition into the sea
(Fig. 1.1) and come in an array of shapes and sizes. The transition from a river to the sea results in an
along-channel gradient in an estuary from river-dominated discharge to tidal flow (e.g. Dalrymple
et al., 1992). These river and tidal flows deliver sediment to an estuary, where it accumulates and is
used to form intertidal bars, mudflats and salt marshes (Fig. 1.1). Hence, estuaries are commonly
regarded as natural sinks for sediment (Dalrymple et al., 1992; Savenije, 2015; Dronkers, 2017).

Previous efforts to classify the many shapes of estuaries used the relative importance of rivers, waves
and tides (Fig. 1.2) (Boyd et al., 1992; Yang et al., 2005). This led to the conceptual distinction between
tide-dominated and wave-dominated estuaries, and (wave-dominated) lagoons that have a negligible
river discharge and sediment input. These tidal environments are placed on a continuum between
coastal tidal flats and strandplains without a river influence, and deltas (Fig. 1.2b). Yet, the broad classes
of wave- and tide-dominated estuaries leave differences due to the history of these tidal systems largely
unexplained, particularly the degree of estuary filling. Since sea-level rise slowed down during the
Holocene, some estuaries have been completely filled, whilst others have been only partly filled or are
still unfilled (e.g. Roy et al., 1980; Dalrymple et al., 1992; Féniès and Faugères, 1998; Clement et al.,
2017; De Haas et al., 2018). As a result, there are large differences that remain unexplained in e.g.
the areal extent of mudflats and salt marshes, and the channel and bar pattern, ranging from a multi-
channel network to a single channel (see Fig. 4.1 for examples with different degrees of filling). A
possible process that may further explain these difference in estuary morphology is estuary filling. The
more an estuary is filled, themoremudflats and salt marshes and fewer, narrower tidal channels tend to
be observed. However, the previous focus in literature on estuary filling from a geological perspective
(e.g. Roy et al., 1980; Dalrymple et al., 1992) paid little attention to (1) how the process of estuary filling
with sand, mud and vegetation takes place, and (2) how this influences the channel and bar pattern on
a scale of entire estuaries.

A mechanism that could explain the diversity in estuary filling is well-known in rivers: floodplain
formation. Rivers, similar to estuaries, fill their accommodation with sandy and muddy sediments
and vegetation. Rivers tend to build floodplains of mud and vegetation which are raised by sediment
supply during regular floods (Ferguson, 1987; Tal and Paola, 2010; Van Dijk et al., 2013a; 2013b).
Meanwhile, laterally migrating channels and large floods rework part of the floodplains, resulting in a
balance between floodplain formation and destruction (Fig. 1.1) (e.g. Braudrick et al., 2009;
Van Oorschot et al., 2016). With decreasing stream power, this balance tilts towards stronger
floodplain formation, which leads to narrower steady-state rivers (Nicholas, 2013). Accordingly, a
continuum of steady-state rivers is recognised ranging from braided to meandering to laterally fixed
(Leopold and Wolman, 1957; Kleinhans and Van den Berg, 2011) and from multi-channel to
single-channel systems (Nanson and Knighton, 1996). For clarification, a steady state equilibrium is
considered a geomorphic open system that self-maintains a constant form with continuous
throughput of material and energy despite all but the largest perturbations (Thorn and Welford, 1994;
Huggett, 2016). In geomorphological nomenclature, this state is commonly also referred to as
‘dynamic equilibrium’ (Zhou et al., 2017). However, general systems terminology prefers the term
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Figure 1.1 Conceptual model of the initial and boundary conditions that shape meandering rivers
and estuaries, including river discharge, waves, tides, sea-level rise, inherited geological constraints
and fluvial and marine sediment input. It remains unclear how these boundary conditions, together
with muddy and vegetated floodplain formation and destruction and human impact, determine the
steady state of estuaries in terms of the degree of estuary filling and associated channel width.

‘steady state’ for complex, open, entropy-driven systems to ‘dynamic equilibrium’, because the latter is
considered more appropriate for closed systems (Thorn and Welford, 1994; Huggett, 2016).

So, the formation of muddy and vegetated floodplains influences the steady state of rivers by
confining flow and filling accommodation. This raises the question whether mud and vegetation also
influence the steady state of estuaries. Parallels can be drawn in floodplain formation between rivers
and estuaries. Floods brings in fines (rivers: Kleinhans et al., 2018; tidal systems: Braat et al., 2017;
2019) and the decreasing inundation stress away from the main channels favours a gradient of
thriving vegetation species (rivers: Van Oorschot et al., 2016; Solari et al., 2016; tidal systems:
Brückner et al., 2019; Boechat Albernaz et al., 2020). Whilst rivers generally experience floods on a
yearly basis, tidal environments have tidal flooding daily. The water levels associated with these daily
floods depend on e.g. the spring-neap cycle and atmospheric controls, and contribute to the develop-
ment of mudflats and salt marshes. On a scale of a single intertidal bar or flat, these “tidal floodplains”
seem largely analogous to floodplains in rivers in how they influence the morphodynamics. Firstly,
mudflats and salt marshes can cover mid-channel bars and flanks on the outer banks, where they
confine tidal systems (Braat et al., 2017). Secondly, salt marshes stabilise the bed and increase the
hydraulic roughness, which promotes sediment deposition and further filling of accommodation
(Temmerman et al., 2007; Lokhorst et al., 2018; Brückner et al., 2019). Besides, salt marshes play a
vital part in attenuating the tide, waves and storm surges (e.g. Gedan et al., 2011; Barbier et al., 2013;
Duarte et al., 2013; Temmerman et al., 2013). However, on a scale of entire estuaries, it still remains to
be investigated whether the two floodplain mechanisms of confining flow and filling accommodation
also influence the steady state of estuaries.

This knowledge gap asks for a better grasp of the natural processes that shape estuaries. This is
essential to determining the impact of human interventions, especially in light of future sea-level rise.
Many estuaries were confined by land reclamation and embanked by dikes, which has worsened flood
risk in two ways. Channel confinement increases the amplification of the tide, causing higher water
levels during flood (e.g. Van der Spek, 1997; Friedrichs, 2010), and the dikes inhibit the accretion of
sediment on floodplains that is needed to compensate for background subsidence (Berendsen, 2004;
Kirwan and Megonigal, 2013). Consequently, channelised waterways and the sea slowly become
super-elevated above the surrounding embanked floodplains (Chen et al., 2015), which leads to
drowning issues and a vicious cycle of raising and reinforcing dikes to reduce flood risk (Pinter et al.,
2008). Therefore, the current dike system is deemed unsustainable for river and estuary management
(Castellarin et al., 2011; Remo et al., 2012) and the focus slowly switches to more “soft”
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Figure 1.2 Classification of clastic coastal environments. (a) The three-dimensional prism, modified
fromBoyd et al. (1992), shows how the relative influence of rivers, waves and tides translates to different
coastal environments of deltas, estuaries and coasts that may change over time under conditions of
progradation and transgression. (b) An updated version of the prism, modified fromYang et al. (2005),
that distinguishes between different kinds of estuaries and rivers based on their relative dominant
forcing.

building-with-nature approaches that expand fluvial floodplains and intertidal storage area to reduce
flood risk, drive land-level rise and improve biodiversity (e.g. Wolters et al., 2005; Rijke et al., 2012;
Van der Deijl et al., 2017; Baptist et al., 2021; Gourgue et al., 2022). However, to oversee how these
approaches, as well as dikes, dams and revetments, affect present-day managed estuaries, a deeper
understanding is required of how estuaries naturally adapt to changing boundary conditions.

Therefore, this thesis first turns to landscape reconstructions of former and present-day estuaries
in section 1.2, which form a geological archive of how estuaries developed under different initial and
boundary conditions. This will form a basis for the development of hypotheses on which factors affect
estuary filling and how this may affect the steady states of estuaries.

1.2 Coastal palaeo-landscape reconstructions

Reconstructions of former coastal landscapes show how estuaries started to fill as sea-level rise
levelled off during the Middle Holocene around 8,000 years before present. These reconstructions
revealed different kinds of estuary filling with sand, mud and vegetation depending on the boundary
conditions (e.g. Heap and Nichol, 1997; Wilson et al., 2007; De Haas et al., 2018). For example, the
classic facies models for wave-dominated estuaries (Roy et al., 1980; Nichol, 1991; Dalrymple et al.,
1992) describe estuary filling of a muddy back-barrier basin overridden by a bay-head delta, salt
marshes, floodplains and peatlands (Fig. 1.3). This development was found for large (40–100 km
long) systems with little river discharge and sediment supply, and resulted in a progressively narrower
estuary. In contrast, incised-valley fills with a large sand input from the rivers and the sea, such as the
Manawatu valley (Clement et al., 2017), lack a muddy back-barrier deposit and instead have a thick
tidal sand deposit with mud drapes formed by large tidal bars and flats. Alternatively, geologically
constrained estuaries may lack a central basin deposit altogether (Abrahim et al., 2008), whilst in
some alluvial estuaries the bay-head delta deposit is nearly absent (e.g. De Haas et al., 2018). These
contrasting observations indicate that the initial and boundary conditions can have a profound
influence on the filling of estuaries.
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These initial and boundary conditions determine how much sediment is delivered to an estuary and
how much accommodation needs to be filled. However, imported sediment also needs to be retained
to cause estuary filling, and vegetation is considered to play an important part in this process. A well-
studied example to illustrate the potential importance of vegetation is the Old Rhine Estuary in the
Netherlands (Fig. 1.4) (e.g. Vos, 2015; De Haas et al., 2018; 2019). From an initially drowned back-
barrier basin, it is hypothesised that rapidly expanding salt marshes and peatlands started to confine
the estuary in a positive feedback loop (Beets and Van der Spek, 2000; De Haas et al., 2018; Pierik,
2021). The expanding patches of vegetation would dampen the tide and promote the deposition of
fines, which decreased the tidal prism and favoured further vegetation expansion. In the end, a single
narrow channel was left, bounded by vast peatlands and high bogs. After a river avulsion upstream,
river discharge was strongly reduced and led to the closure and final filling of the Old Rhine Estuary.

Besides completely filled estuaries, there are still many estuaries that have been only partly filled (e.g.
Arcachon Bay (FR); Féniès and Faugères, 1998; Allard et al., 2009), or are still unfilled (e.g. Georges
Bay (AUS); Roy et al., 1980). Current understanding dictates that estuaries are ephemeral systems on a

Figure 1.3 Conceptual model of estuary filling of an idealised wave-dominated estuary, modified
from Roy et al. (1980). (a) A largely unfilled estuary with a fluvial bay-head delta protruding into a
large low-energy lagoonal basin flanked by small intertidal areas. (b) A partly filled estuary with more
intertidal areas and a larger bay-head delta and flood-tidal delta. (c) A completely filled estuary in
which the confined estuary is mainly bounded by floodplains.

Figure 1.4 Palaeogeographic reconstruction of estuary filling of the Old Rhine Estuary in the
Netherlands, modified from De Haas et al. (2019). Ages are in cal. y BP.
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geological timescale of sea-level fluctuations and will inevitably fill over time (e.g. Dalrymple and Choi,
2007; De Haas et al., 2018). Then, it should follow logically that the duration of filling depends on the
amount of sediment input, suggesting that unfilled andpartly filled estuaries have not received sufficient
sediment to cause complete estuary filling. However, a large sediment input is not a guarantee for rapid
estuary filling as found, for example, for the Columbia River Estuary (USA), where accommodation
remains partly unfilled due to wave action and fluvial sediment bypassing to the sea (Peterson, 2014).
Other examples include the Arachon Bay Estuary (FR) (Féniès and Faugères, 1998; Allard et al., 2009)
and the Ems-Dollard Estuary (NL/D) (Van Maren et al., 2016), which are partly filled estuaries that
remained largely unchanged despite ample sediment availability. These observations show that also
internal mechanisms that govern sediment retention are important and likely influence the stable state
of estuaries.

At present, only two contrasting kinds of estuaries are considered to be in a stable state, assuming
reasonably constant boundary conditions. The first is an unfilled estuary with a lagoonal basin that
is largely below the threshold of motion (Fig. 1.3) (Roy et al., 1980). Unfilled estuaries typically form
in deep (relative to the tidal amplitude) drowned valleys and remain largely unchanged because of
weak tidal currents and negligible fluvial and marine sediment input (e.g. Dalrymple et al., 1992). The
second is a completely filled estuary that ideally has a converging planform (Fig. 1.3) (Roy et al., 1980;
Nichol, 1991; Dalrymple et al., 1992). This ideal, landward converging shape balances the decay of
tidal energy by friction, resulting in a constant along-channel tidal amplitude, channel depth and flow
velocity (Savenije, 2015), as well as a balanced ebb- and flood-directed sediment transport (Dronkers,
2017). A completely filled estuary with a convergent planform is considered a steady state (Savenije,
2015; Dronkers, 2017): a partly filled systemdevelops flood-dominant transport which promotes filling
if sediment is supplied from the upstream river or the sea, whereas an over-filled system develops ebb-
dominance and sediment export that may lead to delta formation (Dalrymple et al., 1994; Savenije,
2015; Dronkers, 2017).

However, the current view that only unfilled and ideally converging estuaries can be in a steady
state appears to deviate from numerous partly filled estuaries that largely remained unaltered in the
past century despite ample sediment supply. Examples include the Arcachon Bay (FR) (Féniès and
Faugères, 1998; Allard et al., 2009) and Ems-Dollard Estuary (NL/D) (Van Maren et al., 2016). These
systems showed no distinct channel confinement towards an ideal converging shape that would be
expected with ample sediment supply if only the unfilled and completely filled estuaries are steady
states. Therefore, a hypothesis is that the tendency to form “tidal floodplains” (Fig. 1.1) determines the
degree of estuary filling, which may imply also partly filled estuaries can attain a steady state.

In order to test this hypothesis, a proper understanding is needed of the driving mechanisms that
capture and retain sediment to build and raise land. It is complicated to determine this from coastal
landscape reconstructions and field observations due to the ever-changing boundary conditions, the
practical impossibility to measure all relevant parameters and the reworking of former deposits.
Therefore, current understanding on the driving mechanisms is mainly derived from experiments
and numerical modelling, in which the effects of boundary conditions can be isolated, and is reviewed
in the section 1.3.

1.3 Driving mechanisms for building and raising land

Current understanding of rivers and estuaries suggests that mud and vegetation play a crucial part
in creating new land. Their effects on the morphodynamics were closely examined for rivers (see for
review: Kleinhans, 2010) and were found to be similar for estuaries, as explained as follows. Firstly,
mud fills accommodation by settling in low-energetic areas, including high bars, inactive channels,
floodplains (in fluvial systems: Ferguson, 1987; Van Dijk et al., 2013a; Kleinhans et al., 2018) and
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salt marshes (in tidal systems: Braat et al., 2017; 2019). Accordingly, mud confines flow and hampers
channel incision that is the onset of braiding, as found for rivers (Braudrick et al., 2009; Van Dijk
et al., 2013a) and estuaries (Braat et al., 2017; 2019). Secondly, vegetation hampers flow (Zong and
Nepf, 2011), which confines flow in a main channel and allows for the capture of fines. Similar to
mud, vegetation typically settles in low-energetic areas. However, recent numerical work in both rivers
(Kleinhans et al., 2018) and estuaries (Brückner et al., 2019) showed that neither mud nor vegetation is
necessary for the settling of the other, given the traits of the tested vegetation species in these studies.

Although the effects of mud and vegetation are known on a scale of a single intertidal bar or flat
(e.g. Temmerman et al., 2007; Braat et al., 2019b), it remains unclear to what extent they contribute to
estuary filling. Unlike in rivers, where morphology adapts to a channel forming discharge (Leopold
and Wolman, 1957; Kleinhans and Van den Berg, 2011), estuary morphology in turn also influences
the tidal discharge in a feedback loop (e.g. O’Brien, 1969; Jarrett, 1976). Therefore, some studies (Beets
and Van der Spek, 2000; De Haas et al., 2018; Pierik et al., in prep.) suggested that rapidly expanding
mudflats, salt marshes and peatlands may reduce tidal prism and effectively confine and ultimately fill
an estuary (Fig. 1.4). Yet, this hypothesis remains largely untested in both scaled landscape experiments
and numerical modelling (Boechat Albernaz and Kleinhans, in prep.) and would require the addition
of mud and dynamic (live) vegetation that can establish, grow and perish. Recent advancements of
mud and vegetation in scaled experiments (Baumgardner, 2016; Lokhorst et al., 2019) and numerical
modelling (Van Ledden et al., 2004; Van Oorschot et al., 2016; Brückner et al., 2019) now allow for
testing how “tidal floodplains” build and raise land.

Another mechanism that contributes to the filling of estuaries is flood-tidal asymmetry. This
deformation of the tide may be imposed by the sea (for example on the North Sea; Dronkers, 1986;
Wang et al., 1999) and also develops in estuaries dominated by tidal variation in channel depth, that
is, where bottom friction results in a faster flood wave propagation relative to the ebb wave
propagation (Speer and Aubrey, 1985; Blanton et al., 2002; Friedrichs, 2010; Moore et al., 2009).
Consequently, sediment is net imported into an estuary because of sediment transport nonlinearity,
resulting in increasing intertidal and supratidal area (e.g. Moore et al., 2009). Yet, this mechanism of
flood-tidal asymmetry was not applied in previous scaled landscape experiments of estuaries (Leuven
et al., 2018b; Braat et al., 2019a) and tidal basins (e.g. Reynolds, 1889; 1891; Tambroni et al., 2005;
Stefanon et al., 2010; 2012), which is one of the reasons why previous experiments so far only
produced ebb-dominant systems. Another reason for ebb-dominance in experiments is related to
scaling problems, which were largely overcome with a new experiment setup (Kleinhans et al.,
2014b; 2015; 2017) that will be addressed in the section 1.4.

1.4 Current methods to study rivers and estuaries

To determine how estuary filling is governed by muddy and vegetated floodplain formation, scaled
landscape experiments and numerical modelling are useful methods to isolate individual parameters
that may influence floodplain formation. Scale experiments use real materials and make the develop-
ment of entirewater landscapesmore tangible but have to deal with scaling issues. Numericalmodelling
allows for quick sensitivity analyses of boundary conditions but requires parameterisation for natural
processes and physical laws, not only for channels and bars but also for biogeomorphic floodplain
processes. Therefore, thesemethods should be considered complementary in studying the development
of rivers and estuaries. Below, the recent progress in these methods is reviewed that is relevant in the
context of estuary filling with mud and vegetation.
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Progress in scaled landscape experiments
Until recently, scaled landscape experiments of estuaries applied a periodic sea-level fluctuation to
simulate tidal flow (Reynolds, 1889; 1891; Mayor-Mora, 1977; Tambroni et al., 2005; Tesser et al.,
2007; Stefanon et al., 2010; 2012; Vlaswinkel and Cantelli, 2011; Iwasaki et al., 2013). Whilst such a
driving force for tides resembles the natural situation, this classic method faces three scale problems:
ebb-dominance, very low sediment mobility and strongly declining morphodynamics in the landward
direction (Kleinhans et al., 2014b). These ramifications were largely overcome by a novel tilting
method that periodically generates alternating slopes in the seaward and the landward direction,
producing tidal flows with ample sediment transport in both the flood and ebb directions (Kleinhans
et al., 2014b; 2015; 2017). Accordingly, sand-dominated estuaries could be reproduced on a
laboratory scale with dynamic tidal bars and channels (Leuven et al., 2018b), mudflats (Braat et al.,
2019a) and salt marshes (Kleinhans et al., 2022). Whilst these novel experiments showcased the
development of initially narrow, exporting estuaries, in this thesis the periodically tilting flume setup
was used to study the opposite, that is, the development of an initially wide, infilling estuary
(Chapter 4). Consecutively, a similar experiment was conducted but with sea-level rise to determine
its effect on the spatial and temporal patterns of sediment deposition and land formation (Chapter 6).

Data acquisition in scaled landscape experiments commonly concerns three parameters to quantify
the hydro- and morphodynamics: bed elevation, water depth and flow velocity. Yet, the hydro-
dynamics are technically difficult to measure with the same spatial resolution as the bathymetry due
to shallow water depths of at most a few centimetres. Therefore, shallow water depths are often
inferred from dyed water colour saturation (e.g. Gran and Paola, 2001; Leuven et al., 2018b) or
measured by means of laser scanning (e.g. Tambroni et al., 2005; Tesser et al., 2007; Stefanon et al.,
2010; 2012) and photogrammetry, in case of unidirectional flow (Leduc et al., 2019). Flow velocity
measurements are typically based on tracking particle seeds on the water surface (e.g. Mori and
Chang, 2003; Leuven et al., 2018b; Braat et al., 2019a). However, these methods tend to be less
accurate near vegetation, which blocks tracking particle seeds, and differently coloured sediments,
which distort water depths inferred from water colour saturation. Accordingly, so far only one
research group instead computed uniform flow velocity over a static bed elevation map of their tidal
basin experiment with a numerical model (Tesser et al., 2007; Stefanon et al., 2010; 2012) in a similar
fashion as modelling the hydrodynamics of real rivers and estuaries (e.g. Berends et al., 2019). This
thesis will extend their numerical modelling method for unsteady, nonuniform flows (Chapter 3) to
improve data acquisition in scaled landscape experiments with overall better spatial and temporal
coverage.

Progress in numerical modelling
Numerical modelling is well-suited for sensitivity analyses and has often been applied in fluvial and
tidal research. As for the modelling of meandering rivers, previous studies examined meander
development and migration through one-dimensional (e.g. Camporeale et al., 2005; Lanzoni and
Seminara, 2006; Perucca et al., 2007; Weiss, 2016) and two-dimensional modelling (e.g. Nicholas,
2013; Van Oorschot et al., 2016; Schuurman et al., 2016). Recent numerical work that excluded
floodplain topography (Lanzoni and Seminara, 2006; Schuurman et al., 2016; Weiss, 2016) showed
that a dynamic inflow perturbation is required to initiate and maintain meander dynamics with
neck-cutoffs, following similar findings for meandering with chutes in scaled landscape experiments
(Van Dijk et al., 2013a). Yet, it remains unclear how a dynamic inflow perturbation affects the
meandering channel and bar pattern in terms of, for example, sinuosity and braiding index.
Moreover, the numerical modelling of dynamic meandering with chutes remains under-investigated,
for this requires a computationally expensive, two-dimensional approach that includes self-formed
floodplain topography and allows for multiple channels over the cross-section. Given the advance-
ments in computing power, this thesis will simulate a meandering river with chutes with self-formed
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Figure 1.5 A metro-map overview of how the chapters in this thesis are linked via five story lines.
These chapters together contributed to unravelling how muddy and vegetated floodplain formation
influences the steady state of estuaries, which is the focus of this thesis, using numerical modelling and
scale experiments.

vegetated floodplains to determine the effects of a dynamic inflow perturbation (Chapter 2). In the
larger context of numerical modelling, this work will further clarify which boundary conditions are
needed to reproduce biomorphodynamics with a natural variation in morphology.

Regarding themodelling of tidal systems, the effect ofmud and vegetation remains underinvestigated
on the long-term morphological development. So far, modelling efforts mainly included only sand to
develop tidal basins (Marciano et al., 2005; Dissanayake et al., 2009) and estuaries (Van der Wegen and
Roelvink, 2008) with similar channel and bar patterns as in nature. However, as most tidal models
assume a planform with non-erodible boundaries (Lanzoni and Seminara, 2002), the dynamics are lost
on the outer banks which are normally shaped by the building and destruction of mudflats and salt
marshes. With the numerical hurdles overcome of modelling sand-mud interactions (e.g. Van Ledden
et al., 2004) and dynamics vegetation (VanOorschot et al., 2016; Brückner et al., 2019), steps were taken
in fundamental research into the effects of mud (e.g. Braat et al., 2017) and vegetation (e.g. Lokhorst et
al., 2018; Brückner et al., 2019; 2020) on estuary geometry and dynamics. Here, this thesis will apply the
fundamental knowledge of sand-mud interactions to a societal relevant case of managed realignment
to develop land-level rise (Chapter 5). Although single sites of managed realignment with mud and
vegetation have been studied before (e.g. Wolters et al., 2005; Wheeler et al., 2008; Mossman et al.,
2012; Kiesel et al., 2020; Gourgue et al., 2022), this thesis will specifically look into how an opening
sequence of multiple managed realignments affects (1) their ability to import sediment and (2) the
hydro- and morphodynamics in the main estuary.

1.5 Thesis outline
The main objective of this thesis is to improve the current understanding of how rivers and estuaries
build and raise new land. To accomplish this objective, this thesis is split into three parts:

• The first part focuses on the necessary boundary conditions to reproduce natural morpho-
dynamics in models and experiments.

• The secondpart aims at improving the currentmethods of acquiring hydrodynamic data in scaled
landscape experiments.
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• The third and main part studies how muddy and vegetated floodplain formation influences the
steady state of rivers and estuaries by means of scaled landscape experiments and numerical
modelling.

These objectives result in the two main story lines of “floodplain formation” and “steady state” that
link the chapters of this thesis (Fig. 1.5). How floodplain formation influences a steady state is first
investigated for a meandering river and then applied to estuaries. The main methods used in this thesis
are “scaled landscape experiments” and “numerical modelling”, which form another two story lines.
The last story line is that of modelling “flow in experiments” to acquire more data on hydrodynamics in
experiments that are otherwise difficult and time-consuming to measure in very shallow flows. Below,
a brief overview is given of the chapters.

Chapter 2 explores how floodplain formation influences the channel pattern and dynamics of
meandering rivers. This was studied through numerical modelling of a dynamic meandering river
with chute cutoffs and self-formed, vegetated floodplains in the model Nays2D. This is a next step
forward in determining which boundary conditions are necessary to develop dynamic rivers,
estuaries and coasts in numerical models and scaled landscape experiments.

Chapter 3 tests and validates a numericalmodel to acquire flowdata in scaled landscape experiments.
This can substitute flow measurements, which tend to be complicated especially when vegetation and
differently coloured sediments are used. To this end, the model Nays2D of Chapter 2 was tested on
three published scale experiments: a meandering river, a braided river and a sandy estuary.

Chapter 4 shows the effect of mud and vegetation on the morphological development of filling
estuaries in scaled landscape experiments. Flow data were derived from the model approach tested in
Chapter 3 to describe the change in intertidal area and tidal prism during the experiments and how
these changes were influenced by mud and vegetation.

Chapter 5 builds upon the filling estuary experiments in Chapter 4 and studies how sea-level rise
will affect the hydro- and morphodynamics of future estuaries. A filling estuary was developed with
self-forming floodplains of mud and vegetation and rapid sea-level rise. The model approach tested in
Chapter 3 was used to obtain flow data to determine how sea-level rise affected the inundation period
and flow velocity distributions.

Chapter 6 applies the concept of Chapters 4 and 5 of building and raising land by floodplains to a
real large-scale estuary, i.e. theWestern Scheldt Estuary in the Netherlands, using the numerical model
Delft3D. Low-lying polders (i.e. “transitional polders”) were added to the estuary in different sequences
to determine how an opening sequence influences the import of sediment and the flood propagation
along the estuary.

Chapter 7 combines the main findings of the previous chapters to fulfil the main research objectives
of this thesis. The novel findings will be used to develop new hypotheses on the feasibility to keeping
up with future sea-level rise. Also, implications are given on future estuary management. Finally,
recommendations are given for future research into nature-based solutions for a more sustainable
livelihood in coastal regions.
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Upstream perturbation and floodplain formation
effects on chute cutoff-dominated meandering

river pattern and dynamics

Chapter 2 | Upstream perturbation and
floodplain formation effects on chute
cutoff-dominated meandering river pattern and
dynamics

Abstract

A sustained dynamic inflow perturbation and bar-floodplain conversion are considered crucial to dynamic
meandering. Past experiments, one-dimensional modelling and linear theory have demonstrated that the
initiation and persistence of dynamic meandering require a periodic transverse motion of the inflow.
However, it remains unknown whether the period of the inflow perturbation affects self-formed meander
dynamics. Here, we numerically study the effect of the inflow perturbation period on the development
and meander dynamics of a chute-cutoff-dominated river, which requires two-dimensional modelling
with vegetation forming floodplain on bars. We extended the morphodynamic model Nays2D with
growth and mortality rules of vegetation to allow for meandering. We tested the effect of a transversely
migrating inflow boundary by varying the perturbation period between runs over an order of magnitude
around typical modelled meander periods. Following the cutoff cascade after initial meander formation
from a straight channel, all runs with sufficient vegetation show series of growing meanders terminated
by chute cutoffs. This generates an intricate channel belt topography with point bar complexes truncated
by chutes, oxbow lakes, and scroll-bar-related vegetation age patterns. The sinuosity, braiding index and
meander period, which emerge from the inherent biomorphological feedback loops, are unrelated to the
inflow perturbation period, although the spin-up to dynamic equilibrium takes a longer time and distance
for weak and absent inflow perturbations. This explains why, in previous experimental studies, dynamic
meandering was only accomplished with a sustained upstream perturbation in flumes that were short
relative to the meander wavelength. Our modelling of self-formed meander patterns is evidence that
scroll-bar-dominated and chute-cutoff-dominated meanders develop from downstream convecting
instabilities. This insight extends to many more fluvial, estuarine and coastal systems in morphological
models and experiments, which require sustained dynamic perturbations to form complex patterns and
develop natural dynamics.

Published as: Weisscher, S. A. H., Shimizu, Y., & Kleinhans, M. G. (2019). Upstream perturbation and floodplain
formation effects on chute‐cutoff‐dominated meandering river pattern and dynamics. Earth Surface Processes and
Landforms, 44(11), 2156–2169, DOI: 10.1002/esp.4638
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2.1 Introduction

A meandering river forms an elaborate floodplain topography through meander initiation, expansion
and cutoff (Hickin and Nanson, 1975; Hooke, 2004). The rate at which meanders migrate is
commonly described as a function of bend sharpness, in which the migration rate increases towards
an optimum and subsequently drops with increasing bend sharpness (e.g. Hickin and Nanson, 1975;
Furbish, 1988; Crosato, 2009). While this approach focuses on individual bends, it is evident, for
example from the River Otofuke in Japan (Fig. 2.1) and the River Allier in France (Kleinhans and
Van den Berg, 2011), that the migration rate of one bend affects that of its downstream neighbours.
Current understanding of such spatio-temporally radiating effects is that bend instabilities propagate
in one, usually the downstream, direction rather than in both directions. However, the question is
whether the period of such lateral instabilities, relative to the meander period, affects the degree of
meandering dynamics. Furthermore, the implication of the downstream propagation of bend
instabilities is that perturbations need to be imposed on the upstream boundary of all numerical
models and experiments to maintain dynamic meandering (Lanzoni and Seminara, 2006; Van Dijk
et al., 2012; Weiss, 2016). Yet, it remains unclear what the period of such perturbations would need to
be and whether that affects the modelled meander migration rate and chute cutoff frequency.

Floodplain formation is thought to be the main necessary condition for dynamic meandering.
However, due to the intricacies of floodplain formation, meandering, as opposed to braiding, has
proven notoriously challenging to reproduce in numerical models (Nicholas, 2013; Van Oorschot
et al., 2016; Schuurman et al., 2016) and laboratory landscape experiments (Braudrick et al., 2009; Tal
and Paola, 2010; Van Dijk et al., 2012; 2013b). In the context of this study, a landscape experiment is a
simulation of a fluvial, estuarine or coastal landscape with sediment mobility, morphodynamic
processes and complexity comparable to those of natural systems (Kleinhans et al., 2014a). A
landscape experiment is considered intermediate between a classic scale model by similarity rules and
an analogue model. In absence of bank protection, unhindered widening results in bend cutoffs,
mid-channel bars and braiding (Parker, 1976). In contrast, to maintain a single thread channel that
can form meanders, the width-to-depth ratio of the channel needs to be small enough to inhibit the
onset of mid-channel bars (Parker, 1976; Struiksma et al., 1985; Crosato and Mosselman, 2009;
Kleinhans and Van den Berg, 2011), which requires that outer bend erosion is balanced by inner bend
accretion (Van de Lageweg et al., 2014). Meandering may result from some form of strength in
eroding outer banks (e.g. Leopold and Wolman, 1957; Ferguson, 1987; Kleinhans and Van den Berg,
2011), but recent modelling and past experiments suggest that meandering mainly requires floodplain
formation on the point bar (see for review Solari et al., 2016). Accordingly, this encroachment on the
point bar causes the focus of flow into the outer bend and reduces the tendency to incise chutes on the
point bar that is the onset of braiding (Braudrick et al., 2009; Van Dijk et al., 2012; Van Oorschot et al.,
2016; Kleinhans et al., 2018). Although floodplain formation occurs through floodplain sedi-
mentation, vegetation establishment and the combination thereof, this study focuses on riparian
vegetation as the bar-floodplain conversion agent.

Riparian vegetation interacts with fluvial morphodynamics in several ways. Firstly, added
hydraulic drag by vegetation on the bars and floodplain causes flow to focus in a single thread channel
(Van Oorschot et al., 2016). Secondly, vegetation enhances sediment deposition (Zong and Nepf,
2011; Corenblit et al., 2016; Kleinhans et al., 2018), thereby contributing to the vertical and lateral
accretion of point bars (Stella et al., 2011; Van Dijk et al., 2013b). Thirdly, riparian vegetation
increases bank stability via roots and the production of soil organic matter, which reduce outer bend
erosion (Simon and Collinson, 2002; Braudrick et al., 2009; Tal and Paola, 2010). Local conditions
determine the settling, growth and mortality of vegetation, while the feedback of vegetation on the
hydromorphological pattern modifies these conditions and the resulting spatial and age distribution
of vegetation (Simon and Collinson, 2002; Van Oorschot et al., 2016). Most two-dimensional
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Figure 2.1 Time series of the River Otofuke in Hokkaido, Japan. Dikes (thick black lines) border the
active channel belt and the thin black lines show the course of the river in the 1970s, after having been
artificially straightened and widened. Scattered dikes and groynes constructed in the floodplain are
given in yellow. Numbers indicate the distance in km from a downstream confluence. Flow is from the
right to the left. (modified from Nagata et al., 2013)

morphodynamic model studies that incorporated vegetation parameterised it as static (see for review
Solari et al., 2016); there are only two studies that applied dynamic vegetation, allowing multiple tree
taxa to settle, grow and perish based on local hydraulic conditions (Van Oorschot et al., 2016;
Kleinhans et al., 2018). This advancement resulted in a chute cutoff-dominated meandering pattern
with a spatial and age distribution of vegetation similar to that in nature. However, these models
initiated with a meandering topography and had a relative short domain relative to the meander
wavelength, because the necessary conditions for sustained meandering were not studied.

The second necessary condition for sustained dynamic meandering in a model or experimental
domain of limited length is a sustained dynamic upstream perturbation. Perturbations migrate and
decay in the downstream direction as convective instabilities, as opposed to bidirectional absolute
instabilities (Lanzoni and Seminara, 2006). Consequently, the dynamics of meandering rivers are
found to decrease when no new perturbation is introduced at the upstream boundary, as observed in
previous studies (e.g. Friedkin, 1945; Braudrick et al., 2009; Asahi et al., 2013). Conversely, landscape
experiments showed that applying a periodic transverse inflow perturbation leads to dynamic chute
cutoff-dominated meandering. This novel concept was adopted in few two-dimensional models
(Nicholas, 2013; Schuurman et al., 2016; Van de Lageweg et al., 2016), which enabled the
development of high amplitude dynamic meandering with neck cutoffs. Yet, some of these models
oversimplify bar-floodplain conversion and exclude the self-formed floodplain topography from the
flow by a minimum depth criterion, rendering these models quasi-one dimensional. However, spatial
differences on the vegetated bars and floodplain are conducive to the development of chute cutoffs
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and determine the location thereof (e.g. Fisk, 1947; Gay et al., 1998). This is crucial because chute
cutoffs considerably limit sinuosity, and the impossibility thereof in one-dimensional and most
two-dimensional models means that such models tend more easily to meandering than
two-dimensional models with unconstrained fluvial plains that can be entirely reworked and
reactivated. Moreover, the effect of the period of a periodic transverse inflow perturbation on the
dynamics has not been tested in two-dimensional models and experiments. While absence of
upstream perturbations reduces the dynamics and a slow perturbation perhaps simply acts as a weak
forcing, it could be argued that relatively fast upstream perturbations are merely generating noise that
causes braiding in the downstream direction. This reasoning leads to the hypothesis that there is an
optimum perturbation rate at which meandering is most dynamic.

The objective of this study is to determine the effect of a periodic inflow perturbation on the river
pattern and dynamics. To this end, we modelled a dynamic chute cutoff-dominated meandering river
with a self-forming vegetated floodplain using the morphodynamic model Nays2D. We initiated the
two-dimensional modelling with a straight channel on a rectangular fluvial plain with vegetation
settling and with a domain length of about ten bends long, i.e., much larger than the typical meander
wavelength. The inflow boundary was laterally moved at a range of celerities and the resulting
meandering characteristics and dynamics were quantified.

The idealised model settings were inspired by the River Allier in France, located in a nature
conservation area between Vichy and Moulins (Geerling et al., 2006; Kleinhans and Van den Berg,
2011), by the strongly managed River Otofuke in Japan (Nagata et al., 2014; Iwasaki et al., 2016), and
by past landscape laboratory experiments by the Kleinhans research group (Table 2.1). Both these
rivers and the experiment classify as meandering gravel-bed rivers with chute cutoffs. The Allier is
one of few intermediately sized rivers in Europe that presently meanders freely and has natural
discharge and sediment input variations, with peak discharge in winter. In contrast, the discharge of
the Otofuke is partly regulated by a dam in its main tributary and strongly influenced by typhonic
discharges in late summer, which occur on a decadal scale. Additionally, the river is laterally
restricted by dikes bordering the active channel belt. While the Otofuke is allowed to meander and
does show chute cutoffs, measures are frequently taken when expanding meanders threaten bank
stability (Fig. 2.1). These measures included the construction of local dikes and groynes in the active
floodplain. However, meanders quickly propagated in the downstream direction along such artificial
obstacles and expanded significantly at locations where such obstacles were lacking, as has occurred
during typhoon-induced floods in 2011 and 2016. Furthermore, measures were frequently destroyed
during floods, so that all measures collectively provide spatio-temporally dynamic perturbations in
the form of local topographic forcing for the meandering channel. The effect of this remains unclear
and future river management of repeated interventions could benefit from a better understanding of
such convection of spatial perturbations.

2.2 Morphodynamic model setup

2.2.1 Model description
We modelled a dynamic meandering river on a laboratory scale using Nays2D, starting from a
straight channel. Nays2D is a physics-based numerical model that solves the depth-averaged
nonlinear shallow water equations and computes bed load transport and bed level change (see
Shimizu et al., 2013, for equations and numerical implementation), and it is predominantly used in
fluvial research on both a natural and laboratory scale (e.g. Asahi et al., 2013; Van de Lageweg et al.,
2016; Schuurman et al., 2016). Bed load transport was computed with the Meyer-Peter and Müller
(1948) predictor. Sediment input at the inflow boundary was at local transport capacity in our
idealised model to mitigate unwated effects of sediment deficit, which neglects possible effects in the
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Table 2.1 Comparison between the naturally meandering River Allier (FR), the managed River
Otofuke (JP), the landscape experiment byVanDijk et al. (2012) and the rivermodelled on a laboratory
scale of this study.

Parameter Unit Allier Otofuke Van Dijk et al. (2012) this study
Mean annual flood discharge m3/s 500 161 1×10−3 6.4×10−3

Grain size m 5×10−3 60×10−3 0.51×10−3 0.76×10−3

Channel width m 75 25 0.3 0.5
Channel depth m 1.2 1.8 0.015 0.04
Valley gradient m/m 3.3×10−3 6.7×10−3 5.5×10−3 2×10−3

Aspect ratio (width/depth) − 62.5 13.9 20 12.5
Shields mobility number − 0.06 0.09 0.07 0.07
Froude number − 0.18 0.67 0.58 0.4

River Otofuke due to upstream dams. The effect of the secondary flow on the sediment transport
direction was parameterised from horizontal flow curvature (Engelund, 1974) to account for the
three-dimensional effects of flow. Gravitational bank erosion processes were captured by a slope
collapse module (Iwasaki et al., 2016) that administered a bed elevation correction in case of slope
oversteepening while maintaining mass conservation. To generate a periodic inflow perturbation, the
position of the grid cells with inflow was moved transversely at a constant displacement rate with a
maximum amplitude of 0.75 m, similar to Van Dijk et al. (2012), while maintaining a constant inlet
width and slope angle of its banks. The computational domain was 4.5 m wide and 30 m long, and the
amplitude of the inflow perturbation was much smaller than the typical meander amplitude.

Vegetation colonisation and mortality were added to Nays2D. Every spring, vegetation colonised
dry cells (i.e., with a water depth h < 3 mm) and was removed from the remaining cells when
drowned. A second means of mortality was scour, which was tested year-round; vegetation was
cleared away when the erosion depth exceeded the rooting depth (Table 2.2). The latter
predominantly occurred on the outer bank of expanding meander bends, where bank failure exposed
the roots. However, usually only part of the roots was exposed by bank failure, and the plant drowned
and was subsequently removed the next spring. In our model, vegetation did not influence the critical
angle for bank failure, and therefore meander migration was not limited in scenarios with very dense
vegetation. The hydraulic drag that vegetation exerted on water flow was computed as follows,
considering vegetation non-submerged under all flow conditions (Baptist et al., 2007):

C =
1√

1
C2

b
+ CDmDh

2g

(2.1)

where C is the Chézy roughness coefficient including vegetation (m0.5/s), Cb is the Chézy roughness
of the bed (m0.5/s), CD is the drag coefficient (−), m is the stem density (m−2), D is the stem
diameter (m), h is the water depth (m) and g is the gravitational acceleration (9.81 m/s2). Since we
were not interested in the dynamics caused by vegetation life stages (Van Oorschot et al., 2016),
vegetation density, drag and rooting depth were taken constant, that is, age-independent (see
Table 2.2).

2.2.2 Model scenarios
Afixed rectilinear computational grid was usedwith 0.1m square grid cells. The initial straight channel
was 0.5 m wide and 0.04 m deep. The inlet had an initial lateral offset of+0.4m, a fixed width of 0.5 m
and fixed bank slopes of 45◦, and inlet displacement commenced in the direction away from the valley
axis. As the inlet was shifted laterally, the width-to-depth ratio of the inlet channel varied slightly,
causing a minor oscillation of sediment input. We prescribed 432 cycles of a 50-minute hydrograph
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Table 2.2 Default initial and boundary conditions.

Parameter Value Unit
DischargeQ (low-high) 2 - 6.4 L/s
Time step hydrodynamics/bed level change 0.02 s
Time step vegetation settling 50 min
Grain size 0.76×10−3 m
Valley slope 2×10−3 m/m
Inflowmigration period T 170 h
Inflowmigration amplitude 0.75 m
Drag coefficient vegetationCD 1 −
Vegetation stem thicknessD 0.5×10−3 m
Rooting depth 0.03 m
Manning’s n 0.02 sm1/6

Table 2.3 Model scenarios. N1 is the default scenario. Three scenarios were also run on a finer grid
with 5×5 cm square grid cells and are denoted with an ‘F’.

Scenario Stem density n (cm−2) Inflow period T (h)
N1/N1F 2.5 170
Vegetation density scenarios
N2 0 170
N3 0.1 170
N4 0.5 170
N5 1.28 170
N6 3.72 170
N7 5 170
N8/N8F 10 170
Inflow perturbation rate
N9 2.5 fixed
N10 2.5 200
N11 2.5 127.5
N12 2.5 85
N13/N13F 2.5 42.5
N14 2.5 4.25

that was varied between 2 and 6.4 L/s. Each cycle represents a year in which the flow peaks in late
summer, similar to the River Otofuke. In winter and spring, flow was near the beginning of motion.

The scale issue of sediment mobility must be resolved when a river is scaled down to a laboratory
scale. Generally, in physical scale-experiments, a grain size is used that is larger than expected from
the characteristic length scale of the channel to prevent cohesion and other scale effects, while the
smaller water depth results in lower flow velocity and thus in lower sediment mobility (Kleinhans et
al., 2014a). This discrepancy is overcome by employing a steeper valley gradient (e.g. Braudrick et al.,
2009; Tal and Paola, 2010; Van Dijk et al., 2012). In this study, both the river dimensions and grain
size were scaled down by a factor 80, which resulted in a uniform grain size d50 = 0.76 mm that was
used in previous numerical models of the River Otofuke on a laboratory scale (Iwasaki, pers. comm.).
This scaling factor is consistent with the linear grain size-dependence of the Shields mobility number,
but the time-scaling from 365 days to 50 minutes in our model is a factor 10,500, which is over two
orders larger. Time scales are problematic to determine, for they emerge from sediment transport and
meander dynamics (Kleinhans et al., 2015a). Furthermore, the settling of vegetation every year implies
and imposes a rate of morphodynamics. Returning to the issue of sediment mobility in our case, a
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relatively steep valley gradient of 0.002 m/m−1 was applied to attain a sediment mobility of similar
magnitude as in the Rivers Otofuke and Allier.

We conducted two series of scenarios, and several additional runs to test the effect of grid
resolution (Table 2.3). Firstly, vegetation density was varied between 0 and 10 stems/cm2 to
determine its effect on the channel pattern and dynamics, with the objective to select a run with a
sustained dynamic meandering river for the inflow perturbation tests. Most of these scenarios were
run briefly for reasons of computational cost. Secondly, an array of inflow perturbation rates was
applied to a model run with the selected vegetation density to examine whether the imposed
perturbation rate forced the river dynamics. This included a control run without a dynamic inflow
perturbation (N9). Additional scenarios were run to study the effect of a finer grid with 0.05 m square
grid cells, while 0.1 m was the default resolution. To this end, we selected three scenarios, namely the
default run (N1F), and the runs with largest vegetation density (N8F) and second fastest inflow
perturbation (N13F), to test grid resolution dependence and to examine whether similar morphology
and dynamics occur in extreme vegetation and perturbation cases. Data reduction as explained below
was done in parallel to that of the coarse-grid scenarios.

2.2.3 Data analysis
The channel pattern and dynamics were qualitatively characterised by map comparisons of the
bathymetry and of the spatial and age distribution of the vegetation, and quantitatively compared for
the braiding index, sinuosity and meander period. Bathymetries were first detrended with the initial
valley gradient. The upstream and downstream 5 m (50 cells) were disregarded to exclude boundary
effects in case domain length-averaged parameters were computed. The braiding index was calculated
as the spatially averaged number of channels that exceeded the mean cross-sectional Shields stress of
the initial straight channel during low flow in each cross-section of the grid. Sinuosity was defined as
the distance along the main channel relative to the domain length. The main channel was found as the
filtered path of the minima of a map calculated as detrended bed elevation times flow velocity to the
power three, which was empirically found to be the best indicator of channel position that excludes
fast overbank flow and deep but abandoned channels. The meander period was determined on the
lateral motion of seven cross-sections along the valley, and it was calculated as twice the time interval
between two consecutive valley axis crossings, while filtering out intervals shorter than 5 hours and
manually adding crossings in rare cases where the valley axis was not crossed by the migrating
channel. The spin-up of the models was disregarded for determining the median and temporal
variation of sinuosity, braiding index and meander period under dynamic equilibrium conditions;
more specifically, in the initial stage with pristine floodplain, bends are still quasi-regular and cut
through at approximately the same time. Following this sinuosity peak, the more irregular meanders
cut through at different times to result in an overall lower sinuosity at dynamic equilibrium, as also
found in Camporeale et al. (2005).

2.3 Results

2.3.1 General development
The fine-grid run of the default scenario (N1F), with intermediate stem density and inflow
perturbation period, illustrates the development of the modelled dynamic meandering rivers with
associated vegetation age patterns (Fig. 2.2; Movie S1, supporting information). Initially, the
development of a non-migrating bar near the inlet caused localised erosion at the opposite bank, from
which an alternate bar pattern advanced rapidly in the downstream direction. Subsequently,
continued bank erosion, inner bank accretion and vegetation settling led to an increase in meander
amplitude in the downstream direction that greatly exceeded the amplitude of the inflow
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Figure 2.3 Examples of point bar development with lateral accretion surfaces, scrolls, swales and
infill of a residual channel, which are indicative for meandering rivers. (a) Default model run N1F
at x = 23.65 m; (b) Model run N13F (fast upstream perturbation) at x = 22.85 m. Vegetation is
indicated by green triangles. Accretion surfaces and erosive contacts are indicated as black and red
lines, respectively. The vertical exaggeration is 10.

perturbation. Meanwhile, the channel narrowed and deepened on the transition from alternate bars
to meandering. Vegetation colonised the point bars as they expanded and migrated, which generated
a scroll bar-related vegetation age pattern. Clearly, a sustained meandering pattern formed from an
initially straight channel in the applied conditions with floodplain and sustained upstream
perturbation.

The chute cutoffs developed as follows. Since the mean wavelength of the meanders grew larger than
of the initial alternate bars, bends increasingly tightened. This bend sharpening reduced the channel
gradient and caused increasing overbank flow. In consequence, incipient chutes formed at the upstream
part of point bars, extended in the downstream direction and eventually cut off meander bends. The
cutoff location on the point bar varied considerably, from chutes well across the entire point bar, far
from the channel, to chutes through swales much nearer to the active channel. Interestingly, the river
pattern changed intermittently between a weakly braided and a low-amplitude sinuous channel, which
depended on the number of cutoffs, while the boundary conditions remained constant. Despite the
occurrence of multiple cutoffs, the river generally tended towards a single thread channel with up to
ten bends (Fig. 2.2).

The series of meander growth and cutoffs produced a complex morphology that was reflected in the
stratigraphy of the channel belt (Fig. 2.3). For example, the development of a point bar was preserved as
a set of lateral accretion surfaces, which are interpreted as non-erosive contacts in the sedimentological
record and are considered characteristic of meandering river deposits. Abandoned meander bends
were preserved as oxbow lakes in the channel belt and appeared to be filled in by splay deposits only
when a chute or channel was in close proximity. When unfilled, such inactive channels sometimes
reactivated by connecting with a chute at a later stage. In some model runs with a wide reworked
floodplain, splay deposits contributed to the development of large outer bend levees (Fig. 2.4b). Erosive
contacts were formed by the initiation andmigration of chutes and channels as they reworked sediment
of older deposits. For instance, the chute channel at y = 0.8 m in Fig. 2.3a (t = 65 h) eroded the top set
of a still expanding point bar deposit and replaced it with a new point bar deposit before merging with
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Figure 2.4 Illustrations of specific floodplain processes. (a) Levee formation along the channel just
downstream of the fixed inflow location in scenario N9 at t = 332.5 h. (b) Outer bend levee formation
on top of former point bar complexes by repeated splay deposits in scenario N12 (T = 85 h) at t =
332.5 h. (c) Scroll bars on a point bar of a highly sinuous channel section in fine grid scenario N13F
(T = 42.5 h) at t = 235 h. The bifurcation at x = 24m persists for a duration of±45 h. Flow is from
left to right.

the former main channel. Thus, single generation meander bends occasionally had more than one set
of lateral accretion surfaces.

2.3.2 Effect of vegetation density
Increasingly denser vegetation reshaped the river pattern from shallow weakly-braided to
low-amplitude meandering with chutes (Fig. 2.5). Accordingly, the braiding index decreased from
about 1.85 to 1.4 on average with a rather sharp transition at 1.28 stems/cm2 (Fig. 2.6). Temporary
higher braiding indices correlated with the development of chutes and the reactivation of former
channels preceding (failed) chute cutoff. Furthermore, the sinuosity increased with vegetation density
and showed larger variability due to meander expansion and cutoff. Generally, sinuosity first overshot
before reaching a dynamic equilibrium between 1.15 and 1.4. There was a slight overestimation of
sinuosity for the weakly-braided rivers, i.e., with a vegetation density ≤ 0.5 stems/cm2, because the
extracted main channel was the path of the most dominant channel in a network with on average two
channels in the cross-section. In the most sinuous and densely vegetated channels, the meanders
grew by localised erosion in the outer bends, which resulted in lateral expansion of the bends,
followed by temporary semicircular scarps at the outer boundaries of the active channel belt
(Fig. 2.5e-h). Cutoff of these bends resulted in oxbow lakes that were predominantly located at the
edges of the channel belt. In contrast, less sinuous channels with sparse vegetation eroded the outer
banks more gradually, and the bends that formed were short-lived and migrated in the downstream
direction (Fig. 2.5a-d). Generally, dense vegetation hampered the onset of braiding by quickly
colonising plug bars and by redirecting flow into the main channel.

To conclude, dynamic and sustainedmeandering rivers formed in scenarioswith a vegetation density
≥ 2.5 stems/cm2. Of these scenarios, scenario N1 (2.5 stems/cm2) was used to test the effect of the
inflow perturbation period.

2.3.3 Effect of the inflow perturbation period
The inflow perturbation period strongly influenced the position and meander period of the first bend
(x = 2 m in Fig. 2.7). A relatively slow inflow perturbation caused cutoff of the forced alternate
bar whenever the inflow passed the valley axis, which frequently initiated a cascade of cutoffs in the
downstream direction. Such cutoff cascades were also observed in the time series of sinuosity, which
gradually increased as bends expanded and abruptly dropped upon cutoff. However, for a relatively
fast inflow perturbation, the forced alternate bar developed into a forced mid-channel bar. This bar
pattern decayed in the downstream direction until a dynamically meandering single thread channel
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Figure 2.5 Maps of detrended bed elevation at t = 100 h for model runs with increasing vegetation
density from top to bottom, showing a transition from weakly braided to meandering with chutes.
Infrequently formed meander bends in (a–d) are generally short-lived. Examples of oxbow lakes are
given as asterisks (*) in (d–h).
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Figure 2.6 Quantification of river dynamics. (a) Channel centre lines of default run N1 showing
meander extension, migration and chute cutoff. Time series of sinuosity for (b) different inflow
perturbation periods and (c) vegetation density. Time series of braiding index for (d) different inflow
perturbation periods and (e) vegetation density. Grey line for N1 illustrates sinuosity and braiding
index before smoothing for clarity of presentation. Fine grid scenarios conducted to show resolution-
independence of results are shown as dashed lines (see legend in d).
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Figure 2.7 Lateral position of the main channel at several locations along the computational domain
for different inlet perturbation periods for comparison with the regularly moving inlet position.

was attained. Over time, the mid-channel bar at x = 2m widened and increased in height until one of
the two channels became the dominant one, irrespective of the location of the inlet (e.g. t > 275 h in
Fig. 2.7f). This resulted in a laterally steady inflow downstream of which new meanders were initiated.
The amplitude of the first bend net increased and eventually exceeded the amplitude of the inflow
perturbation.

The bends further downstream migrated uncoupled from the upstream boundary after spin-up of
the model. This was demonstrated firstly by the initiation and cutoff of meanders being unrelated to
the periodicity of the inflow perturbation (Fig. 2.7). Secondly, the braiding index and sinuosity were
on average similar between scenarios (Fig. 2.6). Thirdly, the measured meander period showed no
discernible relation with the inflow perturbation period (Fig. 2.8). As a result, large point bars could
develop (Figs. 2.2, 2.3). Furthermore, the results suggest that fewer cutoffs occurred in scenarios with
perturbation periods approximating the typicalmeander period, but this trend is not clearly significant.

Nonetheless, the dynamic inflow perturbation was necessary to attain and maintain dynamic
meandering in the upstream part of the computational grid. This became apparent from scenario N9,
in which a static inflow was used. At first, the channel of scenario N9 widened by lateral erosion of
both banks. Since the inlet had a fixed width and therefore could not widen, an erratic flow
perturbation was generated due to the sudden change in the width-to-depth ratio. However, as these
perturbations were fairly small, it took approximately 15 m for them to grow and steer new
perturbations that were the onset of small meanders (Fig. 2.7a). Also, a static inflow caused the
development of levees bordering the main channel near the upstream boundary (Fig. 2.4a). This
development stood in stark contrast to the scenarios that included a dynamic inflow perturbation,
which developed large meanders close to the upstream boundary.

Perturbations in the modelled domain were found to propagate in the downstream direction. For
example, we found that the expansion of a given bend often resulted in the hysteretic expansion of the
next bend (Fig. 2.9a,b). However, this trend was not clearly observed for all bends. The
predominantly downstream effect and strong tendency to form meanders was particularly evident
following a cutoff cascade. A large point bar (x = 9 m at t = 185 h in Fig. 2.2) developed amidst a
weakly braided network, which appeared to filter out the upstream perturbations, but itself caused a
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Figure 2.8 Near-independence of the internal river dynamics from the inflow perturbation rate.
Violin plots show spatially-averaged sinuosity and braiding index as function of (a-b) the inflow
perturbation period and (c-d) vegetation density, sampled from t = 100 h until the end of each model
run. (e) No discernible correlation between the period of measured meandering and the period of
inflow perturbation. Black bars show the average of seven locations along the valley, of which colours
correspond to locations in Fig. 2.7. The× gives the meander period when only one could be measured,
given model duration.

steady perturbation that led to meander bend formation in the downstream direction. Oddly, the
filtered main channel path sometimes suggested that the cutoff of a bend resulted in the cutoff of its
upstream neighbour (Fig. 2.9c,d). This would imply that perturbations in the modelled cutoff-
dominated rivers could also propagate in the upstream direction. Upon further inspection, however,
the morphological evolution showed that the chute on the upstream point bar was already forming
before the chute on the downstream bar. The downstream bar was simply cut off effectively a few
modelled years before its upstream neighbour, suggesting that the perceived upstream propagation
was coincidental, rather than causally connected.

2.3.4 Effect of grid resolution
The meander-scale characteristics were independent of the grid resolution (Fig. 2.8), but the finer grid
better resolved features well-known from the field. The finer grid enabled deeper incision, which
contributed to lower width-to-depth ratios. Large tight bends exceeding π radials formed more
frequently on a finer grid and were predominantly found in the downstream half of the domain.
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Figure 2.9 (a) Lateral expansion of two bends in scenario N10 (T = 200 h) causes hysteretic
expansion of the downstream bend, resulting in concave curve sections, indicated by arrows. (b) Fairly
straight lines of other bends in the same scenario indicate a lack of hysteretic expansion that would
suggest a large convective instability. (c) Apparent upstreampropagation of perturbation inN10, where
cutoff of a downstream bend precedes cutoff of its upstream-neighbouring bend. (d) Chute channel
over upstream point bar (blue; near x = 19.5 m) starts forming before the chute channel over the
downstream point bar (black; near x = 22.0 m). “Black” becomes the dominant channel, whereas
“blue” remains secondary and is not deeply incised (see text for explanation).

Additionally, point bars on the fine grid showed scrolls and swales and corresponding fine-grained
vegetation age patterns (Figs. 2.2, 2.3, 2.4c), whereas these features were more obscure on a coarse
grid.

Grid resolution also affected the distance over which the upstream perturbation effects dampened
out. The second fastest perturbation scenario (N13F) showed dampening out over a shorter distance
for a fine grid resolution than for a coarse resolution (N13); in particular, there were fewermid-channel
bars in the upstream reach, resulting in a distinctly lower braiding index and higher sinuosity for the
finer grid scenario (Fig. 2.8). Interestingly, the largest sinuosity (1.7) was recorded in scenario N13F, for
which the inflow perturbation was over an order of magnitude faster than the typical meander period
(Fig. 2.6).
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2.4 Discussion

Our model results demonstrate that both bar-floodplain conversion and a sustained dynamic inflow
perturbation are needed to reach dynamic meandering in a domain of limited length. Bar-floodplain
conversion causes a river pattern transition from braided to meandering, and the dynamic inflow
perturbation leads to repeated meander initiation and cutoff close to the upstream boundary, unlike a
static inflow. While this is in general agreement with previous findings (Lanzoni and Seminara, 2006;
Van Dijk et al., 2012; Schuurman et al., 2016), the present results for the first time demonstrate that
these are necessary and sufficient conditions for sustained meandering (1) for a large number of
bends, unlike previous experiments (e.g. Van Dijk et al., 2012; 2013b); (2) for an initially straight
channel, unlike previous modelling (e.g. Van Oorschot et al., 2016); and (3) for entirely self-formed
floodplain, unlike one-dimensional meander simulators (Lanzoni and Seminara, 2006; Weiss, 2016)
and two-dimensional modelling (Schuurman et al., 2016) in which floodplain was taken out of the
domain.

The intricate channel belt topography of the simulated rivers is similar in many aspects to that of
natural rivers, including features such as compound point bars, chutes, scroll-like vegetation age
patterns and oxbow lakes (Figs. 2.2, 2.3, 2.4). These features appear better defined on a finer grid but
are generally present at a lower grid resolution as well. The resulting stacked lateral accretion
packages and the better preservation of meanders at the flanks of the valley are generally consistent
with earlier modelling and experiments (Van de Lageweg et al., 2016).

Bar-floodplain conversion was crucial to redirecting flow off the point bars into a single thread
channel with a low width-to-depth ratio (Tal and Paola, 2010; Van Dijk et al., 2012; Kleinhans et al.,
2018). This resulted in bars forced by channel curvature that extended laterally as a consequence of
localised outer bend erosion and inner bend accretion (Van de Lageweg et al., 2014). In contrast, in
less sinuous channels with sparse vegetation, both the gradual erosion of the outer banks and
downstream migration of bars suggest that bars migrated more freely. This behaviour implies that
effective floodplain formation causes a meandering pattern. This finding with vegetation as bar-
floodplain conversion agent bears resemblance to that of systems with floodplain formation through
sedimentation of fines (Van Dijk et al., 2012; Matsubara et al., 2015) and the combination of fines and
vegetation (Braudrick et al., 2009; Constantine et al., 2010; Kleinhans et al., 2018).

Previous research demonstrated that the river pattern is well predicted by combination of a form of
stream power and grain size (Leopold and Wolman, 1957; Furbish, 1988; Kleinhans and
Van den Berg, 2011). However, we show that the river pattern is significantly influenced by the degree
of bar-floodplain conversion when potential stream power and grain size are invariable (Fig. 2.5). In
nature, the stream power of a river sets the boundary conditions for vegetation in a biomorphological
feedback loop, such as maximum flow velocity, flooding and desiccation time and water depth.
Therefore, the flow regime of a river influences which vegetation species can flourish on the bars,
banks and floodplains, which results in a measure of bar-floodplain conversion that is arguably
closely related to stream power, as well as grain size. Variation in current relations of stream power,
grain size and river pattern (Kleinhans and Van den Berg, 2011) could then be explained by other
factors that affect vegetation species-specific settling, growth and mortality, such as climate and the
availability of organic litter and nutrients (e.g. Baker, 1989; Bendix and Hupp, 2000).

The direct influence of the inflow perturbation period on meandering only extends to the first
bend, while all other bends migrate uncoupled from the upstream boundary (Figs. 2.7, 2.8). This
confirms previous research (Fig. 2.10) (Van Dijk et al., 2012; Schuurman et al., 2016) and is attributed
to perturbations migrating in the downstream direction and dampening out within a few channel
widths (Zolezzi and Seminara, 2001). New bar and bend instabilities are generated at every bend and
especially large bends are able to filter out perturbations from upstream (Fig. 2.2) and create a steady
perturbation that leads to the onset of meandering in the downstream direction. Consequently, the
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initiation, migration and cutoff of all bends, apart from the first, are predominantly determined by the
inherent biomorphological feedback loops. Also, the amplitude of the inflow perturbation is much
smaller than the typical meander amplitude, which corroborates that the meandering dynamics are
emergent behaviour rather than forced by the upstream boundary. Nonetheless, it seems that a
perturbation period that approximates the typical meander period results in fewer cutoffs, which
agrees with recent theory and modelling (Weiss, 2016). Furthermore, applying a periodically rotating
rather than a transversely migrating perturbation will likely prevent the first bend and bar from being
forced by the inflow perturbation (Weiss, 2016), perhaps reducing the number of cutoff cascades
initiated by the inflow perturbation.

Inclusion of both finer sediments that could fill abandoned bends, and flow separation at abandoned
meanders could have enhanced the persistent dynamic meandering, especially in the models with the
fastest inflow perturbations. Firstly, the deposition of fines reduces the accommodation space on point
bars by filling in chutes and oxbow lakes, contributing to thick cohesive deposits, and by draping the
upper portions of point bars, which decreases bar erodibility. The extent to which such deposition may
occur depends on the various plant species at hand, which differ between rivers (Simon and Collinson,
2002; Nicholas, 2013). Consequently, overbank flow is reduced that could otherwise lead to chute
cutoff, as shown in mixed-load meandering rivers (Braudrick et al., 2009; Zinger et al., 2013; Kleinhans
et al., 2018). Secondly, flow separation at abandoned meanders favours the development of a plug bar
that reduces the tendency for chute cutoff (Constantine et al., 2010; Zinger et al., 2013). However, the
modelling of flow separation requiresmuch finer grids than is presently feasible; the fines grids required
four months of single processor time on a state-of-the-art server PC.

Our findings show that morphology in state-of-the-art physics-based models requires continuous
perturbation to maintain dynamics over the full length of the domain of limited length, which is in
agreement with theory and experiments. This insight suggests the need for re-evaluation of previous
experimental and numerical studies that were terminated before the decay of dynamics, triggered by
initial disequilibrium and a static perturbation, could be observed (Friedkin, 1945; Braudrick et al.,
2009). For meandering, our work shows that the perturbation period has a negligible effect on the
river pattern and dynamics, but the dynamic perturbation must be sustained for the persistence of

Figure 2.10 Results from previous studies showing that bends, apart from the first bend, migrate
nearly independently from the inflowperturbation (a) in two dimensionalmodelling of high-amplitude
meanders by Schuurman et al. (2016) and (b) in flume experiments by Van Dijk et al. (2012).
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dynamic meandering over the full length of a domain of limited length. An appropriate period of the
perturbation is of the order of magnitude of the natural dynamics, i.e., in our case the meander period.

The present findings also shed new light on the wide scatter observed in relations between meander
bend migration and the bend radius normalised by the channel width R/B (e.g. Hickin and Nanson,
1975; Furbish, 1988; Crosato, 2009). The model results show that the growth and migration of bends
resulted in tightening of their downstream neighbouring bends, which in turn affected the migration
rate of the latter. Generally, tightened bends in our model migrated quickly. However, when bend
tightening caused significant overbank flow, the discharge of the main channel decreased, which
translated into a smaller strength to erode the outer bank (Van Dijk et al., 2012; 2014) and therefore in
slower bend migration. Occasionally, this even caused a cascade in chute cutoffs as was also observed
in the River Allier (Kleinhans and Van den Berg, 2011). The downstream propagating effects of bend
tightening may explain part of the scatter observed in the aforementioned relations. Backwater and
back-sedimentation effects could theoretically result in upstream propagation of perturbations
(Hoyal and Sheets, 2009; Kleinhans et al., 2013), but such effects were not observed other than in
accidental cases (Fig. 2.9).

In real-world context, external dynamic perturbations are generated by natural processes and
repeated human intervention, while internal dynamic perturbations are caused by lateral channel
motion at any point along an actively meandering river, contributing to the perpetuation of
meandering. Examples of natural dynamic perturbations include an upstream braided river, mass
movement from hillslopes and tributaries shedding water and sediment at different times (Van Dijk
et al., 2012). Human intervention in rivers introduces new local perturbations that lead to meanders
reforming over some downstream distance, probably similar to the distance between the first
meander and the upstream boundary in our modelling. While many such measures are static (e.g.
groynes, dikes), in contrast to ‘soft‘ measures such as channel deepening and straightening, they may
be destroyed over time, as has happened in the River Otofuke (Fig. 2.1). Consequently, both soft and
hard measures collectively provide spatio-temporally dynamic perturbations in the form of local
topographic forcing. Downstream of such forcing, the river returns to its inherent dynamic
equilibrium. Nevertheless, downstream meander bends indirectly respond to upstream morpho-
logical change, implying that human intervention could steer unwanted meander expansion
downstream or initiate a cutoff cascade (Hooke, 2004). This could contribute to unwanted faster flood
wave propagation, but understanding of the propagation of instabilities can be used in remeandering
practices. For example, erosion and deposition are redirected by periodically dumping sediment,
retrieved from downstream sediment traps, on different sides of the upstream channel. Thus, the
dumping causes a soft dynamic lateral perturbation, as was also demonstrated theoretically by Weiss
(2016).

The effects of a sustained perturbation likely extend to other morphodynamic environments. For
example, a similar conclusion has been drawn for rip currents in the coastal nearshore zone (Castelle
and Ruessink, 2011). They found that a time-varying wave direction at the seaward boundary of the
nearshore causes a natural variability of rip spacing, migration rate and direction (their Fig. 3). In
contrast, when the wave forcing was constant, a steady state with constant wavelength is reached. The
most striking dynamics that emerge with varying forcing are commonly observed in nature, i.e., the
merging and splitting of bars leading to a change in the number or rip currents. However, no such
patterns were reproduced by the model without continued perturbations enforced at one of the
boundaries (Castelle and Ruessink, 2011). These findings strongly suggest that a dynamic pertur-
bation on the boundary conditions is necessary in all physical and numerical models for fluvial,
estuarine and coastal morphodynamics.
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2.5 Conclusions

Morphodynamic modelling with Nays2D was conducted to determine the effect of a dynamic inflow
perturbation on the river pattern and dynamics of a dynamic meandering river. This resulted in the
following insights.

A dynamic inflow perturbation and bar-floodplain conversion are necessary and sufficient
conditions to model dynamic chute cutoff-dominated meandering in numerical hydro-
morphodynamic models and in laboratory landscape experiments with a domain of limited length.

Bar-floodplain conversion causes flow to channelise in a single sinuous channel with moderate
sinuosity and therefore leads to the meandering river pattern. The model domain spanned about ten
bends, which was sufficiently long to cause reformation of meanders following occasional shifts from
meandering to weakly-braided in part of the domain due to chute cutoff cascades. The resulting
sinuosity, braiding index and meander period are predominantly determined by the
biomorphodynamic feedback loops, while the effect of the inflow perturbation period is negligible
within an order of magnitude of the timescale of meander migration.

Nevertheless, the initiation and persistence of dynamic meandering requires a dynamic inflow
perturbation or a sufficiently long domain, for bend and bar instabilities propagate in the downstream
direction. Although the inflow perturbation period does not have a significant impact on the
dynamic equilibrium river dynamics, a perturbation period of the order of magnitude of the main
morphological time scale, here meander period, appears to be most appropriate. The implication is
that all morphological models and landscape experiments for rivers, estuaries and coasts require
perturbations on a boundary in order to model natural morphodynamics.
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Complementing scale experiments of rivers and
estuaries with numerically modelled

hydrodynamics

Chapter 3 | Complementing scale experiments
of rivers and estuaries with numerically modelled
hydrodynamics

Abstract

Physical scale experiments enhance our understanding of fluvial, tidal and coastal processes. However, it
has proven challenging to acquire accurate and continuous data on water depth and flow velocity due to
limitations of the measuring equipment and necessary simplifications during post-processing. A novel
means to augment measurements is to numerically model flow over the experimental digital elevation
models. We investigated to what extent the numerical hydrodynamic model Nays2D can reproduce
unsteady, nonuniform shallow flow in scale experiments and under which conditions a model is preferred
to measurements. To this end, we tested Nays2D for one tidal and two fluvial scale experiments and
extended Nays2D to allow for flume tilting which is necessary to steer tidal flow. The modelled water
depth and flow velocity closely resembled the measured data for locations where the quality of the
measured data was most reliable, and model results may be improved by applying a spatially varying
roughness. The implication of the experimental data-model integration is that conducting experiments
requires fewer measurements and less post-processing in a simple, affordable and labour-inexpensive
manner that results in continuous spatio-temporal data of better overall quality. Also, this integration will
aid experimental design.

Published as: Weisscher, S. A. H., Boechat-Albernaz, M., Leuven, J. R. F. W., Van Dijk, W. M., Shimizu, Y., &
Kleinhans, M. G. (2020). Complementing scale experiments of rivers and estuaries with numerically modelled
hydrodynamics. Earth Surface Dynamics, 8(4), 955–972, DOI: 10.5194/esurf-8-955-2020
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3.1 Introduction

Physical scale experiments greatly enhance our understanding of fluvial, estuarine and coastal
processes and complement field observations and numerical models. The benefits of experiments that
complement the other two means of research are twofold. Firstly, real material is used with its
inherent laws and properties, as opposed to numerical models that require many parameters and
approximations of laws for water flow, sediment transport (e.g. Meyer-Peter and Müller, 1948; Van
Rijn, 2007; Baar et al., 2019) and lifeforms (e.g. Baptist et al., 2007; Van Oorschot et al., 2016).
Secondly, experiments enable full control of the initial and boundary conditions and require little
time to form entire systems, as opposed to the slow, ever-changing nature observed remotely or in the
field.

The focus of this study is on landscape scale experiments that simulate morphodynamics with
shallow water depths of at maximum a few centimetres, i.e. in or just above the viscous sublayer. This
kind of scale experiments differs from classical hydraulic flume studies (e.g. Struiksma et al., 1985;
Neary et al., 1999) and larger scaled experiments (e.g. Zanichelli et al., 2004; Siviglia et al., 2013) with
water depths >10 cm in which flow data can be more easily measured with lasers and submerged flow
meters (e.g. ADCP). In contrast, data collection in landscape experiments is often difficult, infrequent
and hindered by various problems (Fig. 3.1).

Typical data collection in such experiments targets the following three elements: (1) the
morphological development from overhead imagery and digital elevation models (DEMs) from laser
scanning or stereo photography on a dry bed (e.g. Ashworth et al., 2004; Hoyal and Sheets, 2009;

Figure 3.1 Exemplary data of a physical scale experiment of a meandering river by Van Dijk et
al. (2013a) show how data extraction may be distorted. (a) Overhead imagery shows cases of light
overexposure and the distribution of white silica flour. The water is dyed red where the water colour
saturation is a measure of water depth. Flow is from left to right. (b) Water levels, based on measured
bed elevations and water depths estimated from water colour saturation, are too high above the
floodplain (z = 0 mm) at locations of abundant silica flour and too low at locations of overexposure.
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Leduc et al., 2019); (2) water depth estimated from dye and light attenuation, possibly combined with
absolute water level point measurements (e.g. Peakall et al., 2007; Tal and Paola, 2007; 2010), and; (3)
flow velocity from particle imaging velocimetry on the water surface from floating particles or dye
injections (e.g. Tambroni et al., 2005; Braudrick et al., 2009). Due to the shallow water depths in
landscape experiments, it is technically difficult to conduct flow measurements by submerged
instruments without disturbance of the sediment transport and with the same spatial resolution as of
the bathymetry. To overcome the drawbacks of data collection and post-processing, there has so far
been one research team (Tesser et al., 2007; Stefanon et al., 2010; 2012) that modelled water depth and
flow velocity over DEMs of tidal basin scale experiments. However, the modelled data acquired by
this novel method was not extensively validated against measured data and the model only applies for
uniform flow conditions (Marani et al., 2003).

Here we explore the possibility of extending the numerical flow model application by Tesser et al.
(2007) and Stefanon et al., (2010; 2012) for unsteady, nonuniform flows in landscape scale
experiments. We aim to complement the measured morphological data with continuous, spatio-
temporally dense numerical data of water depth, flow velocity and bed shear stress. On the one hand,
this is a similar practice to modelling flow over the measured morphology of real rivers and estuaries
(e.g. Berends et al., 2019), whilst here the shallow water equations need to be solved. On the other
hand, this practice differs from remodelling the morphological development of a scale experiment
(e.g. Struiksma et al., 1985), which are subject to all the combined errors of sediment transport
predictors (Baar et al., 2019). The extended integration of experimental data and a numerical model
would not only expand the possibilities for data analyses of a series of experiment bed scans, but
would also open up fast methods of testing alternative experimental settings for either an
experimental or idealised morphology. This would save valuable time in the laboratory, especially for
long-lasting experiments that include vegetation (e.g. Braudrick et al., 2009; Van Dijk et al., 2013b;
Lokhorst et al., 2019).

3.2 Review: Experimental Data Collection and Post-Processing Techniques

In order to quantify the hydro- and morphodynamics of a landscape scale experiment with shallow
flow, the following three data types are commonly measured: dry bed elevation, water depth and flow
velocity (Table 3.1). Below, the data collection and post-processingmethods of these data are presented
in conjunction with their drawbacks and achievable level of accuracy.

Firstly, bed elevation of experiments can be acquired through numerous techniques. These include
a water level contour survey (Reynolds, 1889; 1891), a manual/digital point gauge survey (e.g.
Friedkin, 1945; Peakall et al., 2007), 3D/laser and structured light (zSnapper®) scanning (e.g. Gran
and Paola, 2001; Tambroni et al., 2005; Van de Lageweg et al., 2014; Kleinhans et al., 2014b; Marra
et al., 2014), ultrasonic echosounding (e.g. Best and Ashworth, 1994; Hoyal and Sheets, 2009;
Stefanon et al., 2010; 2012), and structure-from-motion (SfM) photogrammetry through which
photos are geo-referenced to ground control points (Agisoft PhotoScan) (e.g. Westoby et al., 2012;
Leduc et al., 2019). The most accurate technique is the point gauge survey (± 0.1 mm) (Best and
Ashworth, 1994), which does not require the flume to be drained. However, point gauging is terribly
slow to get full coverage, as is the case for the water level contour survey, in which dry bed-water
boundaries are registered for different water levels (Reynolds, 1889; 1891). In contrast, scanning,
sounding and photogrammetry are much quicker and typically result in a vertical accuracy of ± 0.5
to 1 mm (Peakall et al., 2007; Leduc et al., 2019). Yet, these three techniques require a dry bed, apart
from a few kinds of laser scanners (Tesser et al., 2007; Stefanon et al., 2010; 2012). Consequently, the
bed may be disrupted during the draining and refilling of the flume. Also, vegetation hampers their
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Table 3.1 Data collection techniques in fluvial and tidal scale experiments with erodible boundaries
and flows shallower than a few centimetres. ‘Overhead imagery’ constitutes imagery or video from
a camera at a fixed position that potentially allows for the classification of the experiment planform.
Water depths ‘est. from physics’ are determined for a few cross-sections assuming uniform flow and
a given discharge. ‘SfM’ is structure-from-motion photogrammetry. The field ‘Remarks’ contains
additional sediments/vegetation on top of themain sediment that may interfere with overhead imagery
analyses.

Paper Type of experiment
Measurements

Remarks
Overhead
imagery

Elevation DEM Water depth
Flow
velocity

unidirectional flow

Friedkin (1945) meandering/braided river x point gauge x point gauge - silt, coal, loess
Schumm and Khan (1972) alternating bars - point gauge - point gauge - kaolinite
Schumm et al. (1987) alluvial fan x burial of pins - - - -
Ashmore (1991a; 1991b) braided river x point gauge - point gauge - -
Ashworth et al. (1994) braided river x point gauge - point gauge - -
Gran and Paola (2001) braided river x laser/point gauge x water colour PIV vegetation
Ashworth et al. (2004) braided river x laser x - - -
Peakall et al. (2007) braided river x point gauge - point gauge PIV -
Tal and Paola (2007; 2010) meandering river x laser - water colour - vegetation
Hoyal and Sheets (2009) alluvial fan x ultrasound x est. from physics dye -
Van Dijk et al. (2009) alluvial fan x SfM x est. from physics - -
Braudrick et al. (2009) meandering river x laser x point gauge dye vegetation
Gardner and Ashmore (2011) braided river x SfM x - - -
Van Dijk et al. (2012; 2013a) meandering/braided river x laser x water colour - silica flour
Van Dijk et al. (2013b) meandering river x laser x water colour - vegetation
Van de Lageweg et al. (2013; 2014) meandering river x laser x water colour - silica flour
Leduc et al. (2019) braided river x SfM x SfM - -

reversing flow

Reynolds (1889; 1891) estuary/tidal basin - contour-line x - - -
Mayor-Mora (1977) tidal channel x point gauge - point gauge - -
Tambroni et al. (2005) tidal channel - ultrasound x ultrasound PIV -
Tesser et al. (2007) tidal basin - laser x ultrasound model -
Stefanon et al. (2010; 2012) tidal basin - laser x ultrasound model -
Vlaswinkel and Cantelli (2011) tidal basin x laser x bathymetry - -
Kleinhans et al. (2012; 2015b) tidal basin x - - water colour PIV -
Iwasaki et al. (2013) tidal basin x unclear - - - -
Kleinhans et al. (2014b) tidal channel x zSnapper® x water colour - -
Braat et al. (2019a) estuary x SfM x water colour PIV walnut shell
Leuven et al. (2018a) estuary x SfM x - PIV -
Leuven and Kleinhans (2019) tidal channel x SfM x water colour PIV -

accurate reading of the bed elevation (e.g. Gran and Paola, 2001). In consequence of these drawbacks,
the number of DEMs is usually limited.

Secondly, water depth maps are acquired while the experiment runs in either of two approaches:
water depth is derived from the dyed water colour saturation, or from measured water levels. As for
the first approach on dye, the water colour saturation is an indicator of water depth that is recorded
by overhead cameras (Carbonneau et al., 2006; Tal and Paola, 2007; 2010). To augment differences in
colour saturation, some studies (e.g. VanDijk et al., 2013a; Leuven et al., 2018b) converted the overhead
RGB imagery to the CIE L*a*b* colour space; L* is a scale for luminosity, a* is a scale from green to red,
and b* is a scale from blue to yellow. For calibration, the bed elevation of a map or transect is related to
the corresponding values of colour saturation, after which a regression is used to convert the overhead
imagery to water depth maps. Ideally, a regression is used that captures the exponential saturation of
water colour with increasing water depth (Carbonneau et al., 2006). A high accuracy up to 1 mm is
mentioned in literature (Tal and Paola, 2007; 2010), but may be much lower for substrates with mixed
sediments with different colours and for lighting variations (Fig. 3.1) (e.g. Van Dijk et al., 2013a).

Alternatively, water depth is readily derived from water levels and bed elevations. Water levels are
recorded as point measurements using an ultrasonic echosounder or water level gauge (e.g. Mayor-
Mora, 1977; Tambroni et al., 2005) or are derived from SfM photogrammetry (Leduc et al., 2019).
Although sounding and gauging are more time-consuming to get full coverage, the data has a much
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Figure 3.2 The flume setups of the two scale experiments tested in this study. (a) The Eurotank flume
was used to simulate meandering and braided rivers in parallel on the left and right part of the flume,
respectively (Van Dijk et al., 2013a). Water colour was converted to blue for visual comparison with
(b) the second scale experiment in the tilting flume the Metronome that was used to simulate estuaries
(Leuven et al., 2018b). The flume tilts over the short central axis, which steers flood and ebb flows that
favour ample sediment transport in both tidal directions.

smaller claimed error of 0.2 mm (Tambroni et al., 2005). As for SfM photogrammetry, this only works
up to present for unidirectional flow with rigorous calibration and has a vertical accuracy of 1 mm
(Leduc et al., 2019). Additionally, few studies estimate water depth along cross-sections of the known
bathymetry from uniform flow and an estimated discharge (Hoyal and Sheets, 2009; Van Dijk et al.,
2009; Vlaswinkel and Cantelli, 2011).

Thirdly, flow velocity maps are created by tracking floating particles (Peakall et al., 2007; Kleinhans
et al., 2017b), soap bubbles (Gran and Paola, 2001) and dye (Hoyal and Sheets, 2009; Braudrick et al.,
2009) with overhead cameras. Either the data are partly manually digitised or a technique is used
called particle imaging velocimetry (PIV) (e.g. Mori and Chang, 2003). Herein, small floating
particles are seeded on the water surface, and their positions are recorded at a high frequency by
overhead cameras. Subsequently, surface flow velocity and direction are computed by tracking the
displacement of the particles from pairs of consecutive images. However, this technique falls flat for
regions with either sparse or superabundant particles where it is infeasible either to get sufficient
coverage or to track individual particles. Also, PIV particles may become stranded on bars, which
culminates in much lower or absent measured flow velocities that are especially troublesome in tidal
experiments (Leuven et al., 2018b). Another drawback is that the PIV particle removal is done by
increasing the water depth and draining the flume, which may disrupt the bed. For this reason, PIV
measurements cannot be done in experiments with vegetation and light-weight material, for the latter
would be uprooted or displaced. This issue may be overcome by using soap bubbles (Gran and Paola,
2001). The error of PIV measurements of mean flow velocities may be as small as 0.5 pixel size if
particle size and density are chosen correctly (Weitbrecht et al., 2002). Finally, measuring flow in the
water column is infeasible with the available equipment reported in literature; this is due to the
shallow water depth of at most a few cm in the type of physical scale experiments discussed here.

Thus far, only one research group has used a numerical model to create flow velocity maps for scale
experiments with shallow flow (Tesser et al., 2007; Stefanon et al., 2010 2012). They used a tidal basin
DEM and the boundary conditions as input and solved the Poisson boundary value problem, which is
valid for systems where the water surface can be assumed horizontal (Marani et al., 2003). This resulted
inmaps of depth-averaged flow velocities over a tidal cycle. Although themodel had been validated for
the Venice Lagoon (e.g. Defina, 2000), the model was not calibrated for the experiment due to a lack of
flow velocity measurements.
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3.3 Methods

3.3.1 Selected Scale Experiments
Two fluvial experiments and one tidal experiment were selected for testing that are representative of
other river flume setups with uni-directional flow (e.g. Ashmore, 1991; Tal and Paola, 2010; Braudrick
et al., 2009) and for estuary flume setups with reversing flow (e.g. Reynolds, 1889; Tambroni et al., 2005;
Braat et al., 2019a). Below, a brief review is given on the main findings and general setup of the selected
experiments.

The fluvial experiments in the Eurotank flume by Van Dijk et al. (2013a) demonstrated the
importance of cohesive floodplain formation for replicating a meandering channel in a physical
scale-experiment. Floodplain formation by the deposition of fines was found to be sufficient to
maintaining a sinuous, single-thread channel in the absence of vegetation. In contrast, a weakly
braided river pattern developed in the control experiment without fines. Fines were represented by
white, silt-sized silica flour that was added to the river discharge. Additionally, regular floods were
applied to the river discharge to enhance the deposition of cohesive deposits on the floodplain, and
the inflow was periodically perturbed to maintain meandering dynamics (Lanzoni and Seminara,
2006; Van Dijk et al., 2012; Chapter 2). The collected data constitutes overhead imagery and DEMs
from line-laser altimetry. In parallel, floodplain has been formed experimentally with vegetation (Tal
and Paola, 2010; Braudrick et al., 2009), but this requires parameterisation of vegetation that,
although possible (Baptist et al., 2007; Chapter 2), introduces uncertainties that would hamper
model-data comparison for this study.

The tidal experiment in the Metronome flume by Leuven et al. (2018b) showed the development of
an entire estuary with erodible boundaries and self-formed bars on a laboratory scale. The
self-formed estuary planform was characterised by along-channel alternations of shallow, wide
sections that accommodated large bars, and deep bottlenecks where the main confluences were found.
The Metronome flume tilts over the short central axis (Fig. 3.2), which differs from previous
stationary flume setups with sea level fluctuations (Reynolds, 1889; 1891; Mayor-Mora, 1977;
Tambroni et al., 2005; Tesser et al., 2007; Stefanon et al., 2010; 2012; Vlaswinkel and Cantelli, 2011;
Iwasaki et al., 2013). The tilting motion periodically generates a slope in the landward direction
during flood and a slope in the seaward direction during ebb, which result in tidal currents strong
enough to move sediment along the entire estuary (Kleinhans et al., 2017b) (Suppl. Movie online).
The collected data constitutes overhead imagery, DEMs from stereo-photography and flow
measurements by large-scale particle imaging velocimetry (PIV) over a tidal cycle. Earlier
experiments had tidal flow driven by slow sea level fluctuations, which is closer to the cause of tidal
currents in nature but leads to lower sediment mobility (e.g. Tambroni et al., 2005; Stefanon et al.,
2010). Moreover, such flows can be modelled with simpler flow models (Marani et al., 2003; Stefanon
et al., 2010) that provide a less rigorous test of the numerical model applied here.

3.3.2 Numerical Model Nays2D
The numerical model Nays2D was selected to simulate water flow of fluvial and tidal landscape scale
experiments for the following reasons. Firstly, Nays2D is one of few models that can account for
shallow flow of at maximum a few centimetres deep. This is opposed to more common models for the
simulation of large-scale fluvial and tidal morphodynamics (e.g. Delft3D) that often have build-in
thresholds for minimum water depths. Secondly, Nays2D is open source (as opposed to e.g.
FLOW-3D), so the technique tested in this study is freely available for third parties.

Nays2D solves the depth-averaged nonlinear shallow water equations, given by the following three
equations in Cartesian coordinates, in which Eq. (3.1) is the preservation of mass and Eq. (3.2-3.3) are
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the preservation of momentum in the streamwise and transverse direction, respectively:
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in which t is time (s), ū and v̄ are the depth-averaged flow velocity (m s−1) in the streamwise (x) and
transverse (y) direction, H is the water level (m), h is the water depth (m), C is the Chezy roughness
(m0.5 s−1), g is the acceleration due to Earth’s gravity (m s−2) and νt is the eddy viscosity coefficient
(-). Eddy viscosity is approximated as

νt =
κ

6
au∗h+ b (3.4)
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√
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(3.5)

in which u∗,x and u∗,y are the streamwise and transverse components of the shear velocity (m s−1).
The hydrodynamics were solved by dividing each time step into two parts, namely an advective part
that was solved using a cubic-interpolated pseudoparticle (CIP) method, and a nonadvective part that
was solved with a conventional finite difference method (Yabe et al., 1990). Since the aim of this study
is to complement bathymetric data with hydrodynamic data rather than to reproduce the experiment,
sediment transport and morphological updates were disregarded.

Input to Nays2D comprised a DEM of each experiment as initial condition and the corresponding
boundary conditions (Fig. 3.3; Table 3.2). For the river modelling, the two DEMs (meandering and
braided rivers) corresponded to the final flood stage; a constant bankfull discharge of 0.5 L s−1

entered at the upstream boundary, and the water level at the downstream boundary was derived from
uniform flow. For the estuary modelling, the DEM was used that corresponded to tidal cycle number
5887 (see Leuven et al., 2018b), and a 0.1 L s−1 river discharge entered only during the ebb phase;
DEMs at later stages could not be used since the ebb-tidal delta was incomplete due to the
overhanging wave generator. The estuary DEM was interpolated to a coarser rectangular grid with
2.5×2.5 cm grid cells to limit model run time to at maximum one day. In agreement with modelling
practices for natural systems (Arcement and Schneider, 1989), a spatially uniform Manning
roughness coefficient of n = 0.02 s m1/3 was applied of which the sensitivity will be assessed later.
The Manning roughness coefficient is described as:

n =
h1/6

C
(3.6)

The reason for not using a spatially variable friction, which could be computed frommaps of grain size,
is that such maps would currently include all measurement errors due to lighting and sediment colour.
If these errors are significantly reduced in future studies, spatially varying friction maps are a viable
option. The model was cold started with an initial water slope equal to the valley slope of the DEM
with initial flow velocities calculated from uniform flow.

Nays2D was extended to enable periodical tilting of the estuary DEM and the downstream water
level boundary to drive tidal flow similar to the tilting flume the Metronome (Fig. 3.2). The domain
was tilted sinusoidally with a period of 40 s and an amplitude of 0.075m, meaning amaximum gradient
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Figure 3.3 Workflow of integrating physical scale experiments and the numerical hydrodynamic
model Nays2D to acquire water depth, flow velocity and sediment mobility maps (i.e., excluding point
measurements). The DEM and corresponding boundary conditions are input to the model. Grey
elements apply only to tilting flume experiments that simulate tidal systems. End products are on the
bottom row and are indicators of hydrodynamics and morphological change.

of 0.0075mm−1. In theMetronome, the water level at the downstream boundary was set by a weir that
moved in counterphase to the flume tilting so as to maintain a constant sea level of +0.065 m during
tilting (see for explanation: Kleinhans et al., 2017b; Leuven et al., 2018b). As the experiment progressed,
the weir amplitude was gradually reduced with the reduction of the length of the open sea due to the
development of the large ebb-tidal delta; at tidal cycle number 5887, the weir had an amplitude of
0.004 m. To mimic the action of the weir in the model Nays2D, a sine function was imposed on the
water depth at the downstream boundary, and the sea around the ebb-tidal delta was assigned a high
diffusivity of b = 0.02 for numerical stability.

3.3.3 Data Analysis
Maps of water depth and flow velocity were compared to the measured data. For the two rivers, only
water depthwas compared, as flowvelocitywas not systematicallymeasured other than sparse estimates
of mid-channel flow (see Suppl. Fig. 3.13 for modelled flow velocity maps). To explore the causes of
the water depth differences between themodel and the experiments, the river planforms were classified
into six classes (Suppl. Fig. 3.14). The first two classes comprised the locations of white silica flour and
overhead light overexposure, which were based on the overhead imagery. The remaining four classes
weremorphological units with increasing levels of inundation, from a soaked bed with negligible water
depth to a channel. These units were based on modelled flow, for which we used bed elevation times
flow velocity to the power three that proved well to separate transporting channels from inactive ones
(Chapter 2).
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Table 3.2 Model settings and boundary conditions of the physical scale experiments in Nays2D. The
first block of parameters is retrieved from the experiments, the second block is user-defined.

Parameter Unit Van Dijk et al. (2013a)
meandering/braided rivers

Leuven et al. (2018b)
estuary

River discharge L s−1 0.5 0.1
Grain size d50 m 0.51×10−3 0.55×10−3

Downstream water level m uniform flow 0.065
Tilting period (flume & weir) s – 40
Tilting amplitude (flume) m – 0.075
Tilting amplitude (weir) m – 0.004

Time step s 0.02 0.005
Manning’s n s m1/3 0.02 0.02

Maximum and minimum water depths in the estuary experiment were compared to bracket the
tidal conditions. The 16 overhead images taken during the tidal cycle were converted into measured
water depth maps. To account for incoming light from a window at the seaward side of the flume, two
conversions were formulated for the upstream and downstream boundaries that were linearly
interpolated along the flume. The equation for the upstream boundary was
h = 1.43.10−7 × Blueness−15.68 + 0.004 and for the downstream boundary was
h = 2.41.10−2 ×Blueness−2.19 + 0.092, whereBlueness is the b* band in the CIE L*a*b* colour
space.

Surface flow velocity measurements of the estuary experiment were compared with modelled depth-
averaged velocities. To this end, the modelled flow velocities were converted to surface flow velocity
using

uz =
u∗

κ
ln

(
z

z0

)
(3.7)

in which uz is the flow velocity (m s−1) at depth z (m), with depth-averaged flow velocity at 0.36 h,
and z0 is the zero-velocity level for rough flow (m). Modelled depth-averaged flow velocity and shear
velocity were used to calculate z0, from which uz was calculated at the water surface. Grid cells
lacking one or more of the 16 PIV measurements during the tidal cycle were filtered out to enable a
fair comparison of experimental data and model throughout the entire tidal cycle. The comparison
focused on morphologically relevant variables; these include the tidal flow velocity maxima during
the ebb and flood phases, which are important for sand transport (Friedrichs, 2011), and the tidally
averaged residual flows, which are important for mud transport (Postma, 1961; Groen, 1967).

Finally, the sensitivity to the Manning roughness coefficient was tested for the range
0.016 − 0.024 s m1/3 that agrees with common coefficients for sand (Arcement and Schneider,
1989). The mean absolute error (MAE) and mean bias error (MBA) quantify the difference between
the model and the measurements. The MAE is computed as the average of absolute differences
between the modelled and measured data. The MBA is computed as the average difference to
quantify how much the model over- or underpredicts the measured data.

3.4 Results

3.4.1 Meandering and Braided Rivers
Water Depth
The modelled water depth resembles the measured data for both river types for locations where the
quality of the experimental data is good (Figs. 3.4a-f, 3.5a-d; Suppl. Fig. 3.14). Similar to the
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meandering river experiment, the model produces flow that is focused in a single sinuous channel,
especially for x > 4 m (Suppl. Fig. 3.13), despite the multi-channel character of the DEM and the
considerable overbank flow. This distinction of a main sinuous channel and swale channels is less
distinct in the model for x < 4 m. This is also the domain range with slightly more modelled
overbank flow over the floodplain compared to the experiment (Fig. 3.4c). The mean absolute error is
small, albeit larger for the channels (MAE = 1.73 mm) than the low/high inundated areas (MAE
= 0.81 mm), and the model bias error is negligible (MBE < 0.1· MAE) (Fig. 3.5a,b), given a
maximum water depth of 20 mm.

The braided river model reproduces the division of flow over about two channels with little overbank
flow (Fig. 3.4d-f). However, the model predicts slightly more water flowing through the secondary
channels and less through the main channel (for example the secondary channel around x = 6 m,
y = 1 m in Fig. 3.4f). Overall, the model error is slightly larger than of the meandering river, with
an MAE = 2.31 mm and MBE = −0.65 mm for channels and an MAE = 1.30 mm and MBE =

−0.25 mm for low/high inundated areas (Fig. 3.5b,d); the bias errors indicate that modelled water
depths are on average lower than the measured values for the braided river.

The modelled flow is more reliable at locations with abundant white silica flour where the measured
data are quite inaccurate (Fig. 3.1b; Suppl. Fig. 3.14c). It is at these locations that the measured water
levels, calculated as water depth from water colour added on the bathymetry, are unrealistically high
above the surrounding floodplain. The reason for such large measured water depths for the upper
meandering river (Fig. 3.4a-c) is that the white silica flour enhanced the colour contrast with respect to
the yellowish sandy substrate. In consequence, higher redness values were recorded for floured regions
on the a* band that Van Dijk et al. (2013a) used to estimate water depths. However, as this effect was
unaccounted for during post-processing, too large water depths were assigned to these ’redder’ areas.

3.4.2 Estuary
Water Depth
Periodic tilting of the estuary DEM that mimicked the motion of the tilting flume adequately
reproduced the propagating behaviour of the tidal wave (Suppl. Movie online). Moreover, the
modelled tidal wave caused maximum and minimum water depths close to those observed with an
MAE = 1.96 mm for maximum water depths and an MAE = 2.64 mm for minimum water depths
(Figs. 3.4g-l, 3.5e,f; Suppl. Figs. 3.15, 3.16). These errors are small compared to the largest water
depths recorded in the estuary of about 35 mm.

Overprediction by the model mainly occurs at the ebb-tidal delta (x > 18 m in Fig. 3.4i,l). This is
predominantly due to the difference of the downstream boundary conditions between the experiment
and the model. In particular, the amount of water entering the flume during flood was somewhat
limited by the pumping capacity in the experiment. In contrast, the influx of water in the model was
determined with a uniform flow assumption, causing larger inflow that increased the water depths on
the ebb-tidal delta. In turn, this larger influx likely contributed to the slightly largermaximummodelled
water depths especially in the downstream half of the estuary.

Underprediction by the model is primarily ascribed to two factors, namely the chosen hydraulic
roughness coefficient (model-based) and the water depth conversion from colour saturation
(experimental data-based). Firstly, the observations clearly show that the tidal wave propagated faster
in the deeper channels than over the shallow bars, causing flow to curl around bars (Suppl. Movie
online). In the model, however, the partitioning of flow between channels and bars is less
asymmetrical. In consequence, flood-dominant channels that end in a shoal may receive more
modelled inflow over their shoal during ebb, resulting in overall slightly larger water depths (e.g. the
red tidal channel at x = 8 m in Fig. 3.4l). This implies that the model diffusivity and/or hydraulic
roughness on the bars are too small. Secondly, the experimental data-model comparison is sensitive
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Figure 3.4 Measured and modelled water depth (a–c) for the meandering and (d–f) braided rivers
by Van Dijk et al. (2013a) and (g–l) for the estuary by Leuven et al. (2018b). In case of the estuary,
panels (g–i) show the maximum water depth during a tidal cycle, and panels (j–k) show the minimum
water depth during a tidal cycle. Maps of difference are determined by subtraction of modelled from
measured water depth.
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Figure 3.5 Comparison between measured and modelled water depths for different classes for the
(a/c) meandering and (b/d) braided rivers, as well as for the (e) maximum and (f) minimum water
depths in the estuary. The scatter density plots exclude floodplain and erroneous measured data (e.g.
due to white silica flour), which are included in Suppl. Figs. 3.14 (rivers) and 3.15 (estuary). Colours
indicate the occurrence frequency.

to thewater depth conversions, which are less accurate for shallowwater depths (Figs. 3.5f). Specifically,
the nonlinear conversion equations used in this study and by Leuven et al. (2018b) overpredict water
depths for very shallow flow (i.e., h < 5 mm; Fig. 3.5f)) so as to get the deeper water depths right.
Therefore, measured water depths of very shallow flow over bars are too large, which explains most of
the differences between model and experimental data for minimum water depths.

Ebb and Flood Flow
The modelled spatial pattern of peak flow velocities resembles that of the PIV measurements
(Fig. 3.6). Both model and measurements show that peak ebb and flood flow are relatively large in
channels and around bottlenecks, while they are relatively small on bars and in wider sections of the
estuary. Furthermore, peak flow velocities decrease in the landward direction from ± 40 cm s−1 at
the estuary mouth to ± 30 cm s−1 at x = 2 m (Fig. 3.7a,b). Over the entire tidal cycle, the model has
a small MAE = 6.45 cm s−1, which is about 1/7 of the maximum surface flow velocity; in other
words, the modelled order of magnitude is close to the measurements’. Also, a different manning
roughness results in fairly similar water levels and flow velocities along the estuary, with slightly
smaller flow velocities and water level variations for a higher roughness (Fig. 3.7b,c).

The model has full spatial cover, while experimental data are lacking particularly near the estuary
mouth and for the shallower areas (Fig. 3.6a,b,e). Near the estuary mouth, PIV particles occasionally
clumped together, which resulted in incorrect flowmeasurements that were excluded from comparison
with the model. On the other hand, PIV measurements at shallow locations were discontinuous since
the PIV particles either stranded on the bars or were drained to deeper waters. Consequently, flow
velocity measurements on and around bars tend to be inaccurate, which explains the larger contrast of
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modelled and measured velocities for shallower areas (Figs. 3.6, 3.8). For example, the model clearly
shows the wetting and drying of a tidal bar with peak flow velocities half of those in a bordering channel
(Fig. 3.8b). The measurements in the channel are about similar, but are unrealistic for the tidal bar; the
PIV measurements suggest negligible flow which is incongruent with the recorded tidal water depth
variations.

Residual flow maps of both modelled and measured flow show the expected ebb-dominance of
channels and flood-dominance of bars, especially at their seaward sides (Fig. 3.9). Also, the two
circulation cells measured on the ebb-tidal delta are well-reproduced by the model. However, the

Figure 3.6 (b–d) Maximum ebb and (e–g) flood flow velocity with (a) the estuary morphology for
reference. Maps of difference are determined by subtraction of modelled from measured surface flow
velocity. ‘X’ and ‘O’ in (a) are the locations at which tidal stage diagrams were made in Fig. 3.8 of
channels and shoals, respectively.
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Figure 3.7 (a) Surface flow velocity along the estuary, given as the 90th percentile of the streamwise
flow velocity component. (b) The effect of Manning on the surface flow velocity and (c) the phase-
dependent median water level of each cross-section along the estuary. Colours indicate the phase in
the tidal cycle.

Figure 3.8 Tidal stage diagrams showing water depth versus surface flow velocity for a channel and
shoal at (a) x = 14.6 m and (b) x = 10.8 m in Fig. 3.6a. Water depth and surface flow velocity were
averaged for a 5x5 cell window. Colours indicate the phase in the tidal cycle.
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Figure 3.9 Residual surface flow velocity maps show similar spatial flow patterns and magnitudes
between (a) the measured data and (b) model output, apart from the upstream 6 m. This upstream
region was underseeded with PIV particles, which resulted in wrongly measured flow velocities.
Therefore, computation of the mean absolute/bias errors was done for x > 6 m.

overall modelled residual flow is slightly less flood-dominated (MBE is positive) than the PIV-based
residual flow. For example, the flood-dominance of the channel at x = 14 m is weaker but still
recognisable in the modelled data (Fig. 3.9). Further landward, a discrepancy arises in that the model
suggests that the channel and bar between x = 4 m and 6 m are flood-dominant, while the
measurements show they are mainly ebb-dominant. Inspection of the raw PIV data shows that here
the flood flow is underseeded with particles, suggesting that the measured data is inaccurate and
leaving the model untested in this zone.

3.5 Discussion

The numerical hydrodynamic model Nays2D reproduces water depths and flow velocities for physical
scale experiments with both unidirectional and reversing shallow flow (Figs. 3.4, 3.6, 3.9). The mean
absolute error ofmodelled water depth is within 10%maximumwater depth (Fig. 3.5) and ofmodelled
flow velocity is within 15 % maximum flow velocity (Fig. 3.7). In other words, the errors of modelled
flow fall within the range of errors that was expected in the measured data. The model results are
valuable because the spatio-temporal coverage and quality of experimental data are at present more
limited in typical laboratory conditions for landscape experiments. Therefore, this experimental data-
model integration opens up many opportunities for the analyses of hydrodynamics in experiments in
a time-efficient, cost-effective and labour-inexpensive manner. Thus far, this integration has only been
used to the authors’ knowledge for one set of tidal scale experiments with erodible boundaries by Tesser
et al. (2007) and Stefanon et al., (2010; 2012), who numerically computed flow velocity fields by solving
the Poisson boundary value problem (Marani et al., 2003). In addition to their findings, the results of
this study demonstrate that an experimental data-model integration extends to complex bathymetries
with unsteady, nonuniform flows.

A major advantage of numerically modelled flow fields is the full coverage and the independence
from imperfect lighting, particle seeding and empirical relations through which flow properties are
inferred (e.g. Van Dijk et al., 2013a; Braat et al., 2019a). Additionally, the model adheres to continuity
of flow, which is not the case for experimental data with errors, bias and uncertainty. Consequently,
the modelled flow permits a much more accurate calculation of important flow parameters for system
scaling and analysis.

One such an example is the computation of tidal prism. Tidal prism based on flow velocity and
depth measurements is strongly underestimated by measurement error and missing values in shallow
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Figure 3.10 Tidal prism along the estuary based on experimental data, bathymetry and the model
scenarios. Measured flow velocities were converted to depth-averaged velocities using Eq. (3.7). Tidal
prism based on bathymetry (black dashed line) was computed as the cumulative volume of water along
the estuary between high and low water levels imposed at the weir (i.e. with an amplitude of 4 mm) (cf.
Braat et al., 2019a); this calculation ignores effects of friction and river inflow.

areas (Fig. 3.10). Alternatively, tidal prism could be computed using bathymetry and the cumulative
volume ofwater between high and lowwater levels along the estuary, but thismethod ignores roughness
effects and will result in an overestimation of tidal prism if the tide is a propagating wave, as opposed
to a standing wave. The drawbacks of these computations are overcome by the model, which shows a
steeper decrease of tidal prism in the landward direction due to roughness and a levelling-off towards
the landward boundary, indicative of river inflow dominance (Fig. 3.10). Other important system-
scale characteristics that can be derived from the modelled flow are e.g. tidal excursion length (e.g.
Schramkowski et al., 2002) and the flow partitioning between multiple channels and bars (e.g. Bolla
Pittaluga et al., 2003; Kleinhans et al., 2008). However, this does not mean that data need no longer be
collected because the model may require calibration of e.g. hydraulic roughness.

The hydraulic roughness is commonly used to calibrate water levels and flow velocities in
hydrodynamic models (e.g. Berends et al., 2019). Although a spatially constant Manning roughness
of 0.02 s m1/3 already produced satisfying hydrodynamics, the results could be improved by
calibrating a spatially varying roughness; this is especially the case for experiments with wide
sediment distributions or fines (e.g. Van Dijk et al., 2013a; Braat et al., 2019a). Such roughness maps
could be generated from grain size maps based on overhead imagery, provided measurement errors
due to lighting and sediment colour are greatly reduced. Using a spatially varying roughness may
improve the partitioning of water at bifurcations over the downstream channels (for example the
secondary channel in the braided river around x = 6 m [Fig. 3.4]). However, the partitioning of
water over channels and bars also depends on which of the three classic assumptions of friction is
applied, namely a constant Manning, Chezy or White-Colebrook roughness coefficient (Fig. 3.11).
For example, using a constant Chezy instead of Manning would result in slightly slower flow in
channels and faster flow over bars. In contrast, a constant White-Colebrook would produce faster
flow in channels and slower flow over bars. In turn, these differences in flow velocity would have a
considerable effect on the computed sediment mobility.

Sediment mobility is perhaps the most important measure of flow for morphodynamics (Kleinhans
and Van den Berg, 2011) (Fig. 3.12), but it is difficult to acquire from experiments with shallow flow.
Firstly, the nondimensional mobility number allows for the comparison to natural systems (Kleinhans,
2010). Secondly, it provides vital insight in sediment transport fields and morphological activity that
is especially valuable for studying multi-channel systems and channel-bar margin interactions (De Vet
et al., 2017; Van Dijk et al., 2018; Baar et al., 2019). For example, these data may be used to predict
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Figure 3.11 Effect of different hydraulic roughness predictors on the distribution of depth-averaged
flow velocity ū for (a) a constant Manning, (b) a constant Chezy C and (c) a constant grain roughness
ks (White-Colebrook). The cross-section is from the experimental estuary by Leuven et al. (2018b) at
x = 15.3 m at maximum tilt in the ebb direction. Cross-sectional flow velocities were iterated for C
and ks assuming the same total discharge and water levels as modelled in this study with Manning.

future locations of erosion and deposition (Fig. 3.12a-d). Also, they may be indicative of grain size or
may be coupled to grain size estimations from imagery (e.g. Gardner and Ashmore, 2011).

The model is potentially applicable in conditions where data collection is hampered, such as in
vegetated experiments (e.g. Braudrick et al., 2009; Tal and Paola, 2007; 2010). Application on
vegetation surfaces requires the vegetation to be filtered out of the DEMs and vegetation roughness
effects to be added to the model (Baptist et al., 2007; Chapter 2). Consequently, experimental data
could be enriched with water depth maps and particularly flow fields that are often absent (Table 3.1).

Water depth and sediment mobility maps enable unbiased classification of a river or estuary
planform into inundation zones (Fig. 3.12g). For instance, this enables the study of the development
of intertidal areas in estuaries, which are of key importance to a high biodiversity (e.g. Ysebaert et al.,
2003). Moreover, such inundation classifications may effectively culminate in ecotopic maps that
indicate at what locations which faunal and floral species would be likely to thrive. Finally, the model
opens up a faster way of testing the design of a flume experiment. Whilst laboratory tests need to be
done in series, the model allows for testing initial and boundary conditions in parallel. Based on the
resulting flow fields and bed shear stress maps at the start of the modelled flume setups (sediment
transport is not included), preferred flume settings may be readily derived and applied to the physical
flume. Thus, probably fewer physical tests are required, which greatly reduces the total laboratory
time. This is especially the case for experiments with different sediment mixtures and with vegetation,
for which the flume needs to be emptied and cleaned after every run.
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Figure 3.12 Complementary model data as maps of nondimensional bed shear stress (i.e. Shields
numbers) and tidal zonation. (a) Shields numbers for themeandering and (b) braided rivers with (c–d)
the corresponding elevation-difference DEMs with the next time step. (e) Maximum Shields numbers
for the estuary in the ebb and (f) flood direction. (g) Classification of the estuary DEM in inundation
classes based on modelled tidal flow. A similar classification is also applicable to unidirectional flow in
rivers, as illustrated in Suppl. Suppl. Fig. 3.14a,f.

3.6 Conclusion

Hydrodynamic modelling with Nays2D simulates unsteady, nonuniform flows for physical scale
experiments with unidirectional and reversing shallow flow. The modelling requires a DEM and the
corresponding boundary conditions and produces continuous spatio-temporal data on water depth
and flow velocity, whilst ignoring substrate colour differences, lighting overexposure and under or
oversampling of floating PIV modules that usually decrease the quality of experimental data.
Additionally, Nays2D computes sediment mobility, which is normally difficult to measure in shallow
flows but is an important parameter for morphological activity and the comparison to natural
systems.

The implication of this experimental data-model integration is that fewer measurements and less
post-processing are required and are mainly meant for the calibration of model parameters such as
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the hydraulic roughness. In turn, this integration opens up many opportunities for the analyses of
hydro and morphodynamics in experiments. For example, the enhanced data enable the objective
classification of the experiment planform into inundation classes which are potentially indicative of
different ecotopes. Alternatively, the model allows for rigorous testing of different boundary
conditions (e.g. discharge variability, sea level rise, vegetation) which could strongly reduce the time
in the laboratory.
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Figure 3.13 Modelled flow velocity for (a) the meandering and (b) the braided rivers by Van Dijk
et al. (2013a).
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Figure 3.14 Inundationmaps for the (a) meandering and (f) braided rivers by VanDijk et al. (2013a),
with modelled versus measured water depths divided into (b/g) cases of overexposure, (c) silica flour,
(d/h) low/high inundated areas (i.e., submerged floodplain and bars, swale channels) and (e/i) channels.
Large mismatches are in the measured data due to overhead light overexposure and white silica flour
that distorts the extraction of measured water depth. Scatter density plots (d), (e), (h) and (i) are
identical to those in Fig. 3.5.

Figure 3.15 Same as Fig. 3.5e,f but also including cells with incorrect measured water depth
corresponding to artificial obstructions (i.e. the bridge and wave generator) and the sea with artificial
grass. The green grass distorts the water colour saturation with respect to the sand for which the colour
conversion was calibrated. Consequently, measured water depths are underestimated for the sea part
in the experiment.
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Figure 3.16 Same as difference maps of water depth in Fig. 3.4c,f and of flow velocity in Fig. 3.6d,g,
but shown relative to maximum depth and maximum flow velocity. Maximum depth and flow velocity
are determined as the 98th percentile of the measured data.
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Building and raising land: mud and vegetation
effects in infilling estuaries

Chapter 4 | Building and raising land: mud and
vegetation effects in infilling estuaries

Abstract

Many Holocene estuaries were infilled to form convergent, single-channel systems, while others remained
partially or wholly unfilled. This difference in the degree of infilling depends partly on the balance
between fluvial and coastal sediment input and the hydrodynamics that can export sediment. However, it
remains unclear to what degree this balance is tipped by mud supply and eco-engineering vegetation,
and by what planform patterns the infilling proceeds. This study aims to explore experimentally howmud
and vegetation change the degree and process of infilling, elevate and merge bars above intertidal levels
and affect the planform of estuaries. To this end, three experiments were conducted in the Metronome, a
flume that tilts periodically to create tidal currents, wherein forced tidal asymmetry resulted in net
importing estuaries. In the second and third experiments, mud was supplied and in the third experiment
seedlings were released of three vegetation species with eco-engineering traits at a laboratory scale. With
only sand, the estuary fills sufficiently to form a multi-channel pattern with intertidal bars. Both mud and
vegetation settle on intertidal bars and on the fluvial bay-head delta, thereby contributing to bar
stabilisation and further estuary infilling, pointing at effective strategies to keep up with future sea-level
rise. This reduces channel mobility and effectively narrows the summed subtidal channel width towards
an ideally converging funnel shape. This seems especially effective where vegetation stabilises the mud.
The experiments suggest that a range of steady states exists between the end-members of an unfilled and
a completely infilled, ideal estuary.

Published as: Weisscher, S. A. H., Van den Hoven, K., Pierik, H.-J. & Kleinhans, M. G. (2022). Building and raising
land: mud and vegetation effects in infilling estuaries. Journal of Geophysical Research: Earth Surface, 127, 24 pp.,
DOI: 10.1029/2021JF006298
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4.1 Introduction

As sea-level rise decelerated during the Middle Holocene, many estuaries started to infill and formed
new land (e.g. Roy et al., 1980; Nichol, 1991; Van der Spek, 1995; Umitsu et al., 2001; Vos, 2015;
Clement et al., 2017; De Haas et al., 2018; 2019). Yet, other estuaries were only partly infilled or
remained unfilled, in part due to a lack of sediment (Fig. 4.1) (e.g. Roy et al., 1980; Allen, 2000;
Zecchin et al., 2009). These observations led to the recognition of two contrasting kinds of steady-
state estuaries. The first steady state is an unfilled estuary with a lagoonal basin that is largely below
the threshold of motion (Roy et al., 1980). Here, the building of intertidal flats is inhibited by weak
tidal currents, limited sediment availability and local, wind-generated waves (e.g. Dalrymple et al.,
1992). Unfilled estuaries generally form in deep (relative to tidal amplitude), drowned valleys with
negligible fluvial and marine sediment input (e.g. the Wagonga and Wapengo Lagoons, AUS;
Fig. 4.1a,b) (Roy et al., 1980). The second steady state is a completely filled estuary that ideally has a
converging planform (e.g. the Manawatu River, NZ; Fig. 4.1g) (Roy et al., 1980; Nichol, 1991;
Dalrymple et al., 1992). In an ideal estuary, landward convergence balances the decay of tidal energy
by friction, resulting in a constant along-channel tidal amplitude, channel depth and flow velocity
(Savenije, 2015). Additionally, such an estuary has a balanced ebb- and flood-directed sediment
transport (Dronkers, 2017). A completely filled estuary with a convergent planform is considered a
steady state (Savenije, 2015; Dronkers, 2017): a partly filled system develops flood-dominant
transport which promotes filling if sediment is supplied from the upstream river or the sea, whereas
an over-filled system develops ebb-dominance and sediment export that may lead to delta formation
(Dalrymple et al., 1994; Savenije, 2015; Dronkers, 2017).

Terminology of system dynamics
Here, a steady state equilibrium is considered a geomorphic open system that self-maintains a
constant form with continuous throughput of material and energy despite all but the largest
perturbations (Thorn and Welford, 1994; Huggett, 2016). In geomorphological nomenclature, this
state is commonly also referred to as ‘dynamic equilibrium’ (Zhou et al., 2017). However, general
systems terminology prefers the term ‘steady state’ for complex, open, entropy-driven systems to
‘dynamic equilibrium’, because the latter is considered more appropriate for closed systems (Thorn
and Welford, 1994; Huggett, 2016). Here, perturbations on the boundary conditions often merely
move an estuary marginally away from its current steady state, to which it is ‘attracted’. Examples
include both cyclic/seasonal perturbations such as the nodal cycle (Wang and Townend, 2012), and
events such as river floods and storms (Townend et al., 2007; Swales et al., 2019).

Currently, the apparent dichotomy of the unfilled estuary and the ideal estuary raises the question
whether estuaries have only two alternative steady states (or two ‘attractors’). On the geological
timescale of sea-level fluctuations, estuaries are considered ephemeral systems that will inevitably
infill over time towards the presumed steady state of a single convergent channel, regardless of the
transient patterns of lagoons, multi-channel networks, mudflats and salt marshes (e.g. Lanzoni and
Seminara, 2002; Dalrymple and Choi, 2007; De Haas et al., 2018). Then, the duration of infill depends
on the amount of fluvial and coastal sediment input, which are functions of offshore and hinterland
conditions. This reasoning, which assumes only two alternative steady states, would indicate that
many present-day systems (as in Fig. 4.1c-f) are not (yet) in a steady state, because they currently have
multi-channel planforms and intermediate degrees of infilling. On the centennial timescale, however,
this reasoning seems contrary to observational evidence for some estuaries that showed no apparent
development towards a convergent channel over the past centuries, despite the availability of
sediment. For instance, the tidal channels in the Arcachon Bay Estuary (FR) (Fig. 4.1c) have
remained static and equal in number for centuries despite the abundance of marine sediment

MUD AND VEGETATION EFFECTS IN INFILLING ESTUARIES | 59



Figure 4.1 Estuaries ranging from unfilled to infilled on different spatial scales. (a) Wagonga Lagoon
(AUS) is an unfilled estuary (ria coast) with a large flood-tidal delta and two small bay-head deltas
(on the left and bottom left). (b) Wapengo Lagoon (AUS) is a largely unfilled estuary (ria coast) with
tidal flats adjacent to the flood-tidal delta (Nichol, 1991). (c) Arcachon Bay Estuary (FR) is a partly
infilled estuary dominated by mudflats and has a small bay-head delta. (d) Rangitikei River (NZ) and
(g) Manawatu River (NZ) are both infilled estuaries (Clement et al., 2017). (e) Tillamook Bay Estuary
(USA) is a partly infilled estuary with bars/flats and has a small bay-head delta. (f) Carromore Lacken
(IR) is a largely infilled estuary bounded by salt marshes and peatlands. In all images, river inflow is
from the left and the sea is on the right.
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(Féniès and Faugères, 1998; Allard et al., 2009). Another example is the Ems-Dollard Estuary (NL/D),
which has a high suspended sediment concentration but shows no clear signs of filling of tidal basins
bordering the channel since the 1900s (e.g. Van Maren et al., 2016). Some classifications of estuaries
and embayments also recognise various states between entirely unfilled and completely filled (Allen,
2000; De Haas et al., 2018), but these concepts raise the question whether these are attractor states or
merely one of many possible transient states.

Certain numerical and physical models suggest that partly filled estuaries can be in steady state.
Recent numerical modelling (Braat et al., 2017) and scaled landscape experiments (Leuven et al.,
2018b; Braat et al., 2019a) showed the development of a steady state in sand-bar dominated estuaries
with multiple channels. These estuaries exhibited alternating wider sections with large bars and
narrower sections with deep confluences, while the summed subtidal channel width developed
towards a converging funnel shape (Leuven et al., 2018b). This was also observed in natural,
multi-channel, ingressive estuaries like the Western Scheldt (NL) (Leuven et al., 2018b), as well as in
infilling palaeo-estuaries like the Old Rhine Estuary (NL) (Pierik et al., 2017; De Haas et al.,
2018; 2019) and the Shoalhaven River (AUS) (Roy et al., 1980). Conceptually, the approach of
isolating the subtidal channels reduces an estuary to a one-dimensional system (Speer and Aubrey,
1985; Friedrichs and Aubrey, 1988), where the subtidal channels convey the flow momentum and the
intertidal bars are conceptualized as having no other effect than being regions for water storage, just
like shore-connected bars and tidal flats (Leuven et al., 2018d). Altogether, these examples in
numerical modelling, experiments and field observations point at the possibility of a continuum of
steady states with different degrees of infilling.

Floodplain-formingmechanisms
Mud and vegetation influence the local morphodynamics of estuaries through filling accommodation
space and confining flow. More specifically, mud mainly settles as cohesive top layers on high-
intertidal bars and flanking flats, which confine and funnel ingressive estuaries and reduce the
migration rate of channels and bars (Braat et al., 2017; 2019a). As for salt marsh vegetation, this
eco-engineering agent establishes on high-intertidal and supratidal areas, where the added hydraulic
drag confines flow, stimulates sediment deposition and stabilises the bed (e.g. Temmerman et al.,
2007; Lokhorst et al., 2018; Brückner et al., 2019). These mechanisms through which mud and
vegetation fill and confine estuaries are analogous to the floodplain-forming mechanisms in rivers,
where channel confinement causes a transition from braiding to meandering (e.g. Braudrick et al.,
2009; Tal and Paola, 2010; Van Dijk et al., 2013a; Chapter 2). Accordingly, these mechanisms
contribute to the building and raising of new land and are deemed necessary to reach the classic,
ideally converging estuary (Savenije, 2015), whilst this converging planform is often imposed as
non-erodible banks in numerical studies (e.g. Lanzoni and Seminara, 2002; Savenije, 2015; Dronkers,
2017; Olabarrieta et al., 2018).

Thefilling of accommodation space (in geological terms) and flood storage space (in tidal terms)may
have a second effect: it reduces the tidal prism and may increase flood-dominance (e.g. O’Brien, 1969;
Friedrichs, 1995). Previous studies hypothesised that quickly extending mudflats, salt marshes and
peatlands may reduce tidal prism in a positive feedback loop (Beets and Van der Spek, 2000; De Haas
et al., 2018). However, this hypothesis has not yet been clearly corroborated by the very few numerical
studies and absent scale experiments that capture this long-termmorphodynamic process. Conversely,
continued filling and in particular the expansion of intertidal flats may also induce a switch from flood-
to ebb-dominance (Speer and Aubrey, 1985; Dronkers, 1986; Fortunato and Oliveira, 2005), which
hampers further filling and changes the estuary from a sink to a source, as is expected, for example, for
the Dee Estuary (UK) (Moore et al., 2009). Accordingly, it remains unclear how mud and vegetation
contribute to the two mechanisms of filling and confining wide lagoonal estuaries in drowned valleys
on coastal plains and to what extent they modify the estuary planform during filling. For example,
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in North-Western Europe, estuaries formed in the Middle Holocene on the drowned coastal plains by
sedimentation and effects of vegetation, whilst sea-level rise and human-induced subsidence caused
ingressions in the Late Holocene (Van der Spek, 1997; Gregoire et al., 2017; Pierik et al., 2017; De Haas
et al., 2018).

In order to understand the morphological development of infilling estuaries, also in prospect of
future sea-level rise, there is an urgent need to determine whether the degree of filling and the resulting
planform of estuaries develop towards one possible steady state or whether there can be a range of
possible steady states. Furthermore, it is unclear whether and how mud and vegetation enhance the
filling of estuaries and whether they are necessary to reach a converging estuary planform. Here, this
study experimentally investigates the filling processes of alluvial estuaries with and without mud and
vegetation and places the results in the context of recent studies on multi-channel estuaries.

4.2 Methods

This study reports on three scaled landscape experiments of entire estuaries. These experiments
comprise a control with only sand, a second experiment with sand and mud, and a third with sand,
mud and live vegetation but otherwise the same conditions. The present experiments of infilling
estuaries differ from past experiments in three ways, detailed below. Firstly, the initial bathymetry of
the entire estuary is submerged during the tidal cycle except for the barriers, the banks and the
uppermost area. This is different from Leuven et al. (2018b) and Braat et al. (2019a), who started with
narrow converging estuaries that expanded over time by exporting sediment, which represented Late
Holocene ingressive estuaries (De Haas et al., 2018). The present experimental estuaries were based
on pilot experiments in a smaller flume (Suppl. 4.2) and designed to have modest infilling over time
by sand import so as to determine the added effects of mud and vegetation. To accomplish sand
import, an overtide was added to the principal tide to create tidal asymmetry conducive to
flood-dominance (Kleinhans et al., 2017b), thereby simulating conditions found, for example, in the
North Sea (Dronkers, 1986; De Haas et al., 2018). Secondly, mud was added to two experiments on
both the fluvial and tidal boundaries, following Braat et al. (2019a). Thirdly, seeds of three vegetation
species were added to the flow in one experiment to act as eco-engineering species (Lokhorst et al.,
2019).

4.2.1 Experimental setup and procedure
Experiments were conducted in the tilting flume the Metronome. The 20 m long and 3 m wide flume
tilts over the short central axis to generate tidal currents (Kleinhans et al., 2017b). While a periodic
sea water level fluctuation to create tides is at first sight closer to the situation in nature, as in previous
studies (e.g. Reynolds, 1889; Stefanon et al., 2010), this classic method leads to a number of scale
problems, namely: very low sediment mobility, ebb-dominance and fast disappearing morpho-
dynamics in the landward direction (Kleinhans et al., 2014b). The novel tilting method solves these
issues by tilting, which generates periodically alternating flows and mobile sediment by a slope in the
landward direction during flood and a slope in the seaward direction during ebb (Kleinhans et al.,
2014b; 2015b; 2017b). Past experiments for the establishment of ingressive estuaries led, amongst
others, to sand-dominated estuaries with dynamic tidal bars and channels (Leuven et al., 2018b) and
mudflats (Braat et al., 2019a). Comparison between these experiments and natural estuaries showed
that relative bar dimensions and the spatial mudflat distribution were largely similar.

The initial bathymetrywas an idealised drowned river valley with a barrier coast (Fig. 4.2). The initial
bed consisted of sandwith amedian grain size d50 = 0.55mm, a d10 = 0.32mmand a d90 = 1.2mm
to prevent hydraulic smooth conditions and unrealistically large scours (Kleinhans et al., 2017a). The
sand bed was 17 m long, 3 m wide and had a bed thickness of 11 cm. Over the full length of the sand
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Figure 4.2 (a)The setup of the flume theMetronome. Crushed walnut was used as mud simulant and
was released in pulses, one per tidal cycle, at the river and via a tube into the tidal inlet (brown arrow).
Vegetation seeds were sowed via the river inflow and at the tidal inlet, after which they were distributed
by tidal flow. (b) The initial bathymetry of the experiments was a rectangular estuary with a subtidal
bed and high barrier islands. An initial river channel 0.16 cm wide and 1 cm deep was carved in the
middle of the flat-floored valley, decreasing in depth in the seaward direction.

bed, a flat-floored valley was carved of 2.4 m wide and 3 cm deep with a central, straight river channel
of 16 cm wide and 1 cm deep in the upstream 5 m of the basin that gradually shallowed to 0 cm in the
downstreamdirection. At the tidal inlet, two sandy barrier ‘islands’ were constructed, each 1.15m long,
0.6 m wide and 19 cm thick with 45◦ slopes. These excessively large barrier islands acted as a source
of marine sandy sediment, for it was infeasible to mimic alongshore drift to provide sufficient marine
sediment input (Van Rijn, 1997). The entire bed was set at a typical fluvial valley slope in landscape
experiments of 0.001 m/m (Kleinhans et al., 2014a) by an offset tilt of the flume.

Flow conditions in the experiment were set to create a flood-dominated estuary. In many estuaries,
the combination of river inflow and a semidiurnal M2 tide leads to sediment export, while the addition
of an M4 overtide causes net import of sediment (Dronkers, 1986). These boundary conditions for
water flow were reproduced in the experiments by imposing tidal asymmetry on the tilting (Kleinhans
et al., 2017b). The principal tide was generated by tilting with a period of 40 s and a maximum slope
of 0.006 m/m. The overtide had a period of 20 s and a maximum slope of 0.0012 m/m (i.e., 20% of
the principal tidal constituent) and had a phase difference of 90◦. With the addition of the offset slope
of 0.001 m/m, the tilting had a maximum slope of 0.0062 m/m in landward direction during flood

MUD AND VEGETATION EFFECTS IN INFILLING ESTUARIES | 63



and 0.0058 mm/m in seaward direction during ebb. There was free inflow and outflow of water at the
seaward boundary, while a vertically moving weir ensured a constant water level at the shoreline of
about 10 cm above the flume floor during tilting with a slight drop to 9 cm just after peak flood. The
weir moved in the opposite phase of the tilt to keep the sea water surface horizontal while the flume bed
tilted, in order to avoid emptying and filling of a tilting sea which would have caused large, unwanted
water fluctuations at the shoreline (Kleinhans et al., 2017b). Waves were generated by a horizontal
paddle at the seaward boundary with a frequency of 2 Hz and an amplitude of about 0.3 cm during
the flood phase. These waves contributed to the mobilisation of sediment from the barrier islands and
enhanced the landward transport on the ebb-tidal delta (for scaling, see online supplement in Leuven
et al., 2018b). At the upstream boundary, a river discharge of 900 L/h was added to the estuary during
the ebb phase only.

Sand and mud were added to the river, both at a rate of 0.4 L/h. The sand had the same grain size
distribution as that of the initial bed, and the mud-like material comprised three equal parts of the
following grain size classes: 0.45-0.8 mm, 0.8-1.3 mm and 1.3-1.7 mm. Crushed walnut shell with a
density of 1350 kg/m3 was used as mud simulant as in previous studies (Baumgardner, 2016; Braat
et al., 2019a). This lightweight material can be transported in suspension and is slightly cohesive after
deposition. A second nutshell feeder supplied crushed walnut shells in the tidal inlet at the start of
every flood phase at a rate of 0.4 L/h to simulate the input of fines from the sea. As a result, a large
range of sediment mobility was accomplished up to θ = 0.55 during peak flood, where the Shields
number θ = τ/((ρs − ρ)gd50) with τ is bed shear stress, ρs and ρ are density of sand and water and
g is the gravitational constant.

Vegetation protocol
Three species were selected with contrasting sensitivity to hydromorphological stresses and with
contrasting eco-engineering effects on flow and sediment transport in laboratory landscape
experiments. Based on Lokhorst et al. (2019), who tested 19 vegetation species for growth rate,
hydraulic drag and rooting strength in cut-banks in Metronome-like conditions, the following three
species were chosen with different eco-engineering traits: Medicago sativa, Lotus pedunculatus and
Veronica beccabunga. These species sprout quickly, remain fairly small in the absence of nutrients,
and are sensitive to the miniaturised hydroperiod in the experiments. Medicago, commonly known as
alfalfa, has seeds that are transported as bed load, typically establishes in the vicinity of channels, and
reduces bank erosion by dense, branching rooting. Therefore, alfalfa resembles riparian vegetation on
(tidal) levees (Lokhorst et al., 2019). Lotus and Veronica represent reed-like and grass-like marsh
vegetation in North-Western Europe, but their simple eco-engineering traits are also similar to those
in estuaries with mangroves (Lokhorst et al., 2019). Since the tiny Veronica seeds are transported in
suspension, Veronica usually establishes in higher and more distal parts of the estuary.

In the experiment with vegetation, seeds were supplied after the initial 1,000 tidal cycles both via
the river and the tidal inlet at a 500 tidal cycle interval until the end of the experiment. In the design,
a coverage of half the estuary (i.e. 19 m2) was assumed to become vegetated by 6,000 tidal cycles with
an average stem density of 10 stems/cm2 and a germination probability of 0.5. Per sowing event,
80,000 seeds of Medicago, Lotus and Veronica each were supplied to the river and 80,000 seeds of
Lotus and Veronica were supplied to the inlet.

Prior to sowing, seeds were soaked for 24 hours to stimulate sprouting. A sowing event commenced
after dry bed scans (see section 4.2.2) and 10 tidal cycles for initial wetting. Next, over the course
of 25 cycles, the fluvial mixture of seeds was added to the river discharge at one spoonful per cycle.
Subsequently, the marine mixture of seeds was introduced just landward of the tidal inlet in the main
channel over the course of 10 cycles at one spoonful per cycle. Finally, tilting continued for another
25 cycles to spread the seeds, based on the design tidal excursion length and on earlier tests, resulting
in a total of 70 tidal cycles per sowing event.
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Following a sowing event, the flume was stopped at its offset slope of 0.001 m/m for four days to
allow for sprouting. A river baseflow of 300 L/h was applied to keep the tilted bed moist and the depth
of the sea was increased to 10.8 cm to flood the channel and avoid sprouting in permanently submerged
areas. Unfortunately, the high water table stimulated the growth of mould in low areas that received
little river flow, increasing vegetation mortality (see Suppl. 4.3 for the protocols to suppress algae and
fungi). Therefore, after 3500 cycles, the water depth of the sea was lowered to 10 cm during sprouting
to minimise the mould.

4.2.2 Data collection and analysis
Time lapse photographs were shot by 7 AVG Mako (G-419C) colour cameras, positioned 3.7 m above
the flume. The cameras had a resolution of 2048 by 2048 pixels and a fixed focal length of 12.5 mm,
resulting in a pixel resolution on the sand bed of approximately 1.5 mm. Photographs were taken every
tilting cycle at the end of flood when the flume was in a horizontal position. Before the images were
stitched, the following corrections were applied to each image: noise removal, lens correction (vignette
and distortion), geometric rectification and colour corrections. Blue dye was added to the water to get
an indication of water depth, which was extracted from the time lapse imagery to get an approximation
of the bathymetry development throughout the experiments (see Chapter 3 for review).

Digital elevation models (DEMs) were acquired by means of laser line scanning and
stereo-photography. The laser line scanner had a horizontal resolution of 0.75 mm and a vertical
resolution of about 0.2 mm (Van Dijk et al., 2013a). Since the accurate laser only covered the middle
2.4 m of the flume, somewhat less accurate stereo-photography was used to acquire the remaining
side parts of the flume. Prior to DEM acquisition, the flume was drained slowly to minimise
disrupting the bed, and overhead photographs were taken of the dry bed for image classification.
Subsequently, the bed was scanned and oblique photographs were taken with a digital single-lens
reflex camera and processed with structure-from-motion software (Agisoft Photoscan). Increments
between DEMs increased as the experiments progressed and morphological change reduced. Firstly,
DEMs were made with steps of 100 tilting cycles up to 500 cycles, followed by 8 DEMs with an
interval of 250 cycles. Next, 5 DEMs were made with an interval of 500 cycles and the final 5 DEMs
had an increment of 1,000 cycles, covering a total of 10,000 cycles. In the experiment with vegetation,
DEMs were also taken just before a sowing event and right after a sprouting period to determine
where vegetation had established or perished.

Flow measurements by instruments or particle image velocitmetry (PIV) is practically impossible
in shallow flows, especially in the presence of vegetation. Therefore, flow data were acquired by the
numerical model Nays2D, which was extended and validated in Chapter 3 to simulate tidal flow in
scale experiments (see Suppl. 4.1). Nays2D takes as input aDEMand flow boundary conditions, applies
the prescribed tilting motion of the flume and produces water depth and flow maps with a resolution
of 2.5 by 2.5 cm over a tidal cycle. Vegetation was filtered out of the DEMs and added as increased
hydraulic roughness, with a manning ranging from 0.02 s m1/3 for bare sand up to 0.1675 s m1/3 for
dense vegetation (i.e., 20 stems/cm2, 0.5 mm thick). The numerical output maps of Nays2D were made
with increments of 1,000 cycles and were used to calculate sediment mobility, tidal prism and residual
currents. Furthermore, the estuary was classified into subtidal, intertidal and supratidal depth ranges
relevant for vegetation establishment and for basic interpretation of the hydrodynamics in terms of
flood storage and momentum transfer (Friedrichs and Aubrey, 1988).

The tidal prism (P ) and cross-sectional area (Ω) show an empirical, near-linear relation in natural
tidal systems (e.g. O’Brien, 1931; 1969; Jarrett, 1976; Leuven et al., 2018a), but scaled tidal
experiments appear biased and do not fit on these relations (Mayor-Mora, 1977; Seabergh et al., 2001;
Stefanon et al., 2010). This bias is because the classic relationship Ω = kPα, where k and α are
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constants (see Leuven et al., 2018a, for review on parameter values), disregards friction effects that are
much larger for small-scale tidal systems (Kleinhans et al., 2015b). The formulation by O’Brien (1969)
accounts for these effects (also see the more complicated O’Brien-Jarrett-Marchi law: D’Alpaos et al.,
2009; Stefanon et al., 2010). The O’Brien (1969) relation assumes that flood and ebb duration and peak
flow velocities are equal and is given as follows:

P =

∫ T

0

au dt (4.1)

with
u = Umaxsin

(
2πt

T

)
(4.2)

where t is time (s), a and u are the instantaneous cross-sectional area (m2) and instantaneous, cross-
sectionally averaged flow velocity (m/s), T is the tidal period (s) and Umax is the maximum value of u
(m/s). Solving the integral results in

Ω = cPα (4.3)

where c = π/(TUmax) and α = 1. As a result, Eq. 4.3 allows for the comparison of natural tidal
systems and experimental scale models (e.g. Seabergh et al., 2001).

4.3 Results

4.3.1 General estuary development
The general development of the three experiments is described as follows. Initially, a low-amplitude
diamond-shaped bar pattern emerged in the middle of the estuary. This pattern quickly transformed
within the first 300 to 500 tidal cycles into short discontinuous tidal channels that ended in shoals on
both ends (Fig. 4.3). Meanwhile, a small ebb-tidal delta and a large flood-tidal delta formed near the
inlet, and a bay-head delta started forming near the landward boundary.

Over time, the channels in the estuary deepened, widened and extended in both the landward and
seaward direction while bars merged. Landward extension of the tidal channels created a series of
terminal lobes that increased the mean bed elevation in the upper half of the estuary (Figs. 4.3, 4.4),
whilst the channels and shoals extending seawards were highly dynamic and coalesced with the flood-
tidal delta. Subtidal shoals typically separated ebb-dominated and flood-dominated channels, resulting
in a mutually evasive tidal channel pattern. Continued growth and reorganisation of the tidal channels
led to the development of three main confluence-diffluence nodes at x = 4, 10 and 17 m at around
2,000 tidal cycles. Between these confluences, there were on average two main channels flanking the
banks of the estuary. It is at these locations that considerable bank erosion occurred, predominantly
between x = 10 and 17 m where tidal currents were much stronger than between x = 4 and 10 m
(Fig. 4.3). At the shoreline, barrier erosion was mainly driven by flood currents and waves, and most
eroded sediment was transported in the landward direction. Thewaves contributed to the development
of a subtidal shield on the ebb-tidal delta, flanked by flood-dominant channels. The bay-head delta
aggraded and expanded by cyclic avulsion, starting with channel displacement, incision and extension
after which the channel was backfilled and abandoned.

After about 6,000 tidal cycles, a large bar complex formed in the middle of the estuary by
amalgamation of bars (Fig. 4.3). This bar complex rose partly above the high water level and focused
tidal flow into two main channels. Given that the bar complex became supratidal and the maximum
water level around the bar dropped, this suggested that the collective flow friction reduced whilst the
channels developed and deepened. As for the two main flanking channels, the one at y = 2.5 m
(Fig. 4.3) was more strongly ebb-dominated than the other at y = 0.5 m in all three experiments.
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Figure 4.4 Mean cross-sectionally averaged bed level along the estuary for the experiments with (a)
only sand, (b) with mud, and (c) with mud and vegetation. Unreworked banks and the barriers were
excluded. Dots represent the location of the steepest downward slope on the bay-head delta (see text
for discussion).

Over time, the growing bar complex was reworked repeatedly by cross-cutting channels formed by
water level differences between the main channels flanking the bar (Fig. 4.3). This process caused
sediment pulses into the main channels, and part of this sediment was transported in the landward
direction, contributing to further infill (Fig. 4.4).

4.3.2 Mud distribution
Fluvial mud was mainly deposited on the bay-head delta in the first 3,500 tidal cycles (Figs. 4.5b, 4.6a-
f), resulting in a higher and more prograded delta than in the sand-only experiment (Fig. 4.4). A small
fraction of the mud was transported off the bay-head delta and transported to low-dynamic parts of
the delta toe by tidal flows. Mud deposits were partly eroded by channel avulsion and overtopped by
new sand and mud, resulting in multiple mud layers in the subsurface of the bay-head delta that were
thicker, more abundant and more laterally continuous further away from the long axis of the flume
(Suppl. 4.4). After 3,500 tidal cycles, landward migrating tidal channels reached and reworked part of
the fluvial mud which was then transported to form intertidal mudflats mainly in the upstream half
of the estuary (Figs. 4.5b-d, 4.6a-c). Meanwhile, the increased mud cover limited lateral migration of
upstream channels compared to the sand-only experiment (see Supplementary videos).

Marinemudwas transported partly into the estuary and partly out to sea to be deposited at the toe of
the ebb-tidal delta. Very finemarinemudwas swiftly transported in the landward direction and formed
small mudflats in the upstream half of the estuary within the first 1,500 tidal cycles. Coarser mud
(i.e. larger than about 1 mm) moved around subtidal shoals with net little transport in the landward
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direction. Occasionally, this mud was trapped at the deep lee sides of subtidal bars and overridden by
bar migration. Over time, many sandy tidal bars aggraded to intertidal elevations, which created new
and higher sites for mudflat deposition (Fig. 4.7a); it took until 6,000 tidal cycles to reach this stage
in the downstream half of the estuary (Figs. 4.5a, 4.8). Repeated visual inspection of movies (Suppl.
Movies online) showed thatmostmudflats were completely reworked in about 2,000 tidal cycles, except
for the mudflat at x = 13 m right between two confluences that had a longer lifespan of 3,000 tidal
cycles (Fig. 4.5f). Mudflat reworking was slower than tidal bar erosion in the sand-only experiment and
proceeded through small-scale erosive channels at their fringes (Fig. 4.5e), cross-cutting channels and
large-scale channel migration. The re-mobilised mud led to new mudflats or was transported further
into the estuary. Accordingly, the upstream half of the estuary became progressively muddier, with
numerous mud-covered bars and mudflats merging with the bay-head delta (Figs. 4.5b, 4.6a-c, 4.8).

4.3.3 Vegetation patterns
Vegetation settling started on the low-energetic parts of the bay-head delta and on elongated
shore-connected mudflats flanking tidal channels. As fluvial mud and plants increasingly focused
flow into the channels, the light Veronica seeds were transported further into the estuary, from where

Figure 4.5 Photographs of (a–f) mud deposits and (g–k) vegetation in the experiments. The
corresponding locations in the flume are indicated in Fig. 4.3.
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Figure 4.6 Mud and vegetation distribution throughout the second experiment with mud (left
column) and the third experiment with mud and vegetation (right column). (a/d) Age of mud deposits
at the surface at the end of the experiment. (b/e) Cumulative time over which the bed was covered with
mud during the experiment. (c/f) Fraction over the cross-section that was covered with mud along the
estuary over time. (g) Age of vegetation at the end of the experiment. (h) Cumulative time over which
the bed was covered with vegetation during the experiment. (i) Fraction over the cross-section that
was covered with vegetation along the estuary over time.

they dispersed to low-energetic zones near the bay-head delta. Additionally, the increased flow led to
the development of more shoals on the landward end of tidal channels near the bay-head delta.

Fluvial mud and vegetation effectively filled the low-energetic region between the bay-head delta
and the tidal channels, leaving one open channel of about 5 cm wide as a connection between the
river inflow and the tide-dominated reach (Fig. 4.5i). Muddy, vegetated levees formed along this
channel with predominantly Medicago and Lotus, whilst the sandy channel bed was slowly aggrading.
The surrounding low-lying areas, here interpreted as fluvial floodplains, were covered with vegetation
of all three species, with slightly more Veronica in the downstream direction. Given the increasing
superposition of the channel above the surrounding landscape on the bay-head delta, crevasse splays
occurred intermittently (Fig. 4.5i). Yet, few became successful avulsions due to the dense vegetation
and absence of flood discharges, and most splay channels were backfilled with mud and covered by
sparse vegetation. Distal floodplains often had deep stagnant water (i.e., > 0.5 cm), which in nature
could facilitate peat formation. However, the selected species were unsuitable for peat formation and
instead drowned and decayed (Fig. 4.5i), with some of the resultant organic matter being eroded later.
The combination of reduced avulsion and local filling of accommodation space on the floodplains
resulted in a more irregular bay-head delta shape than in the non-vegetated experiments.

As high-intertidal bars formed in the estuary after 2,000 tidal cycles (Fig. 4.8), they were sparsely
colonised by Veronica and fewer Lotus, both mainly of marine origin. The vegetation sprouted on
both muddy and sandy parts. Veronica usually established over a larger vertical range and ended up
highest on the bars due to its smaller seed size. The vegetation sheltered regions that captured mud
(Fig. 4.7b,c) and new seeds but little sand. However, no clear order was found in the establishment of
mudflats vegetation, as one could lead to the other, and vice versa in other places. The first pioneering
vegetation on bars was located close to the banks, where it first steered the flow to cause considerable
erosion of the non-vegetated outer banks, after which the bars either merged with the outer banks or
were eroded by migrating channels.
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Figure 4.7 Mud and vegetation distribution as function of bed elevation over time in comparison to
the bed level distribution at the end of the experiments. (a) The vertical distribution of mud in the
experiment with mud and (b) in the experiment with mud and vegetation. (c) The vertical distribution
of vegetation in the experimentwithmud and vegetation. Theboundary between subtidal and intertidal
is the mean value for the entire basin.

Expanding tidal channels eroded and sandy bars buried the vegetated mudflats near the bay-head
delta (around x = 3 m), strongly reducing the vegetation coverage after 5,000 tidal cycles. Fluvial
sediment did not reach this area but was mainly trapped on the bay-head delta, which strongly grew
in elevation compared to the non-vegetated experiments (Fig. 4.4). Most eroded vegetation was
simply uprooted but some was preserved as layers of organic matter in the subsurface. Repeated
visual inspection of movies showed that most muddy and sandy bars in the upstream half of the
estuary were reworked within 1,000 tidal cycles, while only intertidal bars close to the vegetated
bay-head delta covered by Lotus or Medicago persisted longer. As a result, vegetation was con-
centrated on the bay-head delta and small bars around x = 10 m during the first 6,000 tidal cycles
(Fig. 4.6i).

Around 6,000 tidal cycles, vegetation started to establish on the large mid-channel bar in the central
estuary that also formed in the non-vegetated experiments. At first, a small vegetated mudflat formed
atop the bar that was in between the two main channels. Flood currents, particularly in the channel at
y = 0.5 m, brought sediment to the landward side of the mid-channel bar where it was deposited as a
shoal coalescing with the mid-channel bar (see 6,000 to 10,000 cycle panels in Fig. 4.3). This effectively
increased bed elevations landward of the vegetated mudflat and created a new site for establishment,
first by mudflats and Veronica and later also by Lotus and some Medicago (Fig. 4.5g,h). The vegetation
inhibited flow and incision across the mid-channel bar and caused stronger tidal currents and deeper
channels parallel to the bar. This resulted in the following three developments. Firstly, part of the
mid-channel bar remained dry and was effectively turned into new supratidal land that narrowed the
estuary (Fig. 4.8). Secondly, sediment was more efficiently transported through the main channels,
which resulted in more landward expansion of the mid-channel bar than in the experiments without
vegetation (Fig. 4.5k), as well as further infilling of the upstream range x = 3−6m (Fig. 4.4c). Thirdly,
the stronger currents started to steepen and erode the banks of the vegetatedmid-channel bar (Fig. 4.5j).
Seaward expansion of the bar was slower and commenced through the deposition of ridges covered by
marine vegetation (Veronica and Lotus), followed by a mudflat on the back of the vegetated ridge once
the bed had aggraded to high-intertidal levels. Near the end of the experiment, thewater level difference
between the ebb- and flood-dominated channels flanking themid-channel bar had become so large that
mud and vegetation near the middle of the bar were eroded and an incipient cutoff channel developed
(Fig. 4.5k).
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Figure 4.9 Subtidal, intertidal and supratidal area in four reaches of the estuary: (a) 0.5–4.5 m,
(b) 4.5–8.5 m, (c) 8.5–12.5 m and (d) 12.5–16.5 m.

4.3.4 Infilling and development of a funnel-like shape
The intertidal and supratidal areas increased in all three experiments, showing a trend of estuary
infilling (Figs. 4.8, 4.9). Mud and vegetation formed more intertidal area in the upstream half of the
estuary, partly because more sediment was added, and caused faster development of supratidal areas
(Fig. 4.9a-c). On the long vegetated bar (Fig. 4.5k), this development was at the cost of local intertidal
area due to the deep, steeply-sloped channels next to the vegetated bar (Fig. 4.9c). However, as these
deep channels proved very efficient in transporting sediment in the landward direction, the vegetated
bar indirectly contributed to the accretion of more intertidal area in the upstream part of the estuary
(Fig. 4.9b). Mudflats were typically found in regions classified as intertidal and supratidal, whilst
vegetation predominantly occupied supratidal areas (Fig. 4.7).

Surprisingly, the rate of infilling in the 4.5–8.5 m reach was lower than in the seaward direction and
on the bay-head delta upstream (compare Fig. 4.9b with a, c and d). Here, the subtidal and intertidal
areas changed linearly over time, whilst the other reaches appeared to develop quicker towards a
filled, steady state. This differentiation suggests that the coastal sediment supply and tidal currents
mostly caused the infilling of the seaward half of the estuary, whilst the effects of fluvial input were
limited to the bay-head delta. This is consistent with the along-channel development in flow
asymmetry (Fig. 4.10d-f), which rapidly became mildly ebb-dominant on the bay-head delta, whilst
the middle estuary remained flood-dominant throughout the experiments. At the tidal inlet,
ebb-dominance increased rapidly with the progressive infilling of the estuary.

As intertidal and supratidal areas formed and expanded, the summed cross-sectional width of the
subtidal channels approached a convergent funnel-like shape, especially in the experiments with mud
and with mud and vegetation (Figs. 4.10, 4.12a). Fig. 4.12a indicates that the addition of vegetation led
to a temporarily faster development towards a convergent shape especially during phases of expanding
vegetation patches, i.e. between 2,000 and 4,000 cycles and after 6,000 cycles. The funnel-like shape was
also evident from the linear-to-exponential decrease in tidal prism in the landward direction (Fig. 4.11).
At the beginning of the experiments, the tidal prism increased in the upstream direction away from the
tidal inlet, caused by a secondary tidal wave in the initially deep basin driven by the tilting. Minor
differences in initial inlet width caused the difference in the initial profile of tidal prism between the
experiments (Fig. 4.11). This effect quickly reduced over time as the inlet widened and the eroded
sediment was captured in the estuary, which decreased sediment mobility (Fig. 4.13a-d) and cross-
sectional area (Fig. 4.12b) in a morphodynamic feedback.

Sediment mobility further decreased as the experiments progressed, which is consistent with the
observed estuary infilling (Fig. 4.13). This decrease in mobility was most prominent in the mud
experiment. The vegetation experiment showed a decrease in mobility towards 5,000 cycles as also
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seen in the other experiments, but, interestingly, this was followed by a small increase in surface area
with channels with high sediment mobilities (θ > 0.1) towards 10,000 cycles especially in the ebb
direction (Fig. 4.13b-c). This trend is indicative of increased tidal penetration co-occurring with the
flow confinement along the long supratidal bar.

Figure 4.10 Summed width of subtidal area, showing the development towards a funnel-shaped
estuary with exponentially converging width in especially the experiment with mud and vegetation.
(a) The experiment with sand only, (b) sand and mud, and (c) sand, mud and vegetation. (d–f) Ebb or
flood-dominance along the estuary over time. As subtidal area decreases over time, the experiments
become less flood-dominant from the landward boundary.

Figure 4.11 Tidal prism development along the estuary for the experiment (a) with sand only, (b)
sand and mud, and (c) sand, mud and vegetation. Differences between the initial profiles of tidal prism
were due to a minor inaccuracy of the initial inlet width (±3 cm difference between experiments) but
had little effect on the long-term development.
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Figure 4.12 (a) RMSE of summed width of subtidal area to the convergence in Fig. 4.10a-c for four
reaches along the estuary shows a quicker approach to subtidal channel convergence in the experiments
with mud and with mud and vegetation. (b) cross-sectional area decreases more strongly towards the
upstream boundary that is indicative of estuary infilling towards a convergent planform.

Figure 4.13 Thedistribution ofmaximumShields stress in the flood and ebb direction, initially and at
5,000 and 10,000 cycles, split into four regions along the estuary: (a) 0.5–4.5 m, (b) 4.5–8.5 m, (c) 8.5–
12.5m and (d) 12.5–16.5m. The critical Shields number (θcr) for beginning of sandmotion is indicated
as a horizontal dashed line. For the same reaches and times, the hypsometry development is given in
(e–h).
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Figure 4.14 Sediment sources and sinks for the three experiments, split into four regions of interest:
the barriers, the ebb-tidal delta, the estuary plus the bay-head delta, and the valley sides that eroded
over time.

Apart from the fluvial sand input, most of the infilling resulted from reworking sediment already
present in the initial bed. This sediment was firstly redistributed from the higher to the lower parts
(Fig. 4.14). Secondly, sediment was moved upstream from the barriers, of which the erosion rate was
comparable between the three experiments. The valley sides were least eroded in the experiment with
mud. The sediment input by the river and from the eroded valley sides and barriers was about the same
as the sediment gain in the estuary and the ebb-tidal delta. Overall, more sedimentwas depositedwithin
the estuary in the mud experiment (Fig. 4.14) and this resulted in the most infilled estuary (also see
Fig. 4.4).

4.4 Discussion

The general development in all three experiments is the infilling of a subtidal, unfilled estuary with
sand, mud and even a minor amount of organic material. The experimental control on mud supply
and vegetation allows for the analysis of mud and vegetation effects on the infilling trend and the
morphodynamics. A generalisation to natural estuaries is followed by a conceptual model for steady
states at varying degrees of infilling of wave-dominated and mixed-energy estuaries.

4.4.1 Mud and vegetation effects on estuary infilling
Mud promoted estuary infilling because it filled accommodation space from the landward boundary,
which reduced the tidal prism in the upstream half of the estuary. This can be partly ascribed to mud
being added as extra sediment. However, the low density and slightly cohesive properties of the mud
enabled bars to elevate well into supratidal levels. The latter two effects led to limited lateral migration
of the ebb-dominated tidal channels and a longer life span of the flood-dominated intertidal bars as
cutoffs reduced. Consequently, mud could further infill the low-energetic regions of the estuary,
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including the tops of intertidal bars (Fig. 4.5a,d-h) and topographical lows in the
intertidal-to-supratidal range (Figs. 4.5b, 4.7a,b). This development made the estuary progressively
muddier and shallower towards the landward boundary, which is consistent with observations in
nature (e.g. Glenn, 1978; Baas et al., 2008; Van Maren et al., 2016), numerical modelling (Braat et al.,
2017; Van de Lageweg et al., 2018; Lokhorst et al., 2018) and previous experiments in the Metronome
(Braat et al., 2019a). Also, mud contributed to a seaward shift of the transition from flood-dominance
to (weak) ebb-dominance downstream of the bay-head delta (Fig. 4.10e). Yet, mud in the experiments
was generally not deposited as shore-connected mudflats that flank many natural estuaries (e.g.
Dalrymple et al., 1992; Dalrymple and Choi, 2007), which was due to strong currents along the banks
of the estuary. The formation of such shore-connected mudflats probably requires a broader range of
suspended sediments (Braat et al., 2019a) and diurnal variability or a spring-neap cycle. This is
analogous to how floods in meandering rivers create floodplains (e.g. Van Dijk et al., 2013a).

Vegetation captured part of the mud, which resulted in fewer and smaller mudflats compared to
experiments without vegetation (Fig. 4.6). This process contributed to the quicker formation of
supratidal areas particularly in the middle reach of the estuary and near the bay-head delta
(Figs. 4.3, 4.8). While vegetation influenced, but did not determine, where mud settled in the estuary,
neither mud nor vegetation was found necessary for the settling of the other. This observation agrees
with both field observations (e.g. Van der Wal et al., 2008) and recent numerical modelling with mud
and with dynamic vegetation (Braat et al., 2019b; Brückner et al., 2019). As emergent areas developed
(Fig. 4.13e-h), vegetation in the experiment generally established in the supratidal range where it
enhanced mud deposition (Fig. 4.7), in qualitative agreement with field observations (e.g. Allen, 2000;
Temmerman et al., 2007; Mudd et al., 2009). Additionally, vegetation focused the flow between
patches as also found in rivers (e.g. Luhar et al., 2008; Braudrick et al., 2009), resulting in channel
formation on the bay-head delta (Fig. 4.5i) and in creek formation on the vegetated bars (Fig. 4.5g,h)
in a similar fashion as on natural salt marshes (e.g. Temmerman et al., 2007). On the larger
system-scale, vegetation indirectly caused more landward sediment transport especially after
8,000 cycles (Figs. 4.8a-c, 4.10, 4.13e-g, 4.14).

Tidal prism in the novel experiments scaled similarly to cross-sectional area as in natural estuaries
(O’Brien, 1969; Jarrett, 1976; Byrne et al., 1980; Leuven et al., 2018a) and previous scale experiments
(Mayor-Mora, 1977; Seabergh et al., 2001) (Fig. 4.15). However, while some numerical studies
(Lanzoni and Seminara, 2002; Zhou et al., 2014) and scale experiments (Stefanon et al., 2010; 2012)
show that the PΩ relation (Eq. 4.3) is approached in the initial phase of morphological evolution (not
included in Fig. 4.15), this initial imbalance is absent in this study. This is probably caused by the
tilting mechanism, which caused an initially large tidal prism within the basin that was larger than
expected from the cross-sectional area at the inlet (Fig. 4.11). Nevertheless, the large tidal prism
quickly reduced as the estuary filled with sediment eroded from the barrier, which also increased the
mouth width. The inlet widening in the experiments was by design to generate unlimited marine
sediment supply, as it was practically impossible to reproduce sediment exchange with the littoral
zone in the experimental setup. Alternatively, the barriers could have been fixed but this would
probably steer considerable bank erosion until the estuary drops below the threshold of motion.
Regardless of the differences with nature, where the inlet tends to decrease as accommodation space
is filled (e.g. O’Brien, 1931; 1969; Jarrett, 1976), the experimental estuaries converged.

While convergent, single-channel estuaries can have a balanced ebb- and flood-generated sediment
transport (Savenije, 2015; Dronkers, 2017), many estuaries have a more complicated morphology.
Recently, bar-dominated estuaries were shown to have, on average, a convergent shape if only the
cross-sectional area of subtidal channels is considered (Leuven et al., 2018b). This is consistent with
the one-dimensional flow model concept of Friedrichs and Aubrey (1988), in which the subtidal
channels convey the momentum of flow and the intertidal zone only acts as flood storage to affect
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Figure 4.15 Development of cross-sectional area vs. tidal prism in comparison to natural tidal
systems and previous scale experiments of tidal inlets. (a) Scale experiments deviate from the
extrapolated relations that are based on natural tidal systems. The inset shows the temporal
development for the three experiments of this study at four locations along the flume. (b) Cross-
sectional area plotted against predicted cross-sectional area, which is tidal prism corrected for larger
friction effects in scale experiments using c = π/(TUmax) (Eq. 4.1-4.3) (O’Brien, 1969; Seabergh et al.,
2001). The graph shows similar behaviour for natural tidal systems and their down-scaled counterparts.
Note: only data in the field data sets are plotted for which peak flow velocity at the tidal inlet/estuary
mouth was available.

water surface amplitude and ebb-dominance. As such, a multi-channel estuary can be convergent in
the subtidal cross-sectional channel area whilst this may not be directly apparent from the estuary
morphology (Leuven et al., 2018d). The new experiments show that these empirical findings extend
to wide infilling basins, where mud and vegetation quicken the self-confinement of the subtidal
channels in experimental estuaries towards a funnel-like shape (Figs. 4.10, 4.12, 4.15). Indeed, at the
end of all three experiments, the tidal prism at the mouth (0.17 − 0.20 m3) was about similar to the
final stage of previous experiments of muddy ingressive estuaries that developed by widening an
initial narrow channel in the same flume (Braat et al., 2019a). The development to such a convergent
shape in an initially wide, infilling basin is also found in palaeogeographical reconstructions of
systems such as the Old Rhine Estuary (NL) (De Haas et al., 2018; 2019), the Oer-IJ Estuary (NL)
(Vos et al., 2015) and the Shoalhaven River (AUS) (Roy et al., 1980). Together with previous findings,
the new experiments show that a convergent shape with mid-channel bars can be considered an
attractor state (cf. Thorn and Welford, 1994), as the subtidal channels of both ingressive and infilling
estuaries tend to develop to such a shape.

The question is now to what degree the two mechanisms, filling and confining, contributed to the
trend towards amulti-channel estuary that is on average convergent. Interestingly, themud experiment
was most infilled (Fig. 4.14), whilst the mud-vegetation experiment had developed slightly closer to
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a convergent shape (Figs. 4.10, 4.12a). This convergent shape of the subtidal channels is somewhat
obscured by an intricate pattern of intertidal bars and flats, compared to an ideal estuary. As these
intertidal areas contribute to the tidal prism, mud and vegetation affected the subtidal channel and
inlet dimensions of the whole system. At first, both mud and vegetation reduced tidal prism as overall
higher bed elevations developed compared to the sand-only experiment (Figs. 4.4, 4.13), which caused
friction-dominance over convergence effects (Dalrymple and Choi, 2007; Friedrichs, 2010). However,
whilst the mud experiment continued to reduce tidal prism, the combination of mud and vegetation
seemed to lead to a slight increase in tidal prism towards the end of the experiment (Fig. 4.11c). This
apparent increase opposes current understanding that vegetation reduces tidal prism (FitzGerald et
al., 2008; 2018) and more experiments are needed to determine whether the apparent increase in tidal
prism, as well as the slightly more convergent shape, are significant or due to internal variability or
unintended vegetation dynamics of the system.

The novel experiments fill a gap in the set of previous long-term morphodynamic modelling and
experiments, which focused predominantly on ingressive estuaries (e.g. Van der Wegen and Roelvink,
2008; Leuven et al., 2018b; Braat et al., 2017; 2019a) on the one hand, and on tidal basins with too little
fluvial input on the other. The new experiments showed that little floodplain sediment supply (i.e.,
mud) leads to a wide, multi-channel (braided) estuary, for example similar to the Oer-IJ Estuary (NL)
(Vos et al., 2015). On the other hand, ample floodplain sediment supply contributed to a narrow estuary
with levees and high floodplains that is closer to the classic, ideally converging estuary (Savenije, 2015).
Furthermore, the experiments indicated a disconnect between the effects originating from the fluvial
and marine boundary conditions. Specifically, the development of sub-, inter- and supratidal areas
(Figs. 4.9, 4.12a) indicated that the bay-head delta reach and the downstream half of the estuary quickly
approached a steady state, in contrast to the reach 4.5–8.5 m. It is the latter reach where the combined
effects of the river and the tide on sediment supply (Fig. 4.11) are smallest and the morphological
response to boundary conditions takes longest, as in the unfilled bay reach in the conceptual model
of Dalrymple et al. (1992). Thus, as most reaches were at, or close to, a steady state (Fig. 4.12a), the
experimental estuaries as a whole are considered close to a steady state as well.

4.4.2 A conceptual model for steady state morphology of estuaries
‘Equilibrium’ and ‘steady state’ are contested concepts in geology (Thorn andWelford, 1994; Zhou et al.,
2017; Pierik, 2021), but are useful in the context of experiments and models with controlled boundary
conditions. On the geological timescale of sea-level fluctuations, estuaries are considered ephemeral
systems (Lanzoni and Seminara, 2002; Dalrymple and Choi, 2007; De Haas et al., 2018). However, on
the centennial timescale, sandy estuaries have been argued to have two steady states given reasonably
constant boundary conditions. Thefirst is an unfilled estuary that is below the threshold ofmotion (Roy
et al., 1980; Dalrymple et al., 1992), and the second is a filled estuary with bars and net converging
channels. Depending on initial conditions such as valley dimensions, a filled estuary can be either
a wide system with many channels or a narrower system with few channels and bars (Leuven et al.,
2018b). Now, the new set of experiments suggests that also partly filled estuaries may attain a steady
state.

The key concept that seems to determine to which steady state an estuary develops is the tendency
to form floodplains, which is a function of variables including floodplain sediment supply, flood
magnitude and frequency, tides, waves, and vegetation. Whilst the novel experiments all showed a
fairly similar steady state, it is hypothesised that, for example, a higher floodplain sediment supply
and more flood-resilient vegetation would probably lead to a narrower steady state. As a result, the
different tendency for floodplain formation between estuaries allows for a continuum of steady states
in terms of the channel planform, convergence and the degree of filling under reasonably constant
boundary conditions on the centennial timescale. Here, the unfilled estuary and the ideal estuary are
end-members on the continuum rather than the only two alternative steady states, which is presented
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Figure 4.16 Conceptual models of (a/e) the two classic steady-state estuaries end-members between
an unfilled estuary (after Dalrymple et al., 1992) and an ideal estuary (after Savenije, 2015) and (b–d)
three examples of partly filled steady states with an increasing tendency to form floodplains, each with
a natural estuary example in the right column. (a) The classic unfilled steady-state estuary. A natural
example is the Georges Bay (AUS). (b) A partly filled steady state with a large number of tidal bars and
channels and may be bound by salt marshes and peatlands, such as the Tillamook Bay Estuary (USA).
(c) A partly filled steady state that ismore confined than (b)with on average two tidal channels, as found
for instance for the Western Scheldt (NL) (Leuven et al., 2018b). (d) A partly filled steady state that is
strongly confined and quickly reduces to a single channel in the upstream direction. A natural example
is the Tangimoana River (NZ). (e) The classic infilled steady-state estuary (Savenije, 2015; Dronkers,
2017). A natural example is the individual branches of the Mekong River (VT). Satellite imagery was
retrieved from Google Earth.
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in a new conceptual model (Fig. 4.16). In this model, the experiments of this study are somewhere
between the Tillamook Bay Estuary (Fig. 4.16b) and Western Scheldt Estuary (Fig. 4.16c).

The possibility of many steady states between the conceptual unfilled estuary and the ideal estuary is
consistent with the apparent steady states of some partly filled estuaries in nature. Examples include the
Arcachon Bay Estuary (Fig. 4.1c) (Féniès and Faugères, 1998; Allard et al., 2009) and the Ems-Dollard
Estuary (VanMaren et al., 2016). Both systems are in a partly filled state withmultiple parallel channels
that remain open regardless of ample sediment supply. Similar observations are made in estuaries with
mangrove vegetation, such as in Darwin Harbour (AUS) (Woodroffe et al., 2016) and the Wapengo
Lagoon (AUS) (Nichol, 1991). Another example is the multi-channel Western Scheldt Estuary, which
has on average two tidal channels and mid-channel bar complexes that remain largely in place due
to topographic forcing by the varied width of the estuary (Fig. 4.16c). The mechanisms leading to
this steady estuary planform were demonstrated in previous Metronome experiments (Leuven et al.,
2018b). On the timescale of formation of their experiments and of the Western Scheldt Estuary (Van
der Spek, 1997), there was no apparent development towards a single convergent channel. Even with
highmud supply, previous experimental estuaries remainedmulti-channel systems (Braat et al., 2019a).
Nevertheless, the multiple channels were collectively convergent, which is consistent with the physical
principles underlying the ideal estuary (Savenije, 2015).

This is not to say that any state can be stable, and that the stable width of estuaries is entirely
unconstrained. Data from 68 estuaries show a surprisingly strong correlation between the width of
the river upstream of the tidally influenced reach and the estuarine convergence length and the width
of the mouth (Leuven et al., 2018c). The hydraulic geometry of channels in a tidal delta systematically
vary with river discharge and tidal amplitude (Sassi et al., 2012), and channel dimensions in a rapidly
shifting estuary with erodible banks generally correspond to those of the upstream river (Shimozono
et al., 2019). How upstream river discharge controls the dimensions of estuaries is not clear and
requires further work.

The antecedent landscape (i.e., the initial conditions) and boundary conditions both determine the
degree of infilling and the steady state reached. Starting from a narrow, converging (ingressed)
channel, previous experimental studies (Leuven et al., 2018b; Braat et al., 2019a) reached a
multi-channel steady state resembling Fig. 4.16c through ingression, as opposed to the infilling cases
in the present study. This contrast illustrates that the filling of estuaries is not necessarily a one-way
process but depends on the boundary conditions, including relative sea-level, hydrodynamics,
sediment supply and eco-engineering traits of vegetation. Moreover, these opposing ways of reaching
a steady state have implications for the geological record that require further study. Ingressive
estuaries generally only have facies of estuary filling at their margins (e.g. Vos, 2015), whilst infilling
estuaries have infilling facies ranging much further outward of their present-day margins (e.g. Vos,
2015; Clement et al., 2017; De Haas et al., 2018).

The existence of a continuum of steady states raises the question whether large events and
disturbances can cause a shift to another state. This is understudied, but published work suggests that
storm and flooding events can have two contrasting impacts on estuary state. Events may set back the
filling sequence in estuaries through erosion of predominantly intertidal and supratidal area (e.g.
Mariotti et al., 2010) or events may temporarily increase the import of sediment derived from coastal
erosion (e.g. Fruergaard et al., 2013). The effects of events and disturbances are often merely noise at
the system scale and the estuary remains in its steady state; for instance, this has been shown for the
Humber Estuary (UK) following a large river flood (Townend et al., 2007) and for the Firth of Thames
(NZ) following storms and river floods (Swales et al., 2019). Similar findings apply at the smaller scale
of salt marshes following hurricanes (FitzGerald and Hughes, 2019). In case the trigger is large
enough, the resultant change in accommodation space can perhaps cause a shift towards another
steady state. For example, this happened with the catastrophic formation of the Dollard tidal
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embayment in the Ems Estuary, the Netherlands (Van Maren et al., 2016; De Haas et al., 2018; Pierik,
2021). A persistent change in boundary conditions could also force the system to another steady state
(e.g. Pierik, 2021).

4.5 Conclusions

Physical scale experiments were conducted of infilling estuaries with mud and vegetation in the tilting
flume the Metronome, which resulted in the following insights. Estuaries have a continuum of steady
states between the classic concepts of the unfilled and completely infilled, ideally converging estuary.
Intermediate cases can develop a converging planform with multiple channels. Mud and vegetation
affect the degree of filling and the development of an overall converging system through two
mechanisms: accretion in bars and system margins, and lateral confinement through flow
concentration in channels. The first mechanism of filling increases the intertidal and supratidal area
and reduces the tidal prism. The second mechanism of confining focuses flow into channels through
increased bar elevation and hydraulic roughness caused by vegetation. Mud and especially vegetation
elevated bars well above the mean high water level and increased the stability and longevity of bars.
Mud contributed to overall slightly higher bed elevations, particularly on the bayhead delta and in the
upstream basin. Vegetation reduced the mudflat area but led to faster bed level rise well into the
supratidal range. The bar top stabilisation further reduced shortcut channels and bar removal. The
combination of mud and vegetation proved conducive to narrowing of the wide estuary towards a
convergent estuary, where the coastal and fluvial sediment supply and the plant properties
determined the pacing of the confining processes.
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Supplementary material

Supplement 4.1: Validation of Nays2D flowmodelling
This study did an extra validation of the hydrodynamic numerical model Nays2D for estuary scale
experiments, in addition to the earlier validation in Chapter 3. The reason for an extra validation was
that the experimental setup of this study involved considerably larger tidal volumes than the estuary
for which Nays2D was validated (Leuven et al., 2018b; Chapter 3). To this end, one Particle Imaging
Velocimetry (PIV) measurement (cf. Leuven et al., 2018b) was conducted in this study at the end of
the experiment with only sand to create residual flow velocity maps over a tidal cycle. In addition,
water blueness values were extracted from the overhead imagery, which were used as indicator of water
depths over a tidal cycle.

The tidal signal along the estuary was well reproduced by the numerical model. This is evident from
the tidal zonation maps in Figure 4.17, which are derivatives of water depth variations; supra-tidal
areas remain dry over a tidal cycle, intertidal areas are only submerged during flood and subtidal areas
are flooded the entire tidal cycle. The numerical model resulted in slightly less intertidal area in the
downstream half of the estuary, for example at the intertidal bar at x = 16 m and at the seaward
side of the main mid-channel bar at x = 14 m (Suppl. Fig. 4.17). In contrast, slightly more intertidal
area was modelled for the upstream half of the estuary, for example at the small mid-channel bar at
x = 7.5 m and for the bayhead delta x < 4 m. The largest differences between the two maps were
due to shortcomings of the overhead cameras. These are the striping at x[8− 11]m that results in less
intertidal area in the measured maps, and the lighting difference of the downstream-most camera that
results in the sharp edge between tidal zonation at x = 19 m.

Modelled residual flow shows a largely similar pattern to the measured values: the model shows
there are two distinct ebb-dominated channels in the downstream half of the estuary at either side
of the basin. The lower channel shows a slightly meandering ebb-tidal channel with small pockets
of flood-dominant flow, which correspond with flood barbs in the morphology. The flood-dominant
tidal channel from the ebb-tidal delta into the estuary splits upon reaching the large mid-channel bar
at x = 14 m. This is fairly similar with the measurements, although many in-situ measurements are
missing. There are notable differences in the upstream half of the estuary. Firstly, there is a large region

Figure 4.17 Tidal zonation maps of the end of the experiment with only sand based on (a) water
colour saturation registered by overhead cameras and (b) numerically modelled flow in Nays2D. The
upstream-most part of (a) was obstructed by the bridge and thus has no data. River inflow is at the left
and the sea boundary is at the right.
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Figure 4.18 Residual tidal flow at the end of the experiment with only sand based on (a) Particle
Imaging Velocimetry measurements and (b) modelled flow in the numerical model Nays2D. Residual
flow measurements are only shown if more than three quarters of all measurements over a tidal cycle
are available.

of slight ebb-dominance at x = 8m, which is less distinct or absent in themodelled data. Additionally,
the many parallel channels downstream of the bayhead delta (x[2− 6]m) are mostly ebb-dominant in
the numericalmodel, whilstmeasurements indicate that about half of them areweakly flood-dominant.

Supplement 4.2: Pilot experiments in the mini-Metronome
Introduction
Preliminary to the Metronome experiments described in the main article, pilot runs were conducted
in a smaller flume the mini-metronome. In the mini-metronome, a Holocene bar-built estuary was
created to study the effect of vegetation on the formation of channels and bars in an evolving estuary.
Different vegetation densitieswere studied to find the optimal vegetation input for themainMetronome
experiments.

Methods
Three pilot runs were conducted in the flume the mini-metronome measuring 3.5 m by 1.2 m
(developed by Kleinhans et al., 2014b; 2015b; Suppl. Fig. 4.19). Tilting the flume over the short central
axis simulated a symmetrical tidal flow with a period of 34.0 s and an amplitude of 12.1 mm. A
constant water level was maintained by continued in and outflow at the seaward boundary. At the
river boundary, water enriched with sand was provided continuously. Once every tidal cycle, fluvial
input was enriched with crushed walnut shells, representing silt and clay. Sand characteristics in the
pilot runs were similar to characteristics in the Metronome, with median grain size d50 = 0.55 mm.
However, walnut consisted of only two equal fractions: 0.20 mm and 1.2-1.7 mm. Sediment input per
tidal cycle was 1.2 ml sand and 5.7 ml walnut.

In each simulation, initial morphology was a drowned river valley with two barriers next to the
tidal inlet. The two barriers were locked in place by metal frames; hence the tidal inlet width was
constant throughout the experiment. To represent the natural development of centuries to millennia
each experiment was planned to run for 3,000 tidal cycles (Kleinhans et al., 2015a). The control
experiment lacked vegetation. The other two experiments had vegetation introduced into an evolving
estuary. Seeds of two species, Medicago sativa and Lotus pedunculatus, entered the basin
hydrochorously at the river inlet every 500 tidal cycles. The two vegetation experiments differed in
the number of seeds introduced at the river: 25.0 g Medicago seeds and 25.0 g Lotus seeds per
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Figure 4.19 Setup of the flume the mini-metronome (after MSc thesis by K. van den Hoven).

vegetation cycle that resulted in a sparse cover and 80.0 g Medicago seeds and 80.0 g Lotus seeds per
vegetation cycle that resulted in a dense cover. Due to a very high vegetation density, the dense
vegetation experiment was aborted after 1,800 tidal cycles.

Vegetation growth and morphological development was studied quantitatively and qualitatively.
Time-lapse photography in phase with the tide captured the entire flume in four positions every
4th tidal cycle. Photographs represented flood, ebb, high water and low water. In addition, the
estuary was carefully drained to scan the bed elevation and obtain detailed photographs, after time =
250 and after time = 500 tidal cycles, and subsequently at intervals of 100 tidal cycles. Bed elevation
was scanned with a ViALUX 3d scanner consisting of a fringe projector and calibrated camera system,
together termed: zSnapperTM. Photographs were taken with a digital single-lens reflex camera on a
fixed frame above the flume.

Results
Initial morphological development was similar in all three pilot runs. During the first 500 tidal cycles
walnut was deposited up to halfway the basin, small channels run parallel from the river inflow, and a
sandy bay-head delta and ebb tidal delta evolved (top row in Suppl. Figs. 4.20, 4.21). The introduction
of vegetation changed the estuarine morphology (Suppl. Figs. 4.20-4.22). Overall, vegetation
establishment led to an increase in channel width and depth, and a decrease in braiding index.
Sediment deposition per time step was highest during the dense vegetation run. The very dense
vegetation captured sediment already in proximity of the river inflow. This is visualised by the highly
elevated bay-head delta and a small ebb tidal delta (Suppl. Figs. 4.21, 4.22). With sparse vegetation,
sediment could be transported throughout the tidal basin, so channels and bars increased in size and
a large ebb tidal delta evolved (Suppl. Figs. 4.21, 4.22). After 2,500 tidal cycles, the main fluvial
channel connected to the tidal channel.
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Towards designing theMetronome experiments
The pilot runs in the mini-metronome flume provided insight into the eco-engineering effects of
vegetation in Holocene estuary development. In the presence of vegetation, the estuarine system
narrowed down when compared to the basin without vegetation. Vegetation captured sediment, so
downstream sediment export reduced. Locally, vegetation patches created shelter for sediment
deposition while areas with dense vegetation patches were static and hardly evolved over time.
Vegetation density influenced estuary development. On the one hand, dense vegetation (Veg +++) led
to a static system in which downstream sediment transport was inhibited. On the other hand, sparse

Figure 4.20 Basin top view with water drained from the flume in (a) the control run, (b) dense
vegetation run, and (c) sparse vegetation run. In each photograph, left = river inflow, right = barriers
with tidal inlet, and top left corner depicts the cumulative number of tidal cycles that the experiment
was run, with the end stage in the final photograph of each column. Top row photographs were taken
just before tide and river flow was started again after the first seeding (after MSc thesis by K. van den
Hoven).
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Figure 4.21 Bed elevation change for (a) the control run, (b) dense vegetation, and (c) sparse
vegetation. Blue = erosion, white = unchanged, and yellow-brown = deposition. The darkest patches
in (b) and (c) are due to incomplete correction for vegetation. In each panel, left = river inflow, right
= the sea, and top right corner depicts the cumulative number of tidal cycles that the experiment was
run, with the end stage in the final panel of each column. A small part of the flume was not captured
by the zSnapperTM, so elevation data for the uttermost left and right side of the flume (top and bottom
in each panel) is missing (after MSc thesis by K. van den Hoven).

vegetation (Veg +) created a dynamic system in which channels and bars evolved and adapted. The
estuary with sparse vegetation evolved in a river-dominated and tide-dominated part
(Suppl. Fig. 4.23).

The pilot runs contributed to the experimental set-up in the Metronome. In the pilot runs,
differentiation of vegetation settlement was limited as both types of seeds were able to settle in similar
locations, so in the Metronome experiments the smaller Veronica beccabunga was added to represent
pioneer vegetation settlement. The pilot dense vegetation run showed it is important not to provide
too much vegetation into the evolving estuary at once. Therefore, relatively small amounts of seeds
were sowed through the river and tidal inlet in the Metronome. In addition, discharge was increased
to enable continuous river flow through dense vegetation. In contrast to the pilot runs, extreme
bayhead delta formation was limited in the Metronome by reducing fluvial sediment supply and
adding marine sediment supply. Marine sediment was supplied by erosion of the sand barriers and by
walnut input at the tidal inlet.
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Figure 4.22 Flume top view for the (a) control run at 2,810 tidal cycles, (b) dense vegetation run at
1,595 tidal cycles, and (c) sparse vegetation run at 2,968 tidal cycles. Left is river inflow, right is sea
with ebb tidal delta. Blue dyed water indicates channels (after MSc thesis by K. van den Hoven).

Figure 4.23 Estuary overview of experiment with sparse vegetation at tidal cycle 2,968 (after MSc
thesis by K. van den Hoven).
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Supplement 4.3: Algae and fungi protocol
Algal blooms were suppressed in the Metronome. 100 ml of anti-algae Algofin was added to the flume
twice a week. Also, a bio-filter with active carbon was installed and outflow filters at either end of the
flume were cleaned every time the flume was drained for scans so as to mitigate the growth of algae.
Overall, algae had an insignificant effect on the morphodynamics, in line with Friedkin bank erosion
tests under similar conditions in previous studies (Braat et al., 2019a).

In contrast, fungal growth posed a more serious problem to the morphological development in
experiments with crushed nutshell. Fungi flourished in shallow regions of the estuary, especially
when the flume was not tilting during scans and during days of vegetation sprouting. Consequently,
the tops of tidal bars became very cohesive, more than could be attributed to the nutshell alone. This
complication resulted in large scarps up to 2 cm when part of these bars were eroded, which occurred
predominantly, but not exclusively, on tidal bars covered by nutshell in the upstream part of the
estuary. Additionally, the threshold for motion was enhanced in the upstream part of the estuary by
the fungi as the experiment progressed, which likely contributed to lower dynamics in later stages of
development.

The growth of fungi was counteracted in two ways. Firstly, PimafixTM was added to the nutshell
feeders to prevent fungi from flourishing inside the crushed nutshell. Second, the estuary bed was
sprayedwithwaterwith low concentrations of tea tree oil and PimafixTM. Such sprayingwas done three
times in the second experiment (sand and mud); intervals of no flow were relatively short, so fungal
growth did not take large proportions. However, in the third experiment (sand, mud and vegetation)
tilting was off repeatedly for four days to allow vegetation sprouting. To prevent fungi growth during
the no-tilting periods, the upstream part of the estuary and brownish spots were sprayed every time
the flume had been drained.

Supplement 4.4: Cross-sections over the bay-head delta
Suppl. Figs. 4.24 and 4.25 show cross-sections over the bay-head delta for x = 80, 120 and 160 cm. The
mud experiment (Suppl. Fig. 4.24) clearly shows alternating layers of mud and sand. Mud abundance
increases towards the valley edges and in the downstream direction on the bay-head delta. This trend is
in contrast to themud and vegetation experiment (Suppl. Fig. 4.25), where vegetation diverted flow and
caused large spatial differences inmud and sand deposition. Therefore, there are fewer clear continuous
mud layers in the subsurface and more local thick mud deposits, for example on the left in all cross-
sections in Suppl. Fig. 4.25.

Figure 4.24 Cross-sections over the bay-head delta at x = 80, 120 and 160 cm in the mud experiment.
Photos were taken facing the upstream direction. The top part of the cross-sections is the pristine
surface.
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Figure 4.25 Cross-sections over the bay-head delta at x = 80, 120 and 160 cm in the mud and
vegetation experiment. Photos were taken facing the upstream direction. The top part of the cross-
sections is the pristine surface.
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The effect of sea-level rise on estuary filling in
scaled landscape experiments

Chapter 5 | The effect of sea-level rise on estuary
filling in scaled landscape experiments

Abstract

When sea-level rise slowed down in the middle Holocene, many estuaries filled the newly created
accommodation, whilst others remained largely unfilled because of limited sediment supply. In view of
the current and future rapid sea-level, the question arises how these systems will adapt and whether the
land-level rise may keep up. Besides geological data and conceptual models of large-scale and long-term
estuary infilling, little is known about the infilling process during sea-level rise on the
decadal-to-centennial time scale that is relevant for society, for example in terms of prospected safety
against coastal flooding. This study focuses on how sea-level rise affects the morphological and
hydrodynamic development of infilling estuaries. To this end, scaled laboratory experiments were
conducted in a tilting flume facility that creates bidirectional tidal currents and develops entire estuaries.
A net importing estuary with sand, mud and vegetation was formed that was subjected to sea-level rise.
Findings show that the bulk of imported sand deposited closer to the tidal inlet following sea-level rise
than in an experiment without sea-level rise. The bay-head delta and the flood-tidal delta retained
enough sediment to keep up with sea-level rise, whilst the tidal embayment in between drowned except
for the highest vegetated bars. Sea-level rise also reduced vegetation survival and sprouting potential, as
prolonged inundation increased mortality, negating the potential eco-engineering effect. This resulted in
lower vegetation coverage with sea-level rise than under constant sea-level. These findings suggest that
fast sea-level rise may cause natural systems to drown even if nearly sufficient sediment is available to fill
the newly created accommodation, particularly the reach further away from the fluvial and marine
sediment sources.

In review as: Weisscher, S. A. H., Adema, P. H., Rossius, J.-E. & Kleinhans, M. G. The effect of sea-level rise on
estuary filling in scaled landscape experiments The Depositional Record
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5.1 Introduction

During the Middle Holocene, many coastal regions drowned in response to rapid sea-level rise, which
produced many estuaries around the world (Shi and Lamb, 1991; Hijma and Cohen, 2010; Vos, 2015;
Job et al., 2021). In response to sea-level rise levelling off, part of these estuaries gradually filled and
formed new land, whilst others only partly filled or remained unfilled (e.g. Roy et al., 1980). Conceptual
models of estuary filling exist (Roy et al., 1980; Nichol, 1991; Dalrymple et al., 1992) but are inferred
from the depositional record and focus on (multi)-millennial timescales. Generalised responses of
estuaries to multi-millennial phases of sea-level rise and fall allow for two-dimensional predictions
of lithofacies distributions, showing phases of coastal regression when the system shifts seaward and
transgression when the system shifts landward. So, these qualitative models focus on the large-scale
spatial and temporal development of filling estuaries and are therefore too general to determine changes
in channel and bar patterns. Therefore, it remains unclear how the morphology on a scale of channels
and bars in filling estuaries is affected by sea-level rise.

5.1.1 Holocene filling of tidal systems
Estuary filling depends on the following initial and boundary conditions and processes. Firstly,
sediment is needed to fill an estuary, which is delivered by rivers and may be imported from the sea.
Flood-dominant tidal asymmetry ensures that more sediment remains in an estuary and enhances
sediment import from the sea (Friedrichs and Aubrey, 1988), contributing to estuary filling.
Secondly, the eco-engineering effect of vegetation (De Haas et al., 2018; Brückner et al., 2019;
Brückner et al., 2021; Chapter 4) increases the sediment trapping potential of estuaries, enhancing
sediment retention. Mud helps fill accommodation and stabilises bar and channel positions (Braat
et al., 2019a; Brückner et al., 2021). Thirdly, initial and boundary conditions such as inherited
topography, subsidence, tidal amplitude at the estuary mouth and planform shape are also controlling
estuary morphology (Leuven et al., 2019).

The Holocene evolution of the Dutch coastal landscape can serve as a case study for infilling
systems under rapid sea-level rise conditions. Back-barrier basin deposits, e.g. like the Wadden Sea
(NW Europe), are preserved in the coastal plain of the western Netherlands. The tidal basin
morphology before 5,000 BP shows a system with moderate sediment supply, adjusting to rapid
sea-level rise. At first, mostly sand is deposited in and along the channels. Later inter-channel areas
rich in mud formed, stabilising the channels. Reed marshes concentrate along the basin margins and
salt marshes are limited to the along channel mud flats and behind the barrier. Sea-level rise slowed
down between 6,000 and 5,000 BP. At this point in time, sediment supply exceeded accommodation
creation and the basin started to fill (Van der Spek and Beets, 1992). Only one tidal inlet was still open
between 4,500 and 3,500 BP, followed by complete retreat of the sea from the basin by 3,275 BP (Roep
and Van Regteren Altena, 1988). From nearly 100 years of bathymetric measurements in the Wadden
Sea area, it shows that the tidal basin is currently importing enough sediment to keep up with
sea-level rise. However, most imported sediment is being eroded from the ebb-tidal deltas seaward of
the many tidal inlets, which decreases the sizes of these deltas. Sediment availability will likely
determine if in the future the basin can silt up to keep up with sea-level rise or if it will drown.
Because of the artificial hard barriers on the basin and barrier side, the coastline and barrier retreat
and roll-over mechanisms will not occur (Van der Spek, 1994; Elias et al., 2012).

For the Netherlands, reconstructions of the coastal landscape and tidal systems were made for the
Holocene (Vos, 2015; De Haas et al., 2018) (Fig. 5.1). The reconstruction by De Haas et al. (2018)
highlights the importance of vegetation andmud in long-term estuary dynamics, as well as the necessity
of having a river inflow that ensures the tidal inlet remains open. Most estuaries along the Dutch
coast remained partly filled for most of the late Holocene despite ongoing (but slowing) sea-level rise,
because of tidal asymmetry. The M4 tidal component on the North Sea leads to flood dominance in
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Figure 5.1 Evolution of the Dutch landscape from 12,000 BP to 1900 BP. Modified from Vos et al.
(2018).

tidal systems, which brought sediment from the shallow sea floor into the estuaries and allowed these
systems to keep up with sea-level rise (De Haas et al., 2018).

5.1.2 Accommodation and sediment supply
Long-term numerical modelling of estuaries showed that mud fills accommodation by stabilising bars
and confining flow in channels (Braat et al., 2017; Brückner et al., 2021). This reduces channel and bar
dynamics and confines the estuary with mudflats flanking the outer banks of an estuary. Moreover,
tidal prism is reduced, which could promote a positive feedback loop of filling accommodation.
Combination of mud, poorly sorted sand, vegetation and variations in water discharge (i.e. floods and
tides) was found to form levees and crevasses, which also retain sediment (Boechat Albernaz et al.,
2020). An increase in flood storage due to sea-level rise can cause flood dominance and import of
sand from the ebb-tidal delta and adjacent coast, which mainly holds for shallow tidal basins (Du
et al., 2018). Leuven et al. (2019) showed that small estuaries dominated by intertidal bars will likely
face rapid sedimentation under sea-level rise, whilst large estuaries may face sediment starvation and
drown.

There are very few scaled landscape experiments of tidal systems that include sea-level rise. The
experiment by Stefanon et al. (2012) shows that sea-level rise enlarges the tidal channels and increases
their cross-sectional area. Sea-level rise had a negligible effect on the overall channel and bar pattern,
but this may be due to the low sea-level rise rate or the low sediment mobility in their experiment. To
get a better understanding of possible morphological developments in estuaries that face sea-level rise,
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this review turns to river delta experimentswhere the effects of sea-level rise have beenmore extensively
investigated.

River delta experiments with sea-level rise demonstrated that the balance between sediment supply
and accommodation creation determines the avulsion behaviour and stacking pattern of deltas (Van
Heijst and Postmal, 2001; Paola, 2000; De Villiers et al., 2013). Sea-level rise reduces flow and
sedimentation upstream from the coastline due to the backwater effect. This results in a delayed
response in the downstream reach of a delta (Van Heijst and Postmal, 2001), which may range from a
few kilometres for high-gradient rivers up to more than a hundred kilometres for the largest
low-gradient rivers (Blum and Törnqvist, 2000; Hoyal and Sheets, 2009). On a scale level above that
of individual channels and at a scale of the entire delta surface, delta experiments indicated that a
step-wise retreat of delta lobes during transgression (i.e., autostepping) is largely unrelated to
upstream processes, including sediment input and water discharge, and is mainly caused by sea-level
rise (Muto and Steel, 2001). The steps can form by lobe avulsions followed by a short period of
reduced transgression, or even limited progradation, in an overall transgressive system. Similar
behaviour was found for Martian deltas in crater lakes in response to lake filling (De Villiers et al.,
2013). The generic insight learnt from these experiments is that back-stepping occurs in a drowning
environment, which from a sedimentary perspective still leads to sediment deposition whilst from the
perspective of land formation, drowning is the same effect as erosion.

The limited number of scale experiments of estuaries with ongoing channel and bar dynamics
(Leuven et al., 2018b; Braat et al., 2019a; Kleinhans et al., 2022; Chapter 4) highlight the effects of
mud and vegetation on channel and bar dynamics. Both mud and vegetation reduce tidal prism by
elevating bars and confining channels. As vegetation limits flow over bars, flow becomes focused in
deeper channels that tend to migrate faster (Kleinhans et al., 2022). So far, only the experiments in
Chapter 4 produced net filling estuaries, developing from a drowned wide river valley. Especially
vegetation proved effective at confining the collective subtidal channels in the upstream direction,
whilst mud and vegetation filled accommodation mainly in the upstream half of the estuary. This
resulted in high bars and new land, which contributed in a positive feedback loop to a
linear-to-concave decrease in tidal prism in the upstream direction. Put differently, this development
suggests that mud and vegetation enable bars to grow above the water table. Depending on the
balance between sediment supply and the sea-level rise rate, these areas could potentially keep up
with mild sea-level rise or could exhibit reduction in analogy with back-stepping.

5.1.3 Objective and hypotheses
The objective is to determine the effects of rapid sea-level rise on the morphological response of an
filling estuary. To this end, laboratory experiments were conducted wherein entire estuaries were
formed with sand, mud and vegetation on an initially drowned river valley. By design, the experiment
was set up to receive slightly less sediment than needed to compensate for new accommodation
created by sea-level rise. Hypothetically, this left three possible scenarios of morphological response.
Firstly, the entire system may drown, with subtidal areas rapidly expanding at the expense of
intertidal and supratidal areas. Secondly, parts of the system may aggrade to maintain a stable average
depth, whilst other parts further away from a sediment source will drown (i.e., the central part of the
estuary). Thirdly, the system may shift landward. Then, channel and bar patterns will shift upstream,
provided there is enough space. This scenario likely means the drowning of the downstream part of
the estuary.
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5.2 Methods andmaterials

This study presents the findings of two scaled landscape experiments of estuaries in which the effect of
sea-level rise was isolated. The first experiment was a control without sea-level rise of a filling estuary
with sand, mud and live vegetation. This control experiment was also reported in Chapter 4, in which
it was found that mud alone and vegetation with mud quickened the building and raising of new land
as compared to an experiment with only sand. The novel, second experiment was a filling estuary with
sea-level rise but otherwise the same conditions.

5.2.1 Flume experiments
The experiments were done in the “Metronome”, a 20 m long and 3 m wide flume that drives tidal
currents by periodic tilting over its short central axis (Kleinhans et al., 2017b). This novel tilting
method solves a number of scale problems that former experiments with periodic sea-level
fluctuations experienced, such as ebb-dominance and very low sediment mobility (e.g. Reynolds,
1889; Stefanon et al., 2010; 2012). To date, the tilting setup enabled the development of tidal basins
(Kleinhans et al., 2015b), ingressive estuaries with sand (Leuven et al., 2018b), mud (Braat et al.,
2019a), vegetation (Kleinhans et al., 2022) and channel dredging (Van Dijk et al., 2021), as well as
filling estuaries with mud and vegetation (Chapter 4).

The initial setting of the experimental estuaries resembled an idealised drowned river valley with
an open barrier coast and a long lagoon relative to the tidal excursion length (Fig. 5.2), designed to be
similar to Chapter 4. In a sand bed of 17 m long, 3 m wide and 0.11 m thick, a flat-floored valley was
carved of 2.4 m wide by 0.03 m deep over the full length of the sand bed. The initial sand bed had a
median grain size d50 = 0.55 mm and a coarse tail of d90 = 1.2 mm to prevent the development of
unrealistically large scours (Kleinhans et al., 2017a). The tidal inlet was bordered by two large, sandy
barrier islands which were designed to erode over time and act as a source of marine sediment, as
alongshore drift was impractical to reproduce in the flume. The flume had an offset tilt of 0.001 m/m,
which is a typical fluvial valley slope in landscape experiments (Kleinhans et al., 2014a). A central,
straight river channel in the upstream reach of the control experiment had a negligible effect on
channelising river flow (Chapter 4) and was therefore left out in the new experiment with sea-level
rise.

The boundary conditions were conducive to filling of the estuary. The flume was tilted with a 40 s
tidal period and an overtide of 20 s for flood dominance. The tilting slope amplitude of the principal
tide was 0.0012 m/m and the overtide had an amplitude of 0.006 m/m with a phase difference of 90◦.
Combined with the initial offset slope of 0.001 m/m, this resulted in a maximum slope of 0.0062 m/m
in the upstream direction during flood and 0.0058 m/m in the downstream direction during ebb. At
the downstream boundary, a weir moved in the opposite phase of the flume tilting to ensure a
constant water head at sea to prevent a water surge during flood and channel incision during ebb.
Also, a horizontal paddle generated waves with a frequency of 2 Hz and an amplitude of about 3 mm
(for scaling, see supplement to Leuven et al., 2018b). At the upstream boundary, a river discharge of
900 L/h entered the estuary during ebb with a feed of sand and mud, both at a rate 0.4 L/h. Mud was
simulated as crushed walnut shell with a density of 1350 kg/m3 and a grain size ranging from 0.45 to
1.7 mm, conform to previous studies (Baumgardner, 2016). Mud was also added at 0.4 L/h at the tidal
inlet at the start of every flood to simulate fines from the sea.

Sea-level rise was implemented in the new experiment in 1 mm increments every 1,000 tidal cycles,
starting from 3,000 cycles. This culminated in 7 mm sea-level rise by the end of the experiment at
10,000 cycles, which corresponds to approximately a 12%water depth increase of the 60mmdeep tidal
inlet channel. Accordingly, a volume of 45 L of accommodation was created every 1,000 cycles, which
was by design slightly larger than the total sediment feed (±13 L sand and mud) plus the maximum
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Figure 5.2 (a) Experimental setup of the experiment. The photo was taken at 2,000 cycles into the
sea-level rise experiment. (b) Digital elevation model of the initial bathymetry of the experiment.

potential barrier erosion of 25 L. Therefore, based on the filling and creation of accommodation, a
slightly transgressive estuary was expected to develop.

5.2.2 Seed distribution
Three vegetation species were selected with different eco-engineering effects in a laboratory scale
experiment (Lokhorst et al., 2019): Medicago sativa, commonly known as Alfalfa, Lotus pedunculatus
and Veronica beccabunga. Alfalfa represented riparian vegetation, and Lotus and Veronica resembled
reed- and grass-like marsh vegetation (Lokhorst et al., 2019). Seeds were supplied every 500 cycles
after an initial 1,000 cycles spin-up, before which no intertidal area existed where vegetation could
establish. The number of seeds was calculated to obtain an average coverage with significant
vegetation-induced flow resistance by the end of the experiment at 10,000 cycles with an average stem
density of 0.25 stems/cm2. In total, 80,000 Alfalfa seeds and 40,000 seeds of both Lotus and Veronica
were supplied to the river and 40,000 seeds of Lotus and Veronica supplied to the inlet. This amounts
to a total of 240,000 seeds on an approximate surface area of 2.4 by 17 m, or a maximum seeding
density of 0.59 seeds/cm2. With a germination probability of 0.5 and a possible fraction of the surface
covered by vegetation, say 0.2, this would amount to 1.5 stems/cm2, this would about double the total
flow resistance in vegetated areas compared to the bare bed surface (Lokhorst et al., 2019), which is
sufficient to affect the partitioning of flow over vegetated and bare areas (Kleinhans et al., 2022).
While this is about half the number of seeds of Lotus and Veronica compared to the experiment in
Chapter 4, the actual plant density is mainly limited by air temperature, mould, and seed loss by
burial, which we managed to control better in the second experiment. Moreover, vegetation settling
and mortality are mainly determined by inundation duration, which is linked to the degree to which
estuary filling can keep up with sea-level rise, and by erosion due to morphodynamics, which is also
linked to depth. Increased trapping is less likely in the present setup, which is flood-dominant and
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captures most sand and mud anyway (Chapter 4). As such, vegetation is mainly expected to affect,
and be affected by, the pattern and dynamics of the tidal bars.

Each sowing event took 70 tidal cycles to enable distribution of seeds by the flow but avoidmost loss,
similar to the protocol in Chapter 4. After 10 cycles for initial wetting of the bed following bed scans,
pre-soaked seeds were released in the river outlet over 25 cycles. Next, seeds were added just upstream
of the inlet during the flood phases over the course of 10 cycles, followed by a final 25 cycles to allow
the seeds to spread throughout the estuary. The flume was then stopped at its offset slope of 0.001 m/m
for four days to allow for sprouting before the experiment could continue. During sprouting time, the
sea was at the current mean sea-level and a low 300 L/h river discharge entered the estuary to produce
throughflow.

5.2.3 Data analysis
Orthophotos and digital elevation models (DEMs) were made every 1,000 tidal cycles by means of
stereo-photography of the dry bed. Before shooting stereo photos with a digital single-lens reflex
camera, the Metronome was drained slowly without disturbing the bed. The images were processed in
Agisoft Metashape (structure-from-motion software) to create DEMs with a 5 by 5 mm resolution.
Most vegetation, apart from dense patches on the bay-head delta, was filtered out using a low-pass 5%
(percentile) filter with a 35 by 35 mm window. To quantify the hydrodynamics, tidal flow was
modelled using the numerical model Nays2D (Chapter 3) following the method in Chapter 4. Nays2D
takes as input a DEM and the corresponding boundary conditions and produces maps of water depth
and flow velocity, from which inundation duration and distributions of flow velocity were calculated.

Figure 5.3 Photographs of mud and vegetation in the sea-level rise experiment. Letters in the
orthophoto correspond to positions of the photographs.
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5.3 Results

5.3.1 General estuary development
The general development of the estuary with sea-level rise is described as follows. At first, short
discontinuous tidal channels, separated by low-amplitude bars, formed in the downstream half of the
estuary (Fig. 5.4). From this initial low-amplitude, submerged channel and bar pattern, a large
flood-tidal delta developed near the tidal inlet together with a small ebb-tidal delta barely extending
into the sea. Continued inlet widening by the waves and the incoming tide eroded sediment that was
predominantly transported onto the flood-tidal delta. Meanwhile, the upstream, landward half of the
estuary remained largely unaltered in the first 3,000 tidal cycles, apart from a vegetated bay-head delta
forming from the landward boundary (Fig. 5.3). At first, Alfalfa established on the bay-head delta
within the first 1,000 tidal cycles, followed by Lotus and Veronica whose seeds were either germinating
slower, captured by existing vegetation or transported to other low-energetic regions on the bay-head
delta. Shortly after vegetation establishment, a first avulsion occurred on the bay-head delta at
2,000 cycles, resulting in a new main channel with several active branches.

After sea-level rise commenced at 3,000 tidal cycles, the focus of sediment deposition remained on
the bay-head delta (x=0–3 m) and the flood-tidal delta (x=10–17 m) throughout the experiment
(Figs. 5.4, 5.5b). Most fluvial sand and mud was retained and protected by the dense vegetation, whilst
most marine sand and mud elevated the flood-tidal delta. Hence, only little sediment was transported
further upstream. Upstream transport commenced mainly in the form of lobate bars, or terminal
lobes, at the upstream ends of landward extending tidal channels (Figs. 5.4, e.g. from 10 to 8 m at
1,000 to 3,000 cycles), landward of which the basin morphology hardly changed. The little sediment
imported beyond the flood delta was not nearly enough to avoid the drowning of the initially already
deep subtidal bay in the range x=3–8 m (Figs. 5.4, 5.7f,h). This region remained largely subtidal until
6,000 cycles (Fig. 5.7d,f). The few intertidal and supratidal areas that formed along the estuary where
sparsely colonised by Lotus and Veronica (Fig. 5.3) and covered with mudflats. Yet, most mud was

Figure 5.4 Digital elevation models of the experiments with a constant sea-level (left column) and
with sea-level rise (right column), excluding vegetation.
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Figure 5.5 Mean bed level change (a) along the experiment with constant sea-level (Chapter 4) and
(b) the new experiment with sea-level rise. Calculations exclude the unreworked outer banks of the
estuary.

overridden by migrating sand bars and preserved in the subsurface. Also, prolonged inundation due
to sea-level rise caused considerable mortality of the vegetation on the bay-head delta and bar tops.

From 6,000 tidal cycles onward, the estuary developed increasinglymore intertidal area. This created
new sites for vegetation establishment and mudflat deposition just downstream of the bay-head delta
and near the flood-tidal delta (Fig. 5.3). Yet, only very few muddy and vegetated bars elevated into
the supratidal elevation reach. Generally, vegetation near the flood-tidal delta seemed sparser and on
average younger than near the bay-head delta, suggesting a faster turn-over rate of intertidal vegetation.
Also, a large channel confluence had formed around x = 10m, which deepened and produced a pulse
of sediment further upstream into the deep subtidal bay at x=3–8m (Figs. 5.4, 5.5b). This caused slightly
higher bed levels in the upstream half of the estuary but was largely insufficient to reach an intertidal
elevation.

5.3.2 Effect of sea-level rise
Comparison with the constant sea-level experiment shows that sea-level rise impacted the
morphological development in the following ways. Firstly, sea-level rise created new accommodation
that prompted the bulk of imported marine sediments to be deposited closer to the tidal inlet
(Fig. 5.4). Consequently, less sediment was transported further upstream during the first 6,000 tidal
cycles. Afterwards, the development of a large confluence landward of the flood delta in the sea-level
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Figure 5.6 Development of cumulative bed elevation distribution for the experiment with constant
sea-level and the experiment with rising sea-level (a) for the bay-head delta, (b) the drowned bay and
(c) the downstream part of the flood-tidal delta. The bed elevation profiles exclude the unreworked
outer banks along the estuary and include the valley slope. Mean water levels are given for the final
time step at 10,000 cycles and derived from numerical modelling in Nays2D.

rise experiment scoured bed sediment that was transported towards the subtidal bay. Although this
resulted in slightly higher mean bed elevations for the range x=3–8 m in the sea-level rise experiment,
it proved insufficient to develop large intertidal and supratidal areas like in the constant sea-level
experiment because of sea-level rise (Fig. 5.7).

Secondly, prolonged inundation time (Fig. 5.7) due to sea-level rise increased plant mortality and
limited the area suitable for vegetation establishment. Consequently, less vegetation established and
survived in the middle of the estuary, which concurred with faster channel migration and resulted in
a net loss of vegetation in the second half of the experiment. In contrast, vegetation on the bay-head
delta was more abundant in the sea-level rise experiment. However, this difference could also be due to
the poorer control of mould in the experiment without sea-level rise. For the middle estuary (Fig. 5.8),
the intertidal area nearly doubles for the sea-level rise experiments at the original sea level, whereas the
intertidal area hardly changed when the constant sea level experiment was exposed to instantaneous
sea-level rise as most loss in intertidal area was compensated for by the conversion of supratidal to
intertidal. On the other hand, the loss of supratidal area under instantaneous sea-level rise was much
larger than the gain of supratidal area for the sea-level rise experiment under the original sea level
(Fig. 5.8), showing that the middle estuary aggraded higher under sea-level rise than under constant
sea level, but with less supratidal and vegetated area.

Thirdly, flow velocity was on average larger with less spatial variation when a sea-level rise was
imposed (Fig. 5.9), consistent with the expectation of drowning. As a further test of this notion, an
equally large but instantaneous sea-level rise was imposed in the numerical model on the final
bathymetry of the estuary experiment with constant sea-level. This resulted in so much deepening
that supratidal area nearly disappeared and intertidal area was much reduced (Fig. 5.9i). Likewise, a
numerical test of flow without sea-level rise imposed on the final bathymetry of the experiment with
sea-level rise shows a considerable increase of intertidal and supratidal area along the entire estuary.
The occurrence of larger flow velocities under sea-level rise point at reduced friction mainly due to
larger water depths. Additionally, morphological complexity influenced the flow pattern, as the
abundant intertidal and supratidal areas in the constant sea-level experiment (Fig. 5.7a-d) resulted in
much more spatial variation in flow velocity than in the sea-level rise experiment (Fig. 5.7e-h). This
was particularly clear for the subtidal bay in the range x=4.5–8.5 m (Fig. 5.9e-h).
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5.4 Discussion

The experiment of a net importing estuary with sand, mud, live vegetation and sea-level rise showed
that imported sediment stayed closer to its fluvial andmarine sources than in a control experiment with
constant sea-level (Chapter 4). As a result, the central estuary between the bay-head delta and flood-
tidal delta drowned, and vegetation was mostly limited to the bay-head delta. Below, the trends in the
experiments are compared to models and observations in various environments and implications are
inferred for estuarine responses to future sea-level rise.

Figure 5.7 Maps of inundation duration normalised by the tidal period for the experiment with
constant sea-level (left column) and the experiment with sea-level rise (right column). Panel (i) shows
the inundation duration if an instantaneous 7 mm sea-level rise was imposed on the final time step of
the experiment with constant sea-level. Panel (j) shows the inundation duration for the final time step
of the experiment with sea-level rise if the original sea-level is imposed (i.e. an instantaneous 7 mm
sea-level lowering).

Figure 5.8 Effect of sea-level rise on subtidal, intertidal and supratidal area for the reach x=6–14 m,
plotted for the final time step of the constant sea-level and the rising sea-level experiments. Also,
the hypothetical distribution of the tidal zones are given for the constant sea-level experiment with
instantaneous sea-level rise, and for the rising sea-level experiment with its original sea-level to cross-
reference their development.
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Figure 5.9 Distributions of flow velocity over time in four reaches along the estuary. Panel (i) shows
the flow velocities if an instantaneous 7 mm sea-level rise was imposed on the final time step of the
experiment with constant sea-level. Panel (j) shows the flow velocities for the final time step of the
experiment with sea-level rise if the original sea-level is imposed (i.e. an instantaneous 7 mm sea-level
lowering).

5.4.1 Estuary drowning
The experiment showed that sea-level rise influenced the locations for sediment deposition along an
estuary (Figs. 5.4, 5.5). More specifically, the bay-head delta and flood-tidal delta continued to receive
sediment from the nearby fluvial and marine sources, whilst the middle-to-upstream reach of the
estuary experienced sediment starvation and drowned (Fig. 5.7). In the case of a constant sea-level,
the development of bars was limited by water depth as shallower flow led to reduced sediment
mobility and less vertical accretion. Hence, any additional imported sediment was transported
further into the basin to drive land-level rise along the entire estuary. This limitation by water depth
was also found for braided sand-bed rivers, in which bar complexes are predominantly formed by
lateral channel migration (Van de Lageweg et al., 2013; Schuurman et al., 2013). However, braided
rivers have ample sediment and about constant discharge for a given reach, whilst the experimental
estuaries started unfilled and had a landward decreasing tidal prism. Therefore, vertical accretion in
the middle estuary was also in part limited by sediment availability, especially so in the sea-level rise
experiment where accommodation increased over time. Both the bay-head delta and the flood-tidal
delta showed mild back-stepping under sea-level rise, caused by sediment deposition progressively
closer to the sources of the river and the tidal inlet. This resulted in a clear disconnect between the
fluvial and marine sediments in the middle estuary, which then drowned. This disconnect probably
also explains why the subtidal channels did not collectively converge in the landward direction like in
the constant sea-level experiment (Fig. 5.7) (Chapter 4).

Sea-level rise negated the eco-engineering effect of the vegetation and limited the area suitable for
vegetation establishment. Accordingly, vegetated bars remained small, typically had a shorter lifespan
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and were separated by subtidal channels. Although the number of Lotus and Veronica patches was
larger under sea-level rise conditions, their collective abundance within the estuary was considerably
smaller. Hence, the patches proved less effective at focusing tidal flow and increasing landward
sediment transport as seen in the constant sea-level experiment. The patches promoted mud
deposition at their rims and foreshores, yet neither mud nor vegetation was necessary for the settling
of the other, conform to field data (Van der Wal et al., 2008) and numerical modelling (e.g. Brückner
et al., 2019). This deposition pattern is similar to natural salt marshes (Vandenbruwaene et al., 2015;
Schwarz et al., 2018), where mud deposition may quickly reduce onto the salt marsh, which
sometimes results in topographical lows bounded by narrow levees. In nature, such a morphology is
likely more prone to quick removal of vegetation by a rising sea-level and may also contribute to less
suitable area for vegetation establishment after drowning (Mariotti and Fagherazzi, 2010).

Flow velocities increased and became more spatially uniform as the estuary drowned in the sea-
level rise experiment. Such spatial uniformity is also found in natural unfilled estuaries, where flow
velocity generally decreases upon entering awide and deep subtidal bay (e.g. Roy et al., 1980; Dalrymple
et al., 1992). In nature, tidal prism decreases in the landward direction, but in a tilting flume it can
also increase (Kleinhans et al., 2017b). In both ingressive and infilling experimental estuaries, the
tidal prism quickly develops a landward decreasing trend (compare Braat et al., 2019a and Chapter 4).
However, in the experiment with sea-level rise, the infilling could not keep up and, as a result, the
tidal action and morphodynamics may have been larger in the subtidal bay than expected in nature.
Furthermore, the flood-tidal delta and the bay-head delta showed a tendency of back-stepping towards
their respective sediment source, which seems unlikely to be caused by slightly larger tidal currents in
the subtidal bay where the flow is much deeper than on the deltas. The new experiment indicates that
also a flood-tidal delta may undergo a form of back-stepping or retreat closer to its source of marine
sediment upon relative sea-level rise (Fig. 5.5). This retreat did not show distinct lobes that deltas form,
which may relate to the tidal currents over the flood-tidal delta.

The estuary drowning in the experiment resembles palaeogeographic reconstruction cases of
coastal drowning in the Early Holocene (e.g. Allen and Posamentier, 1993; Vos, 2015). An example
that became progressively more unfilled in response to sea-level rise is the Gironde River valley
during the Middle Holocene (Allen and Posamentier, 1993; Dalrymple et al., 1992). This system
showed a clear disconnect between the marine flood-tidal delta and the more fluvial bay-head delta,
with few intertidal flats and salt marshes bordering the subtidal bay. Nonetheless, the deep subtidal
bay of the Gironde Estuary was largely muddy, which differs from the generally sandy subtidal bay in
the experiments. This difference is likely due to a relatively smaller input of fines into the inlet and
into the river combined with a large trapping efficiency of the vegetated bay-head delta in the
experiment. Since the sea-level rise experiment was mainly shaped by tides and waves and only a little
by the river, a more significant fluvial influence would probably result in a larger sediment flux
towards the central estuary and slower drowning.

The experimental estuary was set in an initially wide drowned valley, which may respond differently
to sea-level rise than confined estuaries. In wide drowned valleys, the erosive power of the tidal flow
drastically reduces upon entering the estuary, which implies that estuary filling largely depends on
fluvial and marine sediment input (Roy et al., 1980) and expanding salt marshes (e.g. Beets and Van
der Spek, 2000; De Haas et al., 2018). Conversely, the converging shape of confined estuaries leads
to strong flow velocities along an estuary. Therefore, estuary reaches that face sediment starvation
are hypothesised to experience outer bank erosion to elevate bars and channels if fluvial and marine
sediment supply is insufficient (Leuven et al., 2019), which requires further work.

104 | CHAPTER 5



5.5 Conclusion

Rapid sea-level rise causes imported sediment deposition closer to its marine and fluvial sources in
scale experiments of infilling estuaries. Sea-level rise created additional accommodation, but
insufficient sediment was transported beyond the river-fed bay-head delta and eroded from the
coastal barriers to fill all accommodation despite an increased tidal discharge due to sea-level rise.
Consequently, intertidal and supratidal areas mostly drowned in the central reach of the estuary.
Locally, vegetation stabilised bars and facilitated vertical accretion, but sea-level rise compromised
the eco-engineering effects of vegetation by longer inundation times and increased channel
migration. Mud was mostly deposited on the bay-head delta and the declining intertidal flats. The
hypothesis of a landward shift of depositional units was not observed in the sea-level rise experiment.
Instead, sea-level rise caused sediment supply closer to its fluvial and marine sources, which resulted
in the bay-head delta and flood-tidal delta keeping up with sea-level rise. Therefore, the central reach
of the estuary received insufficient sediment to compensate for the newly created accommodation by
sea-level rise and drowned. This suggests that keeping pace with sea-level rise not only depends on
the sea-level rise rate, but also on the length of a tidal system and antecedent conditions such as river
valley width.

SEA-LEVEL RISE IN FILLING ESTUARY EXPERIMENTS | 105





6



Transitional polders along estuaries: driving
land-level rise and reducing flood propagation

Chapter 6 | Transitional polders along estuaries:
driving land-level rise and reducing flood
propagation

Abstract

Dikes are the conventional means of flood defence along rivers and estuaries. However, dikes gradually
lead to the superelevation of waterbodies compared to the subsiding embanked areas, resulting in a
rapidly increasing unstable situation under sea-level rise. Therefore, future flood management requires
new, sustainable strategies that not only minimise flood risk, but also steer land-level rise. An example is a
transitional polder, where a dike-protected area is temporarily reopened to the tide to capture sediment
until it has risen well above mean sea-level, after which it could be returned to its original function. This
study explores how the sequence of opening transitional polders affects sediment capture and large-scale
estuary dynamics through 2D modelling in Delft3D. To this end, different opening sequences were tested
along a large estuary, using the Western Scheldt (NL) as an example. Findings show land-level rise in all
permutations. However, polders opened later in an opening sequence temporarily experience a lag in
muddy sediment capture, most likely due to a deficit in fines. Opening polders located more upstream
alone or at the start of an opening sequence generally causes a stronger reduction in mean tidal range
than opening more downstream-located polders. This is explained by increased friction due to (1) locally
added intertidal width and (2) shallowing of the main channels because of increased flood dominance. An
upstream-to-downstream opening sequence caused the greatest reduction in mean tidal range, but this is
negligible compared to the increase in tidal range due to historic dredging within the estuary for
navigational purposes. Further work is needed to determine how dredging, closure of transitional polders
and storm surges may negate this benefit to flood safety.

published as: Weisscher, S. A. H., Baar, A. W., Van Belzen, J., Bouma, T. J. & Kleinhans, M. G. (2022). Transitional
polders between double dikes: driving land-level rise and reducing flood propagation. Nature-Based Solutions, 2,
100022, 15 pp.
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6.1 Introduction

A rising sea-level, large peak discharges and land-subsidence pose an increasing flood risk for millions
of people living along estuaries and coastlines (Syvitski et al., 2009;Minderhoud et al., 2017). Rivers and
estuaries are commonly fixed and squeezed between dikes to protect the hinterland against flooding
and to provide more arable and habitable land. However, dikes impede natural floodplain aggradation
that would otherwise balance background subsidence (Berendsen, 2004; Kirwan and Megonigal, 2013;
Auerbach et al., 2015), which may result in land subsidence that is worsened further by groundwater
extraction practices (Syvitski et al., 2009; Minderhoud et al., 2017). As a result, water bodies become
superelevated above the land (e.g. Chen et al., 2015), which strongly increases flood risk especially
in light of future sea-level rise (Nicholls et al., 2018). So, the conventional management of mainly
heightening andwidening hard structures such as dikes is no longer a sustainable solution (Kiedrzyńska
et al., 2015; Munsch et al., 2017; Schuerch et al., 2018). Hence, new strategies under the collective of
“managed realignment” are being investigated that combine green and grey infrastructure to minimise
flood risk and drive land-level rise through natural processes and natural ecosystems (e.g. Temmerman
et al., 2013; Esteves, 2014; Zhu et al., 2020).

Managed realignment involves the landward relocation of a primary flood defence to an existing or
new landward flood defence to restore tidal exchange on former embanked areas (French, 2006). This
landward relocation of primary flood defences has been realised and studied for a variety of reasons
(see for review: Esteves, 2014), including: flood protection (e.g. Symonds and Collins, 2007; Kadiri
et al., 2011), increased intertidal habitat (e.g. Wheeler et al., 2008; Vuik et al., 2016), controlled tidal
restoration (e.g. Cox et al., 2006; Oosterlee et al., 2020) and managed retreat (e.g. Abel et al., 2011).
Tidal exchange may be restored by lowering, removing or breaching part of the former primary dike
and can be regulated via culverts and sluices. Subsequently, tidal flows deliver sediment to the
low-lying de-embanked land where it contributes to land-level rise. Corresponding rates of land-level
rise range from a few millimetres to tens of centimetres per year and level off over time as the
inundation period decreases (Temmerman et al., 2003; Morris, 2012). Yet, it has proven challenging
to predict actual accretion rates and determine how these depend on e.g. sediment supply and salt
marsh vegetation (e.g. Fagherazzi et al., 2012; Gourgue et al., 2022). Over time, sediment accretion
contributes to the development of ecologically rich intertidal flats and salt marshes (Pethick, 2002;
Woodruff et al., 2013). For example, managed realignment at the Sieperda polder (Eertman et al.,
2002) and the Wallasea Island (Dixon et al., 2008; Kadiri et al., 2011) promoted the formation of high
vegetated foreshores that stabilised the shoreline and reduced flood risk by attenuating waves and

Figure 6.1 Conceptual box models of a transitional polder between double dikes. (a) Dikes inhibit
sediment deposition and land-level rise on embanked land which may lead to subsidence and land
elevations below sea-level. To cause land-level rise, transitional polders can be formed by artificially
breaching a dike to reintroduce the tide. (b) As time progresses, sediment is net imported by tidal
flow which elevates a transitional polder into an intertidal-to-supratidal reach. (c) After sufficient
sediment import and land-level rise, the transitional polder may be closed off and returned to its
original function, for example, as arable land. The inland dike remains the primary dike for flood
defence, and the cycle of opening and closing may be started anew to keep up with relative sea-level
rise.
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Figure 6.2 Overviewof land reclamations along theWestern Scheldt Estuary. (a)Mapof bed elevation
of the area near the Western Scheldt Estuary. Note that the highest bed elevations along the estuary are
found outside the main dikes (exluding the barrier coast and the harbour near the estuary mouth). (b)
Age of embanked areas along the Western Scheldt Estuary. Uncoloured regions represent unreclaimed
land. The geographical location is given in an inset. (c) Violin distribution plots of bed elevations split
per age of embankment, showing older polders have a lower bed elevation than younger ones. For
reference, an unembanked salt marsh named ”Drowned Land of Saeftinghe” is shown for comparison,
which has a much higher bed elevation.

storm surges (e.g. Möller et al., 1996; Zhu et al., 2020). Nevertheless, many managed realignment sites
have a lower biodiversity (Wolters et al., 2005; Mossman et al., 2012) and less diverse topography
(Lawrence et al., 2018) compared to natural tidal marshes, which may be linked to rapid sediment
accretion (Elschot and Bakker, 2016) and limited tidal exchange (Masselink et al., 2017).
Alternatively, tidal exchange may be regulated such that sediment delivery is kept at a minimum, so
the site of managed realignment acts as a floodbasin to reduce high water levels during storm surges,
for example for the Kruibeke–Bazel–Rupelmonde polders along the Scheldt Estuary (Cox et al., 2006).

A novel strategy that resembles current managed realignment projects is the concept of a
transitional polder between double dikes (Zhu et al., 2020; Van Belzen et al., 2021) and will be the
focus of this study. Managed realignment sites are intended to remain open to the tide indefinitely to
maintain their functions of e.g. flood protection and habitat (e.g. Pethick, 2002; Wolters et al., 2005;
Esteves, 2014). So, the land is permanently lost for anthropogenic use, which can be problematic in
low-lying deltas with limited space availability, where people do not want to give up valuable space.
Hence, in contrast to managed realignment, a transitional polder is intended to be only temporarily
opened to the tide to elevate the land. After sufficient land-level rise into a supratidal regime, the
transitional polder will be closed off from the tide to restore its original anthropogenic function of e.g.
agriculture on the newly elevated land (Zhu et al., 2020; Van Belzen et al., 2021). Following a
controlled dike breach (Fig. 6.1a), a low-energy floodbasin is formed that promotes sediment
deposition and salt marsh establishment (Woodruff et al., 2013). Continued filling elevates a
transitional polder well into a supratidal regime especially if vegetation is present (Fig. 6.1b) (Allen,
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2000; Morris et al., 2002; Kirwan et al., 2010; Fagherazzi et al., 2012). So far, this process is essentially
similar to managed realignment projects that also had their seaward dikes breached, either by storms
(e.g. Eertman et al., 2002; French, 2006) or by planned efforts (e.g. Dixon et al., 2008; Gourgue et al.,
2022). Recent numerical modelling (Gourgue et al., 2022) suggests a supratidal salt marsh may cover
an initially low-intertidal polder within 50 years, but longer time spans may be needed for systems
without abundant suspended sediment supply and pre-carved channels to better distribute the
sediment. The third and final step is the closure of the inlet (Fig. 6.1c), after which the original
function of the embanked area is restored whilst the inland dike remains the primary dike for flood
defence, resembling the practice of Tidal River Management in Bangladesh (e.g. Adnan et al., 2020).
The result is a high and wide body of sediment in front of the primary inland dike that is protected by
a secondary seaward dike and greatly reduces inundation of the low-lying hinterland in case of a dike
failure (King and Lester, 1995; Zhu et al., 2020). Also, ecologically important habitats that have
formed during the phase of land-level rise (Fig. 6.1b) will be lost upon inlet closure (Fig. 6.1c), so
multiple transitional polders in different phases or a combination of different managed realignment
strategies may be needed to maintain biodiversity and ecosystem integrity, but this analysis is beyond
the scope of this study.

Building and raising new land in a transitional polder differs fundamentally from land reclamation.
Land reclamation is mainly conducted to increase the extent of arable and habitable land by the
embankment of high foreshores, either developed naturally (Kirwan et al., 2010; Vuik et al., 2016) or
stimulated by artificial obstacles to promote accretion (Dijkema, 1987; Vos and Van Kesteren, 2000;
Pethick, 2002), as has happened in many estuaries around the world (e.g. Sherwood et al., 1990;
Van der Spek, 1997; Birch et al., 2009; Ahlhorn et al., 2012). This confines an estuary, which amplifies
the tidal range (Van der Spek, 1997) and narrows shore-connected tidal flats and foreshores, leading
to less wave attenuation and a higher risk of dike breaching (e.g. King and Lester, 1995; Möller et al.,
1996; 2014; Zhu et al., 2020; Zhang et al., 2021). Moreover, estuary confinement reduces the
landward-directed sediment import by tidal asymmetry, which leads to natural channel deepening in
large friction-dominated estuaries (Nnafie et al., 2018; 2019) as observed in e.g. the Weser Estuary
(Ahlhorn et al., 2012), the Columbia River Estuary (Sherwood et al., 1990) and the Western Scheldt
Estuary (Van der Spek, 1997) prior to large-scale dredging. In absence of sediment input, the newly
gained land becomes subjected to sediment compaction and background subsidence (Van de Broek
et al., 2019; Oosterlee et al., 2020; Van Putte et al., 2020). As a result, younger reclaimed lands tend to
be highest and oldest tend to be lowest (Fig. 6.2), making the latter most prone to inundation. In
contrast, the strategy of transitional polders aims at lowering flood risk by raising already existing
land to a supratidal elevation before returning it to its original function. To maintain flood safety,
transitional polders may need cycles of inlet opening and closing to capture new sediment to
compensate for land subsidence and eustatic sea-level rise.

So far, most deliberate de-embankments in estuaries were smaller than 400 ha and were single
efforts in individual tidal systems (Wolters et al., 2005; Van den Hoven et al., 2022). Therefore, little is
known about how the location of a transitional polder along an estuary influences the import of sand
and mud and the tides with an estuary. 1D numerical modelling of estuaries suggests a local widening
of intertidal storage area, which can be interpreted as a transitional polder, dampens the tidal range
and increases tidal prism (e.g. Friedrichs, 2010; Leuven et al., 2018d). Yet, it remains unclear how
such altered tidal characteristics influence the channel and bar pattern within an estuary, which
requires two-dimensional modelling. Recent numerical modelling (Nnafie et al., 2018; 2019) showed
that added floodbasins (about 10 m deep) along the Western Scheldt Estuary locally change the tidal
flow and sediment transport patterns within the estuary, causing the development of a shoal in front
of a floodbasin inlet. Such a shoal is analogous to a local ebb-tidal delta and its size becomes larger
with a wider floodbasin inlet and relocates the main estuary channel further away from the outer
banks (Nnafie et al., 2018). This raises questions (1) whether a similar shoal will develop in case of
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much shallower transitional polders and (2) whether such a development will limit the desired
sediment import into the corresponding transitional polder.

Finally, as increasingly more de-embankment projects are being considered, it is necessary to study
how multiple transitional polders will function. In particular, it remains an open question how a
planned sequence of opening transitional polders affects their ability to bring about land-level rise,
needed to reduce flood risk. This exploratory study aims to investigate this question using the
Western Scheldt Estuary (NL) as an example of a typically large estuary and simulates the effect of
different opening sequences of four transitional polders along the estuary by means of
two-dimensional modelling in Delft3D. Opened polders were not closed again, so the insights of
opening multiple polders are also relevant for current and future managed realignment projects that
focus on e.g. attaining a rich biodiversity and carbon sequestration (Temmink et al., 2022). Here, only
sand and mud is considered, disregarding bioturbation by benthos, salt marsh vegetation dynamics
and dredging for navigational purposes.

6.2 Case study: Western Scheldt Estuary

This study uses the Western Scheldt Estuary as an example for reasons of data availability and recent
aspirations of applying transitional polders (Van Belzen et al., 2021). The multi-channel estuary is
located in the southwestern part of the Netherlands (Fig. 6.2) and is on average convergent. This
convergent shape is largely the result of large-scale land reclamations since the 14th century, which
transformed the highly branched estuary with large intertidal flats and salt marshes into the
convergent shape of today (Fig. 6.2). This drastically decreased the intertidal and supratidal areas
(Van der Spek, 1997) which are vital for habitat, breeding grounds and biodiversity (e.g. Benoit and
Askins, 2002). Additionally, the increased channel convergence amplified the tidal range (Coen,
1988). Currently, the mean tidal range increases from 3.5–4 m at the estuary mouth to nearly 5.5 m at
the city of Antwerp. The tidal prism at the mouth of the estuary is about 1×109 m3 and the yearly
averaged river discharge is 120 m3/s (Van Dijk et al., 2021). Sediment input via the river is negligible
and mainly depends on littoral drift and flood-dominant tidal flows, a condition that has been
prevalent for a few thousand years (e.g. Van der Spek, 1997).

The large-scale land reclamation in the past points at ample sediment supply in the Western Scheldt
Estuary that was needed to elevate intertidal bars and flats into a supratidal regime before
embankment was possible. This potential for land-level rise is especially evident from the “Drowned
Land of Saeftinghe”. This former embanked area was breached by storms and intentionally breached
during the Eighty Years’ War in the late 16th century and became part of the estuary again (hence
“drowned”). Over time, new intertidal flats and salt marshes started developing as sediment was net
imported (Jongepier et al., 2015; Vos, 2015). This naturally elevated most of the formerly drowned
land into a supratidal regime with a median elevation of 3 m above mean sea-level (Fig. 6.2a,c). Irony
is in the name, as this 3580 ha “drowned land“ is currently the highest parcel of land in the region,
being 4 m higher than the lowest embanked areas (Fig. 6.2a,c). This development of land-level rise
equals observations of recently breached embanked areas in the same estuary (e.g. Eertman et al.,
2002). Similar developments elsewhere are seen to follow an unintended dike breach, where, given
sufficient sediment supply, land-level rise may allow re-embankment (Kleinhans et al., 2010).

The estuary is dredged to maintain access for ships to the port of Antwerp. Small-scale dredging has
been done since the 20th century and was intensified with three major deepening events (in the 1970s,
1990s and 2010s) to accommodate increasingly larger ships and maintenance dredging to maintain the
newly desired channel depth (e.g. Van der Spek, 1997; Jeuken and Wang, 2010; Van Dijk et al., 2021).
The resultant deeper continuous channel further amplified the tide, increasing tidal range at the port
of Antwerp by roughly 0.5 m between the 1970s and the 2000s (Coen, 1988; Jeuken, 2000). Current
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Figure 6.3 (a) The NeVla model schematisation of the Western Scheldt Estuary (NL/B) in the
numerical model Delft3D (after e.g. Maximova et al., 2009; Grasmeijer et al., 2013; Vroom et al., 2015)
including four added transitional polders outlined in the squares. (b–e) A zoom of the numerical grid
and a satellite image (Google Earth; accessed: April 2021) of the four transitional polders. The average
grid cell size in the transitional polders is 160 m2. (f) The location of the estuary.

disposal activities near intertidal flats aim at “maintaining the steady state of the multi-channel system
and preserve ecologically valuable intertidal habitats” (e.g. Depreiter et al., 2015; Plancke et al., 2010).

6.3 Methods

The morphodynamic modelling was done using Delft3D FLOW2D3D version 6.02.13.7658 from tag
7545 (Deltares, 2020). Delft3D is an open source numerical model that solves the non-linear shallow
water equations (see Lesser et al., 2004, for equations and numerical implementation). Here, the
depth-averaged flow version was used, which has been widely tested and used in studies on the
morphodynamics of rivers (e.g. Van Oorschot et al., 2016) and estuaries (e.g. Dam et al., 2016).
Delft3D includes a stratigraphical module that enables the modelling of sediment mixtures of sand
and mud (Van Kessel et al., 2011; Braat et al., 2017).

6.3.1 Model setup and scenarios
The model domain of this study is part of the curvilinear NeVla-Delft3D schematisation of the
Western Scheldt Estuary, which was calibrated for hydrodynamics (e.g. Maximova et al., 2009; Vroom
et al., 2015) and morphology (Grasmeijer et al., 2013; Schrijvershof and Vroom, 2016). The original
NeVla-Delft3D schematisation covers part of the North Sea and the Western Scheldt Estuary up to
the city of Ghent in Belgium, which is the upstream limit of tidal influence. Here, a nested model was
used to reduce computational time. The computational domain stretched from the city of Antwerp to
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the estuary mouth at the city of Vlissingen (Fig. 6.3a) and comprised grid cell sizes ranging from 30 to
300 m. To assess the implementation of transitional polders, four small grids were added to the
computational domain (Fig. 6.3) (Table 6.1). The polders had an assumed initial bed elevation of -1 m
NAP (i.e., the Amsterdam ordnance datum, close to mean sea-level at the Dutch coast), which is
equal to the lowest polders along the Western Scheldt (Fig. 6.2c) and within the intertidal range. The
four transitional polders were inspired by Van Belzen et al. (2021) and selected based on the following
criteria. Firstly, the transitional polders reached at maximum 2 km inland to limit the fetch for locally
generated waves in real-life, although wave modelling was not accounted for in the model. Secondly,
the minimal area was set to 4 km2, i.e. equally large or larger than most current de-embanked areas
(see for review: Wolters et al., 2005; Van den Hoven et al., 2022), to have an observable effect on tidal
wave propagation in the estuary. Thirdly, the locations for the transitional polders-to-be lacked urban
buildings, industry and solar panels to have a minimal impact on society. Dikes between the
transitional polders and the estuary were implemented as thin dams in the model domain that
prevented flow and sediment exchange between two adjacent cells, limiting flow interaction to
±200 m wide inlets between the transitional polder and the main estuary (Fig. 6.3).

Flow conditions at the upstream and downstream boundaries of the model were determined by time
series in the Western Scheldt Estuary of water levels at the estuary mouth and water discharges at the
river inflow over the first 10months of the year 2013 (VanDijk et al., 2019). These boundary conditions
are considered representative for typical hydrodynamic forcing of this system and captured seasonal
and diurnal variability, spring-neap cycles and storm surges. River discharge was partitioned over the
upstream boundary to mitigate strong channel incision. Also, this partitioning allowed the discharge
to be varied sinusoidally over time from one bank to the other to cause natural inflow perturbations
(Schuurman et al., 2016; Chapter 2).

Sediment was modelled as a mixture of one sand fraction and one mud fraction using the
stratigraphic module by Van Kessel et al. (2011) (sediment characteristics are listed in Table 6.2). This
module tracks the spatial and temporal bed composition in layers of a user-defined thickness, here
0.05 m. The initial bed consisted of a uniform mixture of 95% sand and 5% mud. Sand was supplied

Table 6.1 Spatial characteristics of the selected sites to implement controlled floodbasins.

Site Area (km2) Distance to mouth (km)
Hoofdplaatpolder 4.61 14
Ellewoutsdijk West 4.38 22
Ossenisse South 5.10 34
Kruispolder 7.43 49

Table 6.2 Sediment characteristics, after Braat et al. (2017).

Sediment property Value Unit
sand
median grain size 2× 10−4 m
specific density 2650 kg/m3

dry bed density 1600 kg/m3

transverse bed slope parameter αbn 30 -
mud
settling velocity 2.5× 10−4 m/s
critical bed shear stress for erosion 0.2 N/m2

erosion parameter 1× 10−4 kg/m3s
specific bed density 2650 kg/m3

dry bed density 1600 kg/m3
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Figure 6.4 Overview of the 16 model scenarios with the scenario name in the right-most column.
Transitional polders were opened at the start or after 4, 8 or 12 morphological years. In the scenario
name, transitional polders are denoted from downstream to upstream as “a”, “b”, “c” and “d”, and the
suffix (0, 4, 8 and 12) denote after how many years they were opened. Annotations indicate when a
wider inlet to a transitional polder was applied, where “complete dike removal” is essentially the widest
inlet possible.

at both the upstream and downstream boundaries as an equilibrium concentration boundary
condition; this means sand supply was equal to the transport capacity of the flow to prevent erosion
or deposition at the boundaries. Mud was supplied at both boundaries at a constant concentration of
0.04 kg/m3 to acquire mud concentrations throughout the estuary matching field observations
(Van Kessel and Vanlede, 2010). Mud was treated as a cohesive sediment, for which the amount of
erosion and deposition was determined by the Partheniades-Krone formulation (Partheniades, 1965)
and depended on user-defined critical bed shear stresses. Here, the erosion shear stress was set to
0.2 N/m2 and the deposition by settling of mud was set to occur in all flow conditions (following
Braat et al., 2017). For simplicity, a constant 2.5×10−4m/s settling velocity was assumed for mud,
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disregarding that the settling velocity is influenced by flocculation, a process that depends on
concentration, biochemistry, residence time, turbulence, salinity, season and pH (e.g. Mietta et al.,
2009). The settling velocity is similar to previous numerical modelling in estuaries (e.g. Braat et al.,
2017; Brückner et al., 2020) and is typical for fluvial mud (Temmerman et al., 2003) and on the low
side for marine mud.

Sediment transport was calculated using the Van Rijn (2007) predictor (TRANSPOR2004), which is
well-suited for sedimentmixtures of bedload and suspended load and applicable to tidal environments.
The downslope sediment transport on transverse bed slopes was parameterised using an αbn of 30,
following Baar et al. (2019). The Manning bed roughness was spatially variable along the estuary (cf.
Nnafie et al., 2018; Brückner et al., 2021; Van Dijk et al., 2021) and varied between 0.02 and 0.028 s/m3.
To speed up the numerical computation, the bed level change calculated after every hydrodynamic
time step was multiplied with a factor of 20. Such a morphological acceleration factor is common
practice in long-term morphological modelling (e.g. Lesser et al., 2004; Van der Wegen and Roelvink,
2008; Dissanayake et al., 2009) and enables a faster computation of longer timescales. In the case of
this study, this means that the 10 hydrodynamic months of 2013 (Van Dijk et al., 2019) resulted in
16.6 morphological years.

In total, 16 scenarios were run in which the opening of transitional polders was systematically
varied (Fig. 6.4). These include scenarios of different configurations of transitional polders (1) opened
throughout a scenario, (2) opened after 4, 8 or 12 morphological years, and (3) with a larger inlet
width. The analysis focused on the morphological development within the transitional polders and
their effect on tidal range, tidal prism and morphology along the estuary. For clarity, the terms
“upstream” and “downstream” are used for along-estuary directions and “seaward” and “landward”
are used for cross-sectional directions.

6.4 Results

This section will first describe the general development of the scenarios in which only one of four
transitional polders was open. Next, the effect is presented of different opening sequences of
transitional polders on their sediment capture and the estuary hydrodynamics.

6.4.1 Effect of individual polders
All transitional polders showed a net gain in bed elevation once they were opened to the tide
(Figs. 6.5, 6.6, 6.7a–d). Typically, highest gains in elevation were found in the centre of the
transitional polders in the form of a sandy flood-tidal delta. Mud generally settled at the lee side of
the flood-tidal delta and at the low-energetic edges of the polders (Fig. 6.6i–l). The most upstream
and downstream polders, i.e. Kruispolder and Hoofdplaatpolder, were most efficient at importing
sediment, with 25 % of their area having been elevated by more than 2 m after 16.6 morphological
years. Interestingly, whilst sand primarily accounted for the elevation gain in most transitional
polders, mud accounted for more than half in case of Ellewoutsdijk (Fig. 6.7a–d). As mud
concentrations at the inlet of Ellewoutsdijk were within range of the other inlets (Fig. S1), the
enhanced trapping efficiency of mud could be largely ascribed to the elongated shape of Ellewoutsdijk.

The location of a transitional polder influenced the tidal range and tidal prism. In the control run
without transitional polders, the mean tidal range amplified in the upstream direction from 4 m at the
mouth to 6 m near the city of Antwerp (Fig. 6.8b). Opening of a transitional polder changed this
amplification, with the direction of change depending on the location of a polder. That is, a polder
located more upstream led to a strong reduction in tidal range (Fig. 6.9c), while in contrast, the most
downstream transitional polder slightly increased the tidal range. The temporal development of tidal
range along the estuary in Fig. 6.8c indicates that the reduction in mean tidal range (1) increases over
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Figure 6.5 (a) Bathymetry and (b)morphological change in the estuary after 16.6 years for the control
scenario where all transitional polders remained closed. The difference is shown between the final
bathymetry of the control scenario and (c) scenario a0 in which the downstream-most polder was
open (d) scenario d0 in which the upstream-most polder was open and (e) scenario d0–c4–b8–a12 in
which all polders were opened in a sequence from upstream to downstream.

time and (2) increases during larger amplified spring-neap cycles becomes more pronounced during
temporarily higher mean tidal ranges related to yearly variations in tidal forcing (see temporal change
in the amplitude of spring-neap cycles in Fig. 6.8a). Tidal prism was increased downstream of an
opened transitional polder due to the added intertidal storage volume (Fig. 6.9d). The smallest gain in
tidal prism correlated to the smallest polder Ellewoutsdijk (Table 6.1). Interestingly, the upstream-most
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Figure 6.6 Morphological development in the transitional polders for the four scenarios in which
only one transitional polder was open with a default inlet width. (a–d) The final bed elevation after
16.6 morphological years plus the presence of mud in the top 0.05 m layer. (e–h) Bed elevation change,
expressed as the final bathymetry of subplots (a–d) compared to the final bathymetry of the control
scenario in which no transitional polder was opened. (i–l) Cumulative mud layer thickness after
16.6 morphological years of new mud deposits, disregarding mud in the unreworked sediment (i.e.
5 % mud in the initial sediment bed). Mud-related compaction was not included in the modelling.

polder Kruispolder resulted in a locally increased tidal prism, while the other more downstream
polders resulted in a roughly constant increase up to the estuary mouth (Fig. 6.9d).

In the control scenario when no transitional polders were opened, small intertidal bars formed in
the downstream half of the estuary (Fig. 6.5). The channel bed in the upstream reach of the estuary
aggraded by a few metres mainly because of fluvial sediment input and erosion of flanking sand bars.
This resulted in a shallower but slightly wider channel. Along the entire estuary, sills formed in themain
channel (in absence of dredging) especially near large bends (Fig. 6.6). Consequently, themain channel
was split into discontinuous, mutually evasive channel sections, for example seen at the channel bend
northeast of the “Drowned Land of Saeftinghe”. Despite some channelmigration and sill formation, the
bed elevation distribution remained largely constant in the middle reach between the Dutch-Belgian
border and the (in the control scenario unopened) transitional polder at Ossenisse. Downstream of this
polder, morphological change was largest, including strong channel incision of the main channel and
a major shift of the main channel south of the harbour of Vlissingen (Fig. 6.6).
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Figure 6.7 Development of (a–d) mean bed level, attributed to sand and mud deposits, for the four
scenarios in which only one transitional polder was open with a default inlet width (i.e. a0, b0, c0, d0).
Panels (e–t) show the difference in mean sand and mud thickness compared to panels (a–d), where
panels (e–l) show scenarios with one or all polders opened at the start of a model run, and panels (m–t)
show scenarios with opening sequences of multiple transitional polders. Note the smaller y axis for
panels (m–t).
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Figure 6.8 Development of tidal range. (a) Time series of tidal range at the estuary mouth for the
control scenario in which no transitional polder was open. (b) Mean tidal range per spring-neap cycle
along the estuary for the control scenario. (c) As an example, the difference inmean tidal range between
scenario d0 and the control scenario, showing an increasingly smaller tidal range when the upstream-
most transitional polder is open. Final along-estuary trends for all scenarios are given in Fig. 6.9c,e.

6.4.2 Effect of opening sequences
Transitional polders that were opened later in a sequence had a smaller import of mud compared to
when they were opened at the start of a scenario (Fig. 6.7q–t). Nonetheless, this lag in mud import was
only temporal and decreased over time, as is evident from the temporal development of the mean mud
thickness in the transitional polders (Fig. 6.7q–t). In contrast, most sequences had a negligible effect on
import of sand, with deviations in Fig. 6.7m–p of about two orders of magnitude smaller than the sand
deposits of scenarioswith only one transitional polder in Fig. 6.7a–d. The two exceptions to this trend at
Hoofdplaatpolder (Fig. 6.7m) were linked to a shore-connected barmigrating in front of the inlet before
the inlet was opened. This bar migration happened in all scenarios, but while early openings allowed
for sufficient reworking to ensure a shallow channel connection to the main channels, an entirely new
channel had to be carved through the foreshore after opening at 12 morphological years. This led to
deeper inlet incision (Fig. 6.6e) and therefore lowermean bed elevations (Fig. 6.7m). Furthermore, this
development partly explained the lower mean bed elevation at Ossenisse (Figs. 6.6e, 6.7c), where a wide
foreshore is in front of the inlet in all scenarios at all times.

Tidal range and, to a lesser extent, tidal prism were influenced by an opening sequence. Typically,
tidal prism increased downstream of an open transitional polder due to added volume storage
(Fig. 6.9d). The opening of all polders simultaneously or from downstream to upstream resulted in
the largest increase in tidal prism. Fig. 6.9e shows that an opening sequence from upstream to
downstream reduced tidal range considerably, while the other way around tidal range hardly reduced
or even increased in the upstream half of the model domain. This trend was more pronounced in the
sequences with four open polders but also present in the sequences with only the two outermost
polders (Fig. 6.9e). However, Fig. 6.10 shows it was probably not the added storage volume of the
transitional polders but instead their impact on estuary morphology that influenced the tidal range.
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Figure 6.9 Tidal range and tidal prism along theWestern Scheldt Estuary. (a) Tidal range and (b) tidal
prism, averaged over the last two spring-neap tidal cycles, for the control scenario without transitional
polders together with historical data (Coen, 1988; Jeuken, 2000). (c) Change in tidal amplitude and
(d) tidal prism if any one transitional polder was open throughout the model run. (e) Change in tidal
amplitude and (f) tidal prism for scenarios with an opening sequence of transitional polders.
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For example, most opening sequences starting with Kruispolder exhibited channel shallowing just
downstream of the Kruispolder inlet and in the downstream 20 km of the domain. In contrast,
opening sequences starting with Hoofdplaatpolder resulted in channel deepening in the downstream
15 km (Fig. 6.10). Therefore, the incoming tide experienced less friction that enabled larger tidal
ranges in scenarios with channel deepening, whilst channel shallowing produced more friction that
led to smaller tidal ranges (Fig. 6.9c,e).

6.4.3 Effect of inlet width
Inlet width had a considerable effect on the net import of mud and sand. Scenarios including the most
downstream transitional polder Hoofdplaatpolder (Fig. 6.7e) hinted at an optimum inlet width for sand
import around twice the default inlet width and a reduction of sand import by about half upon complete
dike removal. This trend of reduced sand import is similar for the most upstream transitional polder
Kruispolder (Fig. 6.7h). However, complete dike removal caused nearly a doubling of mud deposition
in the most upstream polder, whilst the most downstream polder experienced less mud deposition
(Fig. 6.7i,l). This is probably related to the shape of the transitional polders, which extended further
landward for the upstream-most polder with lower flow velocities near the landward boundary.

Also tidal range was affected by inlet width. Whilst the opening of most transitional polders
contributed to a similar or smaller tidal range, the transitional polder closest to the seaward boundary
instead increased tidal range once opened (Fig. 6.9c). This increase was more pronounced if larger
inlet widths were used. However, this increasing trend stood in contrast to the most upstream
transitional polder, where complete dike removal resulted in a much smaller tidal range throughout
most of the estuary (Fig. 6.9c). As for tidal prism, it was largely unaffected by different inlet widths.

6.5 Discussion

This study reports on the numerical modelling of four transitional polders between double dikes along
the Western Scheldt Estuary. The incentive to applying transitional polders was to import sandy and
muddy sediments to cause land-level rise that could strongly reduce flood risk (Zhu et al., 2020; Van
Belzen et al., 2021). Here, this potential for sediment import, aswell as the effect on estuarymorphology
and tidal wave propagation, was tested for four polders opened (1) alone, (2) in a sequence and (3) with
increasingly larger inlet widths. These effects are placed in the context of current estuary management
that includes managed realignment and dredging, after which implications are inferred for flood risk
management

6.5.1 Effects of transitional polders
The general morphology in a transitional polder developed towards a landward extending sandy
flood-tidal delta with thin mud deposits at the lee side of the delta and at the rims of the polder
(Fig. 6.6). This seaward-to-landward filling resembles the initial stages of filling in tidal basins with
sand, mud and live vegetation (Boechat Albernaz and Kleinhans, in prep.). However, such filling
differs from field observations (e.g. Eertman et al., 2002; Dixon et al., 2008; Lawrence et al., 2018) and
models (Spearman, 2011; Gourgue et al., 2022) of managed realignment projects, where
mud-dominated filling typically starts at the landward rims of managed realignment site and
progresses in the seaward direction. A possible explanation lies in the initial bed elevation of the
transitional polders, which was at a much lower elevation (i.e. -1 m below mean sea-level) with
respect to the tidal range than many managed realignment sites. This low initial elevation was
selected based on the lowest embanked areas along the Western Scheldt Estuary (Fig. 6.2) and
therefore first required sand import before tidal conditions were weak enough to achieve
mud-dominant filling from the rims. Additionally, a landward-to-seaward filling is often ascribed to
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Figure 6.10 Channel depth along the estuary over time. (a) Bathymetry expressed as bed elevation
percentiles. The initial bathymetry curve shows the 5th percentile, which represents themain channels.
(b/c) Differences in bed elevation shown as the 5th percentile compared to the control run presented in
(a). (b) shows scenarios that experienced net channel shallowing (accretion) and (c) shows scenarios
that experienced net channel deepening (erosion).

laterally expanding salt marshes that capture mud and stabilise the bed (Gourgue et al., 2022), but
such vegetation dynamics were beyond the scope of this study. As opposed to this study, some
managed realignment sites had an initial channel network excavated to improve drainage and
jump-start the formation of creeks and channels (e.g. Williams and Orr, 2002; Wallace et al., 2005;
Gourgue et al., 2022). These channels may allow focused transport and import of sediments and
stimulate land-level rise, but when located too high or low with respect to the tidal range, such
pre-carved channels have little effect on the trend of landward-to-seaward filling in managed
realignment, for example in the Tijuana Estuary, USA (Wallace et al., 2005).

The effects of a single transitional polder can be described in relation to its location relative to the
local estuary morphology and its location along the estuary. Firstly, the location relative to the
estuary morphology, in particular the presence of a wide foreshore or shore-connected bar,
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influenced the import of sand. The presence of a wide foreshore or shore-connected bar coincided
with strong inlet channel erosion that net reduced the sand import in the first years after opening.
Inlet erosion upon a deliberate or storm-induced dike breach was also observed for managed
realignment sites landward of well-established vegetated foreshores, e.g. “the Freiston shore” in The
Wash Estuary (UK) (Symonds and Collins, 2005; Symonds and Collins, 2007). Regarding the Freiston
shore, inlet erosion was ascribed to an elevation drop into a lower-lying basin, causing fast inflow and
slow outflow during high spring tide, and most reworked sediment was net imported into the basin,
situated high in the tidal range (Symonds and Collins, 2005; Symonds and Collins, 2007). In contrast,
the transitional polders in this study were below mean sea-level and therefore experienced stronger
ebb currents and ebb-directed sediment transport, which explains the smaller net import of sediment
compared to the Freiston shore. Nonetheless, in practice, such a wide (vegetated) foreshore or
shore-connected bar is probably preferred as this attenuates waves and reduces the risk of the outer
dike breaching (King and Lester, 1995; Möller et al., 1996; Zhu et al., 2020). Mud import appeared
generally unaffected by the local estuary morphology and was instead predominantly governed by the
local suspended sediment concentration. In this study, the suspended sediment concentrations were
largely similar for the domain of the four selected polders (Fig. S1). Yet, higher concentrations and
correspondingly higher accretion rates are expected for sites closer to the turbidity maximum further
upstream. Moreover, adding flocculation (Mietta et al., 2009) and mud-fixating lifeforms (Brückner
et al., 2020), which depend on e.g. salinity and biochemistry that vary along-estuary, may also alter
mud accretion rates and cause a stronger along-estuary trend in mud deposition if included.

Secondly, the along-estuary location had a strong impact on estuary morphology, where a more
upstream polder resulted in more cumulative erosion and deposition in the main estuary (Fig. 6.6c,d).
This is explained by the added intertidal storage volume, which increases tidal prism from the estuary
mouth up to the inlet of a transitional polder (Fig. 6.9d), conform to previous one-dimensional
modelling of estuaries (Leuven et al., 2018d). Yet, it remains an open question if the increase in
morphological change downstream of a polder inlet is mainly caused by a larger tidal prism or
whether perturbations also travel from the polder inlet in the downstream direction. This would be in
contrast to the current theory of macro cells in tidal systems (e.g. Van Dijk et al., 2019; Sonke et al.,
2022), which suggests that perturbations do not propagate to other downstream or upstream macro
cells. This question requires further work. Another consequence of added intertidal storage volume is
a reduction in tidal range that becomes more pronounced for transitional polders located further
upstream (Figs. 6.8c, 6.9c). This is associated with the net converging estuary width, which means a
similarly sized transitional polder further upstream leads to a relative larger gain in intertidal area
that can dampen the tide (Friedrichs, 2010). And although a reduction in tidal range 0.1 to 0.2 m may
appear small, this is significant for flood defences that are constructed to a centimetre accuracy. Yet,
when compared to a 0.5 m tidal range increase at Antwerp, Belgium, between the 1970s and 2000s
(Coen, 1988; Jeuken, 2000) due to dredging (Van der Spek, 1997; Jeuken and Wang, 2010; Van Dijk
et al., 2021), transitional polders are of a lesser influence. Regarding the amount of sediment import
into the transitional polders, the along-estuary location appeared to be of negligible influence as the
modelled suspended sediment concentrations were largely similar for the estuary reach that
contained the four polders (Fig. S1), in line with previous modelling of the same estuary (e.g. Braat
et al., 2019a; Brückner et al., 2020).

The opening sequence ofmultiple transitional polders generally had little effect on the import of sand
(Fig. 6.7m-p). This excludes effects of migrating shore-connected bars which induced channel inlet
erosion and less sand import for the downstream-most polder Hoofdplaatpolder when opened after
12 years (Fig. 6.7m). On the other hand, mud import was temporarily lagging behind in transitional
polders opened later in a sequence compared with when they were opened at the start of a scenario
(Fig. 6.7q–t). As this lag was only temporal, the four transitional polders appeared not to compete for
mud import in the current setup of a sand-dominated estuary. However, it remains unclear if this also
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applies to later stages of filling beyond the modelled time, as more mud is taken out of the estuary and
preserved in the transitional polders.

Scenarios including the most upstream transitional polder Kruispolder typically developed
shallower main channels in the middle-to-downstream reach of the estuary (Fig. 6.10b). In contrast,
deepest channels were formed in scenarios without transitional polders or with only the
downstream-most polder Hoofdplaatpolder (Fig. 6.10c). This appears similar to historical records (e.g.
Sherwood et al., 1990; Ahlhorn et al., 2012) in which land reclamation and progressive embankment
(i.e. fewer transitional polders) were linked to a natural channel deepening and consequently a larger
tidal range. Long-term numerical modelling (Nnafie et al., 2019) corroborates this modelled trend for
estuaries with moderate-to-high friction and ascribed this to a decrease in sediment import driven by
tidal asymmetry. Consequently, the altered estuary morphology affects the amplification of the
incoming tide. Shallower channels increase friction that reduces the tidal range, while deeper
channels lead to a larger tidal range (Friedrichs and Aubrey, 1988). Generally, the trend of channel
shallowing or deepening was dominated by the first polder in a sequence (i.e. deepening for the
downstream-most polder and increasingly more shallowing for polders further upstream). However,
this does not explain the outlier of scenario “d8”, where opening of the upstream-most Kruispolder
after 8 years instead resulted in channel deepening and remains an open question.

The inlet width and geometry of the transitional polder mainly affected the net import of sand and
mud (Fig. 6.7e,h,i,l). This is understandable, as a smaller inlet width focuses and increases flow
velocities at the inlet up to a point where the friction of the inlet width becomes a limiting factor; an
example is the managed realignment at Alkborough, where a 20 m narrow inlet greatly limits tidal
exchange and the input of sediments (Wheeler et al., 2008). Consequently, transitional polders with
complete dike removal experienced weaker tidal exchange flows and significantly less sand import
(Fig. 6.7e,h). As for mud, the distance to the inlet strongly correlated with mud deposits, simply
because more distal parts have weaker tidal flows that favour net mud deposition. This is conform to
tidal restoration sites, where low-energy intertidal areas furthest away from the inlet generally retain
most of the deposited mud (e.g. Eertman et al., 2002; Jongepier et al., 2015), a process that is
promoted by salt marsh vegetation (e.g. Schwarz et al., 2015; Temmerman et al., 2007). Nnafie et al.
(2018) showed a wider inlet width of subtidal secondary basins results in a larger shoal development
just seaward of the inlet, which “pushes” the channel away from the outer banks. However, such a
shoal development was not clearly observed in the modelling of the shallow, intertidal transitional
polders with complete dike removal. This absence may be caused by the smaller and shallower
geometry of the transitional polders or a relatively short modelling time of 16.6 morphological years.
Yet, the modelling time-span was sufficient to develop a flood-tidal delta in the transitional polder
(Fig. 6.6).

The flow conditions in this study excluded large storm surges and the modelling of waves, but their
effects on land-level rise can be inferred from observations at managed realignments. Examples at
Tollesbury (UK) (Watts et al., 2003) and Chowderness (UK) (Morris, 2013) show that locally
generated waves and waves entering via a narrow inlet are generally not energetic enough to erode
newly deposited sediments due to a limited fetch. In contrast, unsheltered sites of realignment
experience slower salt marsh establishment (e.g. Morris, 2013). Accordingly, only model scenarios
with complete outer dike removal will probably have less land-level rise when wave modelling was
included, where the balance between sediment delivery and lateral erosion by waves affects the extent
of the salt marsh (e.g. Fagherazzi et al., 2013). As for storm surges, these events are a main cause for
dike failure and the creation of new unplanned sites for managed realignment (e.g. French, 2006;
Jongepier et al., 2015; Vos, 2015). Yet, on a longer, centennial timescale of estuary filling, storm surges
are not regarded as a limiting factor for sediment accretion in sheltered foreshores and floodbasins,
evident from e.g. the extensive historical formation of supratidal salt marshes of the Western Scheldt
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(Van der Spek, 1997; Vos, 2015). How storm surges will affect the shallowing of the main tidal
channels in the estuary due to added floodbasins remains underinvestigated and benefits from future
studies.

6.5.2 Implications for estuary management
The modelling excluded dredging, which has a strong influence on the estuary morphology and is
linked to strongly increasing the tidal range in the Western Scheldt (e.g. Coen, 1988; Van der Spek,
1997; Jeuken, 2000) (Fig. 6.9a). In comparison, the transitional polders have a decreasing, albeit much
smaller effect on the tidal range by causing the estuary channels to shallow (Figs. 6.8c,e, 6.10). This
would reduce flood risk. However, the natural shallowing of channels will most likely be negated by
maintenance dredging to maintain a deep fairway connection to harbours further upstream.
Additionally, this suggests that continued dredging will probably prevent the development of
mutually evasive tidal channels in the main fairway (Van Dijk et al., 2021) as modelled in this study,
for instance, at the estuary bend northwest of the “Drowned Land of Saeftinghe” (Fig. 6.6a).
Consequently, it remains to be investigated to what extent dredging, adapted to local issues, may
negate the tidal range reduction by transitional polders, which is especially relevant for determining
future flood risk.

In light of future sea-level rise, large estuaries in terms of convergence length and channel depth
will likely experience drowning of ecologically invaluable intertidal and supratidal areas (Leuven
et al., 2019; Chapter 5). Transitional polders may be part of the solution to limit estuary drowning,
enhance flood safety on its margins, and restore ecological habitat area. The opening of multiple
transitional polders, especially ones further upstream, increases the flood-dominant import of marine
sediment. Not only will this sediment be used to build and raise land in the transitional polders, but it
may also allow already existing intertidal area to keep up with sea-level rise. Storm surges are
dangerous events in terms of flood risk that were unaccounted for in this study. Nevertheless, this
study indicated that transitional polders dampen larger mean tidal ranges more strongly (Fig. 6.8c).
This suggests that transitional polders may contribute to lower flood risks during storm surges as well,
which is in line with findings for managed realignment sites (e.g. Temmerman et al., 2013; Bouma
et al., 2014; Van den Hoven et al., 2022), and requires further work.

6.6 Conclusion

Numerical modelling was conducted of transitional polders between double dikes along the Western
Scheldt Estuary in the Netherlands using different opening sequences and inlet widths, which led to
the following findings that is also relevant for other managed realignment practices. Land-level rise
occurred in all transitional polders in all scenarios by net import of sand and mud, but transitional
polders opened later in a sequence experienced a temporal lag in net mud import, probably due to a
deficit in fines. Polders located more upstream typically led to smaller tidal range that was attributed
to two mechanisms. Firstly, the added intertidal width caused more friction that reduced tidal
amplification. Secondly, the opening of more upstream polders led to natural channel shallowing
particularly in the downstream reach of the estuary, which further reduced tidal amplification and
improved flood safety. The modelling suggests an upstream-to-downstream opening sequence
reduces tidal range strongest. However, further work is needed to determine to what extent redirected
dredging activities, closure of transitional polders and the inclusion of storm surges may negate this
benefit to flood safety.
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Supplementary material

Figure 6.11 (a) Suspended mud import during peak flood and export during peak ebb shows that a
transitional polder location has little influence on the magnitude of mud transport at a polder inlet
and (b) on the net import. a0 (i.e. Hoofdplaatpolder) is the most downstream polder and d0 (i.e.
Kruispolder) is the most upstream polder. For further clarification on the scenario name, the reader is
referred to Fig. 6.4

.
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Synthesis

Chapter 7 | Synthesis

The main aim of this thesis was to determine how mud and vegetation influence the steady state of
estuaries. Mud and vegetation are known to build floodplains in rivers and “tidal floodplains” in estuaries
in the form of mudflats and salt marshes. In rivers, floodplains confine channels and fill accommodation,
which alters the stable state of rivers. As rivers merge into estuaries around the fluvial-tidal transition, it
was hypothesised that “tidal floodplains” may also influence the steady state of estuaries. This could
explain the differences in the degree of estuary filling, which remained largely unexplained by previous
classifications of estuaries using the relative importance of rivers, waves and tides (Boyd et al., 1992; Yang
et al., 2005). Therefore, this thesis studied whether and how muddy and vegetated tidal floodplains also
influence the stable states of entire estuaries using scale experiments and numerical modelling.

This synthesis describes first how the thesis deepens the current understanding of floodplain formation in
rivers and estuaries. Then, the main findings are combined to infer implications and develop hypotheses
that are relevant in the context of estuary management and future sea-level rise. Finally, the synthesis
concludes with recommendations for future studies.

7.1 Main conclusions

7.1.1 Floodplain formation
In rivers, floodplain formation by mud and vegetation are thought to confine channels and fill
accommodation (e.g. Braudrick et al., 2009; Nicholas, 2013), resulting in a transition from braided to
meandering to laterally fixed rivers (Leopold and Wolman, 1957; Nanson and Knighton, 1996).
Commonly, these transitions in river pattern are well predicted using a form of stream power and
grain size (Furbish, 1988; Kleinhans and Van den Berg, 2011). However, this thesis (Chapter 2)
proves that a river pattern is also governed by the tendency to form floodplains when stream power
and grain size are invariable. Still, stream power and grain size set the boundary conditions for
vegetation establishment and mortality (e.g. Simon and Collinson, 2002; Van Oorschot et al., 2016)
and so are arguably closely related to floodplain formation. Then, variation in current relations to
predict river pattern could be explained by additional factors influencing vegetation, such as climate
and the availability of nutrients (e.g. Baker, 1989; Bendix and Hupp, 2000).

Until now it remained an open question whether “tidal floodplains” in the form of mudflats and
salt marshes also confine channels and fill accommodation similar to fluvial floodplains. This seemed
plausible as fluvial floodplains transfigure into mudflats and salt marshes as a river enters its
downstream tide-influenced reach. Recent scale experiments (Braat et al., 2019a; Kleinhans et al.,
2022) and numerical models (Braat et al., 2017) confirmed that the confining and filling effects also
apply to tidal floodplains in ingressive, exporting estuaries. Mud and vegetation contributed to
narrower systems with less lateral expansion. However, the contribution of mud and vegetation to net
importing estuaries remained largely untested (Boechat Albernaz and Kleinhans, in prep.), yet may be
key to explaining the diversity of estuary filling. This thesis for the first time presents scaled landscape
experiments of filling estuaries and tested the effects of mud and vegetation on estuary filling
(Chapter 4). From an initially drowned river valley, an infilling estuary developed by net import of
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fluvial and marine sediments under flood-dominant tidal conditions. Added mud filled
topographical lows in the intertidal-to-supratidal reach and caused a faster development of higher
and more supratidal bars because of its low-density and slightly cohesive properties. This is conform
field data and numerical modelling on a scale of a single flat (e.g. Braat et al., 2019b; Gourgue et al.,
2022) and on a scale of an entire estuary (Braat et al., 2017). Vegetation proved especially effective at
channelising flow, which confined the subtidal channels and contributed to more sediment transport
in the landward direction.

The confining and filling mechanisms by mud and vegetation led to narrower multi-channel
estuaries in the experiments (Chapter 4). Commonly, estuaries are described to have an ideal shape
where the floodplain-bounded channel converges in the landward direction (Savenije, 2015;
Dronkers, 2017). Field observations indicated that a deviation from this ideal shape is a reliable
indicator for the location and size of bars (Townend, 2012; Leuven et al., 2018a). Then, it seems that it
is the subtidal channels that develop towards a converging planform and not necessarily the outer
banks. Chapter 4 confirms this hypothesis experimentally, showing that such a converging planform
of the subtidal channels also develops in wide filling estuaries with floodplain formation regardless of
tidal bar and tidal flat geometry. Furthermore, the tendency to form floodplains governs the amount
of intertidal and supratidal area, where more mudflats and salt marshes culminated in a narrower
estuary (see Fig. 4.10). Therefore, this thesis proposes that different tendencies for floodplain forma-
tion enable a continuum of partly filled estuaries that can reach a steady state on a centennial
timescale, assuming reasonably constant boundary conditions. This is consistent with some partly
filled estuaries such as the Arcachon Bay (Féniès and Faugères, 1998; Allard et al., 2009) and
Ems-Dollard Estuary (Van Maren et al., 2016), which have been in an apparent steady state in the past
century despite ample sediment supply.

The concept of filling accommodation along estuaries has received increasing attention over the
past decades in the form of managed realignment projects (e.g. Wolters et al., 2005; Esteves, 2014; Van
den Hoven et al., 2022). Many sites for managed realignment were created by storm-induced dike
breaches (e.g. French, 1999), but increasingly more sites are being proactively designed. As some
managed realignments show a great potential for land-level rise (Eertman et al., 2002; Jongepier et al.,
2015), managed realignment can also be used to elevate low-lying reclaimed land, after which it may
return to its original function of e.g. arable land. This novel strategy is called a transitional polder
between double dikes and aims to reduce flood risk. So far, most artificially designed managed
realignments were singular efforts, which raised the question how the opening of multiple sites at
once or in a sequence would affect flood risk and estuary morphodynamics. This was investigated in
Chapter 6 using four transitional polders along the Western Scheldt Estuary. The numerical findings
indicated that all configurations of transitional polders, having an initial elevation of -1 m ordnance
datum, showed a net gain in bed elevation. Yet, transitional polders opened later in a sequence
temporarily lagged behind in mud deposition. In contrast, sand import was not influenced by the
opening sequence but mainly by the local estuary morphology: a wide foreshore led to deeper inlet
erosion and therefore a smaller net import of sand. Still, in practice, wide (vegetated) foreshores will
probably be preferred as these attenuate waves and protect the dike (Möller et al., 1996; Zhu et al.,
2020; Zhang et al., 2021). Lastly, an upstream-to-downstream opening sequence increased flood
dominance and resulted in a stronger shallowing of the estuary channels compared to a
downstream-to-upstream sequence. Consequently, opening transitional polders from upstream to
downstream strongly reduced tidal range, suggesting that the opening sequence can play an integral
part in managing flood risk.

7.1.2 Effect of sea-level rise
The scaled landscape experiments of filling estuaries in Chapter 4 showed that mud and vegetation
form floodplains that confine channels and fill accommodation. This resulted in partly filled estuaries
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that were close to a steady state with constant boundary conditions. However, with sea-level on the
rise and expected to reach up to 1 to 2 m higher by 2100 (Bamber et al., 2019; Horton et al., 2020),
a proper understanding is needed of how the balance between floodplain formation and destruction
will change. This will help to predict how estuaries will respond to sea-level rise, which is essential
as these environments fulfil many ecosystem services, including habitat and nursery grounds, coastal
protection and carbon sequestration (e.g. Chmura et al., 2003; Barbier, 2007; 2011). Recent work (Du
et al., 2018; Leuven et al., 2019) suggested that large and small estuaries (in terms of convergence length
and channel depth) will respond differently to sea-level rise. Where small, friction-dominated systems
are mostly prone to larger tidal amplification and flood risk, larger systems which are less dominated
by friction will likely face sediment starvation and loss in intertidal and supratidal areas.

Scaled landscape experiments in Chapter 5 confirmed this hypothesis for large, deep estuaries and
showed estuary drowning in response to rapid sea-level rise. From an initially drowned river valley, a
filling estuary was formed that was subjected to sea-level rise. The increase in accommodation caused
sediment to be deposited closer to its fluvial andmarine sources to compensate for the increasing water
depth. Accordingly, most sediment input was used to elevate the bay-head delta and the flood-tidal
delta, whilst little was transported into the central part of the estuary. And since tidal flows in this part
of the estuary were to weak to erode the outer banks to compensate for the loss in sediment input and
wind-driven waves that may drive bank erosion were absent, the central part of the estuary drowned.
Consequently, vegetation had fewer locations to settle, which negated its eco-engineering abilities to
elevate bars and promote landward transport of sediment. The result was a wider and deeper estuary
with less spatial variation in flow velocity and fewer intertidal and supratidal areas.

7.2 Implications for building and raising land

7.2.1 The estuary-delta continuum
This thesis shows that mud and vegetation build and raise tidal floodplains that confine channels and
fill accommodation in estuaries. This internal mechanism of floodplain formation and destruction
influences the degree of filling, where a stronger tendency for floodplain formation leads to narrower
steady-state systems with fewer channels over the cross-section (Chapter 4). The estuary experiments
of Chapter 4 with mud and live vegetation developed towards a partly filled steady state with on
average two main tidal channels over the cross-section that were net convergent in the upstream
direction. Then, a stronger tendency for floodplain formation, for example through a larger mud
supply and stronger vegetation, will likely result in progressively more filling towards a completely
filled and confined steady state (Savenije, 2015; Dronkers, 2017). This suggests that estuaries can be in
a range of steady states that are in balance with floodplain formation.

This finding that estuaries can be in a range of steady states between unfilled and completely filled
differs with previous literature in two main ways. Firstly, the estuary experiments in Chapter 4 indicate
that the filling of estuaries is not solely governed by the boundary conditions of e.g. sediment input,
fluvial discharge and tidal flow but also by internal mechanisms such as floodplain formation (Fig. 1.1).
Thismay explain why some partly filled estuaries are in an apparent steady state despite ample sediment
supply, such as the Columbia River Estuary (USA) (Peterson, 2014), the Arcachon Bay Estuary (FR)
(Féniès and Faugères, 1998; Allard et al., 2009) and the Ems-Dollard Estuary (NL/D) (VanMaren et al.,
2016). The importance of internal mechanisms such as floodplain formation and destruction differs
from the previous understanding that estuary filling strongly correlates with sediment supply, based
on the ephemeral nature of estuaries on a geological timescale of sea-level fluctuations (Lanzoni and
Seminara, 2006; Dalrymple andChoi, 2007; DeHaas et al., 2018). Secondly, alluvial estuaries have been
argued in literature to have two contrasting kinds of steady states on a centennial timescale, namely an
unfilled lagoonal system largely below the threshold of motion (Roy et al., 1980; Dalrymple et al., 1992)
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and a completely filled, confined system (Savenije, 2015; Dronkers, 2017). Now, estuary experiments in
Chapter 4 and by Leuven et al. (2018b) suggest that also partly filled estuaries may attain a steady state
where the degree of filling depends on flood dominance and the tendency to form floodplains, given
reasonably constant boundary conditions. This corroborates observations in partly filled estuaries that
showed no distinct channel confinement towards an ideal converging shape (e.g. Féniès and Faugères,
1998; Peterson, 2014; Van Maren et al., 2016) that would be expected with ample sediment supply if
only an unfilled and completely filled estuary can be a steady state.

A main aim of the thesis was to explain the broad range in estuary shapes and sizes. Previous efforts
classified estuaries based on the relative importance of rivers, waves and tides (Boyd et al., 1992; Yang
et al., 2005). However, this left largely unexplained why the channel and bar pattern varies between
a multi-channel network and a single channel in different estuaries. Estuary filling was found to have
a considerable influence on the channel and bar pattern based on the experiments in Chapters 4 & 5,
field observations and stratigraphic box models (Roy et al., 1980; Nichol, 1991; Dalrymple et al., 1992).
For instance, unfilled wave-dominated estuaries typically have a large lagoonal basin that is mostly
devoid of bars due to weak tidal currents. Conversely, partly filled estuaries such as the Tillamook
Bay Estuary (USA) exhibit a channel and bar pattern resembling a braided river, and completely filled
estuaries such as the Manawatu River (NZ, Clement et al., 2017) and the Mekong River (VT) resemble
more meandering and laterally fixed rivers. So, more filling leads to narrower steady-state estuaries
with fewer channels and bars over the cross-section. Especially the difference between partly filled and
completely filled estuaries was previously disregarded in classifications (Fig. 1.2), although the observed
channel and bar pattern may be very different between these kinds of estuaries.

Therefore, a revised classification of estuaries is proposed in Fig. 7.1a that includes the distinction
between partly filled and completely filled estuaries. The original classification was based on Boyd et al.
(1992) and later updated byYang et al. (2005), inwhich estuaries anddeltaswere placed on a continuum.
Estuaries and deltas can change into one another by means of progradation and transgression, which
is driven by changes in relative sea-level and sediment supply. Another factor that influences estuary
filling and therefore progradation is the tendency to form floodplains. Here, the classification regards
the entire (drowned) valley for classifying estuaries and deltas, which in this context means that a bay-
head delta in a lagoon is considered part of an unfilled estuary instead of a river-dominated delta. The
experiments of Chapter 4 follow the red arrow through the diagram in Fig. 7.1 from an unfilled lagoon
to a partly filled wave-dominated estuary. On a longer timescale and under conditions of progressive
filling, the estuary would develop towards a completely filled wave-dominated estuary and ultimately
an overfilled wave-dominated delta.

The projected development of estuary filling along the red arrow in Fig. 7.1 seems to increase in
river dominance but actually maintains an equal importance of rivers, waves and tides. This is, because
the ternary diagrams also include clastic coastal environments that lack a river influence altogether:
strandplains and coastal tidal flats (Boyd et al., 1992; Yang et al., 2005). This exposes a minor flaw in
these ternary diagrams, which are intended to classify coastal environments based on the independent,
quantitative and measurable influence of rivers, waves and tides. For example, the filling of a lagoon
with river inflow with constant influence of rivers, waves and tides will probably develop into a wave-
dominated delta and not a strandplain as may be inferred from the ternary diagrams (Fig. 7.1a). This
means also a measure for progradation or filling is required to pinpoint a coastal environment. This
measure for the degree of filling is influenced by floodplain formation, which are both so far difficult
to express quantitatively. For example, the degree of filling may be expressed as a surface or volume
fraction of the estuary that is supratidal or higher but requires knowledge of the initial unfilled extent
or volume which is not always readily available. Therefore, it remains ambiguous how to come to an
objective classification of coastal environments.
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Figure 7.1 (a) A revision of the classification of coastal environments with different forcing of waves,
tides and rivers (Fig. 1.2) that now also distinguishes between partly filled and completely filled estuaries
(modified from Boyd et al. (1992) and Yang et al. (2005)). The red arrow indicates the estuary filling
of the experimental estuaries in Chapter 4 from an unfilled lagoon to a partly filled wave-dominated
estuary and extrapolates towards an overfilled wave-dominated delta. The relative forcing of waves,
tides and rivers remains equal along this arrow, as the lower trapezoid of strandplain and tidal flat lacks
river forcing. (b) A conceptual model of wave-dominated estuaries on a continuum from underfilled
to overfilled along the red arrow in panel (a), where the first three panels are modified from Roy et al.
(1980) (Fig. 1.3).

7.2.2 Estuary and coastal management
Tidal floodplain formation not only affects the shape of estuaries but also contributes to the building
and raising of new land. Mud and salt marsh vegetation elevate bars and flats into a supratidal reach,
which forms wide vegetated foreshores at the outer banks of an estuary. This natural development of
high foreshores has proven to be opportune for land embankment in the past centuries (e.g. Vos and
Van Kesteren, 2000; Pethick, 2002; Birch et al., 2009; Ahlhorn et al., 2012), which extended the area
of land suited for agriculture and urbanisation. However, embankment in the past has confined and
deepened estuaries, which considerably amplified both the tidal range (Van der Spek, 1997) and the
risk of inundation in the upstream direction. Moreover, embankment strongly reduces the foreshore
width, which is linked to less attenuation of wave energy (Möller et al., 1996; Zhang et al., 2021) and a
higher risk of severe dike erosion (Zhu et al., 2020). Lastly, embankment impedes the natural process
of floodplain aggradation that would otherwise balance background subsidence and soil compaction
(Berendsen, 2004; Kirwan and Megonigal, 2013). Accordingly, embanked land slowly subsides, which
raises issues with groundwater seepage (e.g. Chen et al., 2015). Therefore, especially in view of future
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sea-level rise, sustainable flood defences are needed that not only reduce flood risk but also drive land-
level rise and improve ecological value.

Part of the solution to more sustainable flood defences was explored in Chapter 6, which is the
practice of transitional polders between double dikes. This practice enables land-level rise with mud
and vegetation in a sheltered environment between a primary landward dike and smaller secondary
dikes, and may be closed and used as arable land after sufficient land-level rise (Van Belzen et al.,
2021). While a transitional polder is open, it influences the estuary morphology and tidal amplifi-
cation by means of two mechanisms. Firstly, the added storage volume increases flood dominance in
estuaries with moderate to high friction, which favours marine sediment import and shallowing of
tidal channels. The shallower channels increase friction in the vertical sense, which dampens the tidal
range. Secondly, the added intertidal width locally enhances friction in the lateral sense, which also
dampens the tidal range. These mechanisms become more pronounced for transitional polders
located further upstream, where they reduce flood water levels and potential flood risk. So, fewer dike
reinforcements are needed to maintain a certain level of safety against flooding.

Besides reducing flood risk, transitional polders between double dikes also allow for the development
of ecologically invaluable intertidal and supratidal areas, which can offset the expected loss of such
areas within estuaries due to sea-level rise (Chapter 5). A natural example that clearly illustrates this
potential for land-level rise and the renewed development of salt marshes is the “Drowned Land of
Saeftinghe”. This former embankment in the Western Scheldt Estuary (NL) was breached during a
storm in 1570 and reintroduced to the tide. Consequently, tidal floodplains with tidal creeks started
developing again, raising the drowned land into the highest parcel of land along the estuary, 4 m higher
than the lowest embankments. This development of land-level rise equals observations of recently
breached embankments in the same estuary (e.g. Eertman et al., 2002; Gourgue et al., 2022). Such
building of new land may develop faster by the use of gate culverts to capture more fines (Marijnissen
et al., 2021). Similar to field observations, the modelling in Chapter 6 indicates that land-level rise in
transitional polders is a process that takes decades, and is therefore only a viable option as long as the
mean rate of sediment accumulation in a polder (few millimetres to centimetres per year) exceeds the
(increasing) rate of sea-level rise.

The aimed result of transitional polders is a much wider flood defence between the water and the
land. Instead of a single high dike, a wider, albeit less high, flood defence is formed of tidal floodplains
that are bounded by dikes. This will not completely safeguard the low-lying hinterland but will require
much more reworking and scouring in the event of a breach than a single dike (Zhu et al., 2020), which
will greatly reduce flood risk. Furthermore, transitional polders may offer a number of services that
could increase public support and should be investigated further, including aquaculture, wildlife habitat
and leisure. Yet, the practice of transitional polders requires sufficient sediment supply, which is not
the case for all estuaries and may be compromised by further estuary drowning due to sea-level rise.

The closure of transitional polders after sufficient land-level rise may raise issues that need to be
addressed before polders may be used for arable land again. For example, a newly developed salt marsh
will also have formed tidal creeks for drainage, which are crucial for reaching the full ecological and
geomorphological functioning of salt marshes and managed realignment sites (e.g. Chirol et al., 2022).
However, such relief may not be compatible with agriculture. Thismay be resolved by levelling the land
or by embanking only the higher salt marshes, in turn allowing the creeks to fill in and develop into
salt marshes themselves. The latter resembles the embankment of the Western Scheldt Estuary from
1300 y AD onwards (Fig. 6.2) (e.g. Van der Spek, 1997). Another issue focuses on the salinity of the
soil and groundwater, which either asks for saline agriculture or requires time for the groundwater to
become fresh.

To understand how sea-level rise will impact estuary management, it is key to determine how
estuaries are naturally shaped by their initial and boundary conditions and internal mechanisms. This
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will form a basis of system knowledge from which the effects of e.g. artificial constructions and
dredging can be inferred. On an inherited landscape and substrate (i.e. valley width, depth and
geological constraints), an estuary imports or exports sediment to reach a steady state that is in
balance with tidal floodplain formation and flood-dominant sediment import, provided the
boundary conditions remain about constant. When an estuary is at a steady state, this also means
estuary filling and the creation of accommodation are in balance. Then, an increase in accommo-
dation by sea-level rise will remove an estuary (further) away from its steady state and results in a
transgression. From a hypothetical point of view, an instantaneous sea-level rise could be considered
an event that briefly sets back estuary development by creating accommodation, after which an
estuary would develop again to its earlier steady state. However, a constant sea-level rise becomes a
persistent boundary condition that may result in further drowning of estuaries, which was tested
experimentally for wide filling estuaries in Chapter 5.

Rapid sea-level rise will result in the drowning of the middle reach of wide filling estuaries as fluvial
and marine sediment supply reaches less far into an estuary (Chapter 5). The drowning in the middle
reach was at the cost of tidal floodplains that were not able to keep up with the fast sea-level rise.
Similar findings of drowning of the middle reach were found for novel experiments of confined
estuaries (Fig. 7.2) (Cox et al., in review). To compensate for a reduced sediment supply and keep up
with sea-level rise, confined estuaries were found to face enhanced bank erosion (Fig. 7.2). In natural
systems, this will likely happen at the cost of ecologically rich salt marshes, and the consecutively
larger cross-sectional area may dampen the tidal range (Leuven et al., 2019). However, in embanked

Figure 7.2 Digital elevation models of ingressive estuary experiments (a–b) with a constant sea-level
and (c–d) with rapid sea-level rise (Cox et al., in review). Flow is from left to right. The ebb-tidal delta
was obscured by the wave generator and was cut off from the digital elevation models at x = 19.4 m.
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estuaries, it remains unclear how this will influence dike stability and flood risk, which requires
further work.

So, rapid sea-level rise will probably pose problems related to flood risk and ecological habitats in
estuaries (cf. Leuven et al., 2019). Deliberate breaching of dikes to create transitional polders has been
argued in this thesis to be one of the possible strategies to adapt coastal regions to a rising sea-level.
An alternative to drive land-level rise is peat formation, for which indications were found in the
estuary experiments in Chapters 4 & 5. Although the vegetation species in the estuary experiments
were unsuited for peat formation, areas with ponding water on the bay-head delta (see panel
“vegetated levees” in Fig. 4.5) and high tidal wetlands showed possible locations for peat formation.
The controlled drowning of near-coastal regions with fresh/brackish water favours the slow process of
peat formation, which stores CO2 and raises the land (e.g. Clymo, 1984; Smolders et al., 2002; Pierik
et al., in prep.). This can be achieved by raising the groundwater table, which in many coastal regions
is artificially maintained at a low level with pumps, for example for agricultural purposes. The benefits
of a higher groundwater table and peat formation include a reduction in subsidence related to soil
compaction and peat oxidation, and the development of a larger subterranean body of freshwater that
hampers salt intrusion.

7.3 Advancements in modelling and experiments

To study how tidal floodplains in the form of mudflats and salt marshes influence the shape of
estuaries, two advancements in numerical modelling and one advancement in scale experiments were
undertaken in this thesis. Firstly, morphodynamics with a natural variability in morphological units
needed to be reproduced in a numerical model to allow for the isolation of, and sensitivity analysis of,
single boundary conditions. Literature showed natural morphodynamics may be achieved by
time-varying perturbations on the boundary conditions in closed-system numerical models (Lanzoni
and Seminara, 2006; Schuurman et al., 2016) and experiments (Van Dijk et al., 2013a). This thesis
tested whether these perturbations also influence the morphodynamics and steady state of rivers in
Chapter 2. Secondly, a numerical model was tested and validated to acquire flow data in scaled
landscape experiments in Chapter 3. The resultant rich data set on water depths and flow velocities
enabled the quantitative analysis of how tidal prism and tidal zonation developed over time in the
filling estuary experiments. Thirdly, real vegetation in rivers and estuaries constitutes many species
with different eco-engineering traits, yet scale experiments commonly only use one species, namely
Alfalfa. So, to encompass the complex interplay of vegetation species on the morphological
development, this thesis presented one of the first experiments that used multiple species (see also
Kleinhans et al., 2022). Below, these three advancements are explained in further detail along with
possible applications and new research opportunities.

7.3.1 Conditions for sustained natural dynamics
Natural rivers, estuaries and coasts are invariably subjected to changing boundary conditions, which
cause ongoing morphodynamics and a natural variability in morphology. However, many numerical
and experimental studies assume constant boundary conditions to reproduce (a part of) these
systems, which tends to result in diminishing morphodynamic change (e.g. Braudrick et al., 2009;
Van Oorschot et al., 2016). Still, new perturbations like bend and bar instabilities can develop within
a modelled domain, but these take time and therefore distance to develop (Lanzoni and Seminara,
2006). Therefore, in order to reproduce ongoing morphodynamics without the need for an extensive
domain, previous literature suggested that a perturbation needs to be imposed on the boundary
conditions. For example, a time-varying wave direction in nearshore modelling causes a more natural
variability of rip spacing, migration rate and direction (Castelle and Ruessink, 2011). And for
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meandering rivers, a continuous perturbation of the river inflow causes dynamic meandering as
found in scaled landscape experiments (Van de Lageweg et al., 2013; Van Dijk et al., 2013a; 2013b)
and numerical modelling (Lanzoni and Seminara, 2006; Nicholas, 2013; Schuurman et al., 2016;
Weiss, 2016).

As for rivers, most numerical modelling efforts with an inflow perturbation allowed for only one
channel over the cross-section, so any perturbationwould inevitably result in some formofmeandering
with neck-cutoffs. Accordingly, this raised the question to what extent an inflow perturbation forces
the downstream channel and bar pattern. This thesis now demonstrates for a numerical meandering
river with chute cutoffs (Chapter 2) that the direct influence of an inflow perturbation only extends to
the first bend, whilst the channel and bar pattern further downstream is determined by the tendency
to form floodplains. This is because perturbations dampen out within a few channel widths (Zolezzi
and Seminara, 2001; Schuurman et al., 2016) and new bend and bar instabilities are generated at every
bend (Struiksma et al., 1985; Crosato and Mosselman, 2009). Therefore, an inflow perturbation merely
enables to attain and maintain natural dynamics close to the upstream boundary, strongly reducing the
required length of a model domain.

However, this does not mean that all perturbations have a negligible effect on the overall
morphodynamics. On the one hand, storm and flood events (e.g. Townend et al., 2007; Mariotti et al.,
2010; Fruergaard et al., 2013; Swales et al., 2019) and perturbations like tectonics (Woolderink et al.,
2022) often act as mere noise at the system scale, perpetuating the current steady state of a river or
estuary. On the other hand, large enough triggers and persistent changes in boundary conditions may
profoundly alter the steady state of a fluvial or tidal system. An example is the storm and subsequent
dike breaches that formed the Dollard tidal embayment in the Ems Estuary (Van Maren et al., 2016;
Pierik, 2021).

Some meandering rivers feed into estuaries, which raises the question whether estuaries with
floodplain formation also need an inflow perturbation to produce sustained natural dynamics. In
numerical modelling, this is already done by varying partitioned inflow to prevent scouring (e.g Braat
et al., 2017; Brückner et al., 2021) but is still lacking in scaled landscape experiments of estuaries.
Large meander bends in the upstream reach of estuaries seem to migrate much slower and have fewer
cutoffs than their completely fluvial counterparts, which is probably related to the bidirectional flow
(Leuven et al., 2018c). River discharge commonly constitutes only a small fraction of the tidal prism.
And while this small contribution seems sufficient to influence the hydraulic geometry of channels in
tidal deltas (Sassi et al., 2012) and estuaries (Shimozono et al., 2019), it is probably too small to
directly influence the migration rate of meander bends. The addition of an inflow perturbation to an
estuary experiment would likely result in a less semi-circular and more irregularly shaped bay-head
delta with less floodplain but would otherwise not considerably affect the morphodynamics within an
estuary. This ought to be tested in new scaled estuary experiments.

7.3.2 Integrating models and experiments
Scaled landscape experiments provide valuable insight about fluvial, tidal and coastal systems and
make their morphodynamics more tangible. However, many previous studies experienced challenges
to measure accurate and continuous data on the hydrodynamics, especially if multi-coloured
sediments and vegetation were used. Whilst most studies used techniques including point gauging
(e.g Friedkin, 1945; Mayor-Mora, 1977), dye (e.g. Gran and Paola, 2001; Kleinhans et al., 2012),
ultrasounding (e.g. Tambroni et al., 2005; Tesser et al., 2007) and particle imaging velocimetry (PIV)
(e.g. Peakall et al., 2007; Leuven et al., 2018b), so far only one research team (Tesser et al., 2007;
Stefanon et al., 2010; 2012) instead modelled uniform shallow flow to acquire data on water depth and
flow velocity. This modelling approach solved common issues like limitations of the measuring
equipment and necessary simplifications during post-processing in previous techniques.
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This thesis extended and validated the numerical modelling approach for unsteady non-uniform
shallow flow in both fluvial and tidal (tilting) experiments (Chapter 3). The modelling requires as
input a digital elevation model and a few flow boundary conditions to produce hydrodynamics (e.g.
water depth, flow velocity and bed shear stress) at the same resolution as the elevation map with an
overall performance similar to or higher than previous methods. Furthermore, vegetation effects can
be included in themodel as done for the filling estuary experiments presented in Chapters 4& 5. So, the
numerical modelling approach enables a quantitative and objective analysis of multiple hydrodynamic
parameters, which allows for more in-depth analysis of future and past scaled landscape experiments.

The open-source modelling approach opens up faster and new ways to design and analyse scaled
landscape experiments. Firstly, initial and boundary conditions can be tested in parallel prior to the
physical experiments, which saves laboratory time. Secondly, inundation zones are readily derived
from the modelled hydrodynamics and may be indicative of the spatial distribution of different floral
and faunal species (Ysebaert et al., 2003). Consequently, scaled landscape experiments take on a more
multi-disciplinary character, as experiments may now also be used to study, for instance, the impact of
artificial constructions and dredging on life form habitat.

There is room for further development in flow modelling in experiments. The present model in
Chapter 3 produces rather diffuse flow patterns. These provide sufficient information on the scale of
an entire estuary, yet the modelling fails to capture the sharp flow curvatures around shallow bars.
Improved modelling will result in a closer approximation of where vegetation may establish and
where animals may thrive. Another development is to include substrate-dependent bed roughness.
This requires additional input based on in-situ measurements or overhead imagery and will slightly
improve flow modelling over shallow bars and bar tops. Since flow on bar tops is already very slow
and more acting as intertidal volume storage, the large-scale flow patterns are probably not
significantly influences by substrate-dependent bed roughness.

7.3.3 Vegetation in scaled landscape experiments
This thesis presented one of the first scaled landscape experiments with multiple vegetation species
with different eco-engineering traits. Besides the commonly used Alfalfa (e.g. Gran and Paola, 2001;
Braudrick et al., 2009; Van Dijk et al., 2013b), the novel filling estuary experiments also included
Lotus pedunculatus and Veronica beccabunga (Lokhorst et al., 2019). Based on their different ideal
sprouting conditions relative to the hydroperiod, Alfalfa represents riparian vegetation and Lotus and
Veronica represent salt marsh and reed-like vegetation. Veronica was typically the pioneering species
on intertidal bars because of its tiny seed size. However, a known issue with Alfalfa is its large and
strong roots that sometimes prevent its removal by erosion, even in a channel. Conversely, the Lotus
and Veronica species were strong enough to persist on intertidal and supratidal bars but were easily
removed when inundation stress increased. The experiments in this thesis show that Lotus and
Veronica behaved like natural vegetation in the scale experiments, suggesting that these species will
also provide interesting results in fluvial landscape experiments.

7.4 Future work

This thesis focused on the first stages of estuary filling in scale experiments and land-level rise along
meandering rivers and estuaries in numerical models. Together, these studies demonstrated the
importance of floodplain formation, which confines and elevates fluvial and tidal systems, and how
these effects may be negated by sea-level rise. This thesis generally focused on natural alluvial
systems, thereby ignoring the human factor. Before the effects of artificial constructions and measures
can be determined, it is crucial to understand the natural dynamics in rivers and estuaries. This thesis
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advanced this understanding and led to a number of topics in both alluvial and managed estuaries
that are deemed worth investigating and outlined below.

7.4.1 Estuary filling
The scaled landscape experiments in Chapter 4 showed the development of partly filled estuaries with
mud and vegetation from an initially drowned and largely subtidal basin. Mud and especially
vegetation proved effective at raising land and confining the subtidal channels in the upstream
direction. However, the experiments remained partly filled and did not develop towards a completely
filled estuary or an overfilled delta. Accordingly, it remains untested whether rapidly expanding reed,
salt marshes and peatlands can start a positive feedback loop towards complete estuary filling like
hypothesised for the Old Rhine Estuary (NL) (Beets and Van der Spek, 2000; De Haas et al., 2018;
Pierik, 2021). This suggests that a larger tendency to form floodplains is needed, which may be
achieved through an increased supply of fines. In nature, the deposition of fines is promoted by
flocculation and the capture of vegetation, which are probably essential for the hypothesised rapid
expansion of e.g. reeds and climax tidal vegetation. Therefore, new experiments are needed to test to
what extent clastic material is needed to fill estuaries.

Mudflats in scale experiments to date tended to form mainly on mid-channel bars (Braat et al.,
2019a; Chapters 4 & 5). In contrast, field observations (Dalrymple and Choi, 2007) and numerical
modelling (Braat et al., 2017) show that mudflats can also flank the outer banks of an estuary, where
they limit erosion of the outer banks. Braat et al. (2019a) hypothesised that the development of such
shore-connected mudflats requires a net filling estuary, but the novel experiments of filling estuaries
show a similar trend as in the ingressive estuary experiments. This may be related to the steep outer
banks in these experiments (Braat et al., 2019a; Chapters 4 & 5), while more gentle slopes would
create more space and smaller gradients that probably favour the deposition of shore-connected
mudflats. Alternatively, the development of shore-connected mudflats may require a broader range of
suspended sediment grain sizes (Boechat Albernaz et al., 2020) and diurnal variability, which
necessitates further work.

Mudflats and salt marshes form a thin top layer on intertidal and supratidal bars relative to the deep
subtidal channels. On a scale of a single bar or marsh, this has proven sufficient to strongly reduce
tidal range and flow velocity. However, on a system scale, tidal floodplains are easily reworked by
migrating channels. This raises the question whether increased bank strength is the dominant process
that confines channels and reduces channelmigration. Although an increased bank strengthmay result
in less erosion on the fringes ofmudflats and saltmarshes, it seemsunlikely that the added bank strength
limits the channel migration of channels several tens of metres deep. In rivers, it was hypothesised
that the main process that confines channels is instead a reduction in overland flow due to enhanced
hydraulic roughness (Kleinhans et al., 2018), which prevents muddy and vegetated bars from being
cut through. A similar hypothesis can be formulated for tidal floodplains, which tend to be difficult to
erode (Spencer et al., 2016), and requires further work.

Sea-level rise will set back estuary filling in many estuaries as it negates the eco-engineering traits
of vegetation and results in the drowning of ecologically invaluable intertidal and supratidal areas.
Exploratory modelling (Chapter 6) suggests that new intertidal and supratidal areas can be formed
along estuaries in transitional polders, which will also increase flood dominance and promote
channel shallowing in estuaries with moderate to high friction. Therefore, the opening of transitional
polders along estuaries could compensate part of the negative effects by sea-level rise. This subject
remains underinvestigated to date and would benefit from future numerical and experimental studies.

Moreover, the drowning of the central reach of the experimental estuary happened due to rapid
sea-level rise (Chapter 5). However, this is but one permutation of morphological response to sea-
level rise. Alternatives, including complete transgression of an estuary and a complete drowning of the
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entire estuary, were not reproduced and likely form with slower and faster sea-level rise (Chapter 5).
New experiments and models with different rates of sea-level rise can show how the channel and bar
pattern will change.

7.4.2 Estuary engineering
Estuaries form a gateway to the world and are therefore often heavily managed. The outer banks are
commonly bounded by dikes that tend to force the locations of bars and channels (Leuven et al., 2018b)
and leave little room for wide flanking mudflats and foreshores. Particularly in large estuaries with
moderate to high friction, embankment has enhanced ebb-dominance. This culminated in deeper
channels (Sherwood et al., 1990; Ahlhorn et al., 2012; Nnafie et al., 2019), which may be aggravated by
dredging campaigns (e.g. Cox et al., 2021).

With sea-level on the rise and new policies that prioritise nature-based solutions (European
Commission, 2021), there is an increasing interest in sustainable measures for flood safety that not
only reduce flood risk but also increase ecological value and cause land-level rise (e.g. Esteves, 2014;
Schoonees et al., 2019; Van den Hoven et al., 2022). Transitional polders between double dikes are
one of these promising measures (Van Belzen et al., 2021) and require further investigation.
Real-world findings indicate that the size and shape of managed realignment projects is important:
larger and more elongated sites correlate with a higher species diversity because of smaller spatial
gradients in habitat zones (Wolters et al., 2005). Furthermore, creek networks, either naturally
developed or artificially dug, provide drainage that ensures the full ecological and geomorphological
functioning of managed realignment sites (e.g. Chirol et al., 2022; Gourgue et al., 2022). Yet,
(pre-carved) channels that are too high or too low with respect to the tidal range have little effect on
the landward-to-seaward filling in managed realignment (Wallace et al., 2005) and may be less
beneficial to the benefits of improved drainage. Additionally, it remains unclear what the optimum
shape and size is of a transitional polder or managed realignment site to bring about fast land-level
rise along with a rich biodiversity. This is probably specific to boundary conditions such as sediment
supply and tidal range and requires more rigorous numerical modelling in both idealised and
real-world estuaries.

On a more engineering level, gate culverts may be used to enhance mud deposition, and therefore
land-level rise, in transitional polders. In the case of an open inlet, as used in the modelling of
transitional polders in Chapter 6, the erosive power of ebb-dominant flows can remove part of the
previously deposited mud. This slows down the desired process of land-level rise. In contrast, gate
culverts enable a more controlled in- and outflow of water (e.g. Oosterlee et al., 2020; Van Belzen
et al., 2021). This controlled tidal water exchange allows for a longer time of still-standing water and
less erosion during ebb, which may promote mud deposition. However, the volume of water with
suspended sediment that enters every tidal cycle during flood has a strong influence on the rate of
mud deposition. Oosterlee et al. (2020) found that it is a larger water depth during flood and not a
longer hydroperiod that correlates with mud deposition rates. In their example, the controlled inflow
was minor and resulted in smaller deposition rates compared to an open inlet. This shows more
research is needed into whether and how gate culverts can be used to promote mud deposition in
combination with transitional polders.
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